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Centrosomes surrounded by starlike webs of protein

Þlaments are the master architects of cell division.

Tuning in the radio signals of ancient galaxies.

Fossil heat: an archive of climatic change.

The dubious link between genes and behavior.
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Underground Records of Changing Climate
Henry N. Pollack and David S. Chapman

The Most Distant Radio Galaxies
George K. Miley and Kenneth C. Chambers

The Centrosome
David M. Glover, Cayetano Gonzalez and Jordan W. RaÝ

Temperature readings taken over the past 150 years show that the climate grows
warmer. But what was the trend before such records were kept? Ancient temper-
atures archived in continental crust may hold the answer. By correlating thermal
gradients from boreholes with data about the composition of the primeval atmo-
sphere, geophysicists are creating a more detailed picture of global climate.

These blaring sources of radio waves glow with an intensity that is as much as 
a million times that of the Milky Way. By focusing on their powerful signals, 
astronomers have detected galaxies so remote that they are seen as they were
when the cosmos was but one tenth its present age. Observations of these primi-
tive objects oÝer clues to the formation of galaxies and the origin of the universe. 

The master architects of cells are organelles surrounded by asterlike blooms of
Þbers. By organizing the web of protein Þlaments that form the cellular skeleton,
centrosomes govern shape, polarity and movement. During cell division, they set
up the spindle that partitions the chromosomes into two daughter cells. Biolo-
gists are beginning to discover details of their structure and function.
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In the 45 years since the transistor was invented, the number of devices that can
be packed onto a silicon chip has increased by eight orders of magnitude. And 
at every step of the way, critics have predicted that the physical limit to minia-
turization lay just ahead. This author argues that there is still plenty of room 
for the trend to continue, possibly extending into the atomic realm.

The Future of the Transistor
Robert W. Keyes

Monogamy and the Prairie Vole
C. Sue Carter and Lowell L. Getz

These unassuming little rodents form lifelong partnerships in which both male and
female share pup rearing. Research suggests that the well-known hormones oxy-
tocin and vasopressin play a major role in the development of this behavior. Such
mechanisms may be at work in other species, including our own. The authors warn
that physicians prescribing hormones should consider their behavioral eÝects.
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The Great Well of China
Hans Ulrich Vogel

Add deep drilling to the list of technological triumphs of the ancient Chinese. One
thousand years ago the inventors of gunpowder and paper sank a well 100 me-
ters to obtain brine. Europeans did not match the engineering feat for 400 years.
The crowning achievement 158 years ago was a 1,001-meter well in Sichuan.

The century-old idea that genetics can explain, predict and even modify human
behavior is back in vogue. With new molecular tools, researchers have linked
such diverse phenomena as mental illness, alcoholism, homosexuality and even
high intelligence to speciÞc genes. But some of these Þndings have been retract-
ed, and critics charge that the others are based on ßimsy evidence.
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TRENDS IN BEHAVIORAL GENETICS

Eugenics Revisited
John Horgan, senior writer

Autism
Uta Frith

For decades, parents of these tragic, isolated children have been haunted by the
notion that traumatic experiences are the cause of the condition. But recent stud-
ies indicate that autism is a biological disorder. Understanding the handicap is a
Þrst step toward improving the limited lives of those aÜicated with autism.
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THE COVER painting depicts cell division
during the early stage called prophase. As
the replicated chromosomes condense and
the nuclear membrane begins to break down,
the organelles called centrosomes migrate
to opposite sides of the nucleus. The centro-
somes are the centers of the starlike assem-
blages of microtubules. Each one contains a
pair of structures called centrioles. Details
of the structure and functions of centro-
somes have only recently come to light (see
ÒThe Centrosome,Ó by David M. Glover, Caye-
tano Gonzalez and Jordan W. RaÝ, page 62).
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LETTERS TO THE EDITORS

Racism in Science

The poignant truth that Howard M.
Johnson describes in ÒThe Life of a
Black ScientistÓ [ÒEssay,Ó SCIENTIFIC

AMERICAN, January] was a factor that
drove quite a few blacks from the U.S.
Those of us who wanted to make
something meaningful of our lives and
saw that the prevailing climate was not
conducive to intellectual growth had to
make the journey elsewhere. It was ei-
ther be run out of the country or out of
your mind.

The proÞle of Rita Levi-Montalcini 
in the same issue oÝers some hope,
however. Levi-Montalcini declares, ÒIf I
had not been discriminated against . . . I
would never have received the Nobel
Prize.Ó I think also that she beneÞted
from an engineer father, who perhaps
set an intellectual standard. She may
have had the luck to live in a place
where there were those who realized
the error of their countrymen and did
all they could to provide a calmer work-
ing environment.

LAWRENCE A. ZUMO

Debrecen, Hungary

Johnson states that to succeed Òas a

black scientist in a white intellectual 
environment,Ó one must possess an Òin-
satiable appetite for discoveryÓ and a
Òlove of researchÓ and be ÒambitiousÓ
and Òinternally tough.Ó But arenÕt those
qualities required for anyone of any
race to succeed?

Frankly, if Johnson experienced ra-
cial discrimination during his educa-
tion and career, I couldnÕt Þnd it in his
essay. Whatever injustices he experi-
enced seem to have been related more
to class than to race. Although being
poor gave him a slow start, no one de-
nied him a scholarship or a job be-
cause he was black; quite the contrary,
by his account. He belittles the serious
problems of racism when he suggests
that all problems a black man experi-
ences in life can be attributed to the
racist attitudes of whites.

JAMES M. DONOVAN

New Orleans, La.

Johnson replies:
I disagree that those qualities are

shared by all. I am in contact on a reg-
ular basis with people who are academ-
ically successful but lack most of them.
Further, I indicated that my primary and
secondary schooling was segregated by

law. What would satisfy Donovan as ev-
idence of racial discrimination?

Violence and the Environment

Thomas F. Homer-Dixon, JeÝrey H.
Boutwell and George W. Rathjens [ÒEn-
vironmental Change and Violent Con-
ßict,Ó SCIENTIFIC AMERICAN, February]
dismiss one argument too readily. Al-
though the stock of natural resource
wealth is being degraded and depleted
at rates unknown in history, we have
also seen an unprecedented growth in
other forms of wealth. No sensible per-
son would argue that reproducible cap-
ital and knowledge can perfectly sub-
stitute for losses in natural resourc-
es and environmental wealth. It would 
be equally foolish, however, to argue
against any substitution possibilities. In-
deed, in many countries, losses in nat-
ural capital have been more than oÝset
by gains in human and reproducible
capital, although such favorable results
cannot be guaranteed for all time.

In explaining conßict, it may be more
useful to focus on the uneven distribu-
tion of the total wealth rather than on
the distribution of particular forms of
wealth. If this explanation is correct,
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good social policy should support bal-
anced eÝorts to conserve and enhance
both natural and other forms of wealth,
as well as how that wealth is distributed.

HENRY M. PESKIN

Silver Spring, Md.

The authors reply :
We suspect there are limits to the rate

and extent of substitutions of knowl-
edge and capital for renewable resourc-
es, especially in poor countries. First,
the substitution task is extremely de-
manding: resources such as forests,
good soils and abundant water simul-
taneously play many key roles in hu-
man-ecological systems. Second, by deÞ-
nition, poor countries have less knowl-
edge and capital. Third, substitution
depends on a societyÕs ability to ap-
ply enough ingenuity at the right times
and places, which depends in part on
appropriate and stable social institu-
tions, such as markets, research centers
and governments. Those institutions are
weak in many poor countries and vul-
nerable to the intense rivalries among
interest groups normally engendered
by scarcity. If substitutions therefore
cannot be made smoothly, violence will
probably increase as scarcities of re-
newable resources worsen.

Model Thinker

The answer to the question ÒHow
Should Chemists Think?Ó is very obvi-

ous: like Roald HoÝmann [SCIENTIFIC

AMERICAN, February]. Without detract-
ing from the exposition of scientiÞc de-
tails, HoÝmann correlates science with
philosophy, art, literature, history and
myth and laces it with a delightful sense
of humor. Such a synthesis was the aim
of Renaissance Man. This is how we
should all think, to make sense of the
world and keep our sanity. Now I must
read his poetry.

VIVIENNE HAYWARD

Stockport, England

Post Haste

ÒZip Code Breakers,Ó by Gary Stix
[ÒScience and Business,Ó SCIENTIFIC

AMERICAN, February], discussed the dif-
Þculties of machines reading handwrit-
ten addresses and cited the Þgures $40
per 1,000 for hand sorting versus only
$4 for machine sorting. Perhaps the U.S.
Post OÛce is approaching the problem
in reverse. Why not inßuence the writ-
ers of letters to provide machine-read-
able addresses?

I recommend that the postal service
sell, at nominal cost, a hand-stamp
numbering device for zip coding. There
are various ways to persuade the pub-
lic to use a small stamping machine;
one would be to charge a penny less
per letter.

PAUL H. BANNER

Chicago, Ill.

For many years, students facing mul-
tiple-choice tests have indicated their
answers by Þlling in grids. The same
technology is appropriate for mail sort-
ing. A small grid could be marked with
the zip code by the user. Envelopes
with blank grids on them could be
printed inexpensively, and the postal
service could supply a pad of self-ad-
hesive grids for users to mark and at-
tach to unmarked envelopes.

RICHARD ROTHWELL

Sutton Valence School
Kent, England

Bar codes on peel-oÝ labels or bar-
coded envelopes could be sold like
stamps. They would be generated by
the local post oÛce for a small fee. Al-
ternatively, envelopes or labels could
feature squares that would guide the
position and spacing of handwritten
characters. Using the techniques devel-
oped for reading forms, post oÛce
equipment could then read the address-
es and add bar codes.

FRED FEND

Highland Park, Ill.

Because of the volume of mail , letters

to the editor cannot be acknowledged.

Letters selected for publication may be

edited for length and clarity. Unsolic-

ited manuscripts will not be returned

unless accompanied by a stamped, self-

addressed envelope.
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50 AND 100 YEARS AGO

JUNE 1943

ÒThe helium welding process renders
possible and practical the fusion of in-
ßammable metals, such as magnesium;
the latter, owing to its extreme light-
ness, is being employed increasingly 
in airplane construction. To obtain the
protective blanket of helium, the inven-
tors of the process have designed a spe-
cial electric torch having a hollow han-
dle and nozzle through which the non-
inßammable gas can be passed. Helium
has more than Þve times the speciÞc
heat of air and when in motion fore-
stalls the amassing of heat around the
weld. Thus the welding process is sur-
rounded by relatively cool atmosphere,
aÝording a better fusion and penetra-
tion with less distortion than that ob-
tained in other welding processes.Ó

ÒIt has long been realized that, if the
stars have planets circulating around
them, there is no hope at all of detect-
ing them as we observe the planets of
our own system, by reßected light. A
planet twice the diameter of Jupiter
and distant from the nearest star, Al-
pha Centauri, as far as Jupiter is from
the Sun, would appear to us like a star
of the 21st magnitudeÑthat is, barely
bright enough to be photographed by a
100-inch telescope, under the best con-
ditions, if it stood alone on a dark sky.
It would actually be within a few sec-
onds of arc of its primary, whose light, a
hundred million times brighter, would
drown it out hopelessly. There is, how-
ever, another way in which a planet
might reveal its presence. Two bodies
circulate in orbits of the same shape but
diÝerent sizes about their common cen-
ter of gravity, keeping on opposite sides
of it. (A small oscillation of Neptune,
due to the attraction of its one known
satellite, has actually been observed.)Ó

ÒMyopia is believed by science to be
hereditary. In an address before the
American Medical Association, Law-
rence T. Post, M.D., St. Louis ophthal-
mologist, stated that Ôthere is little evi-
dence to show that this is usually any-
thing but a hereditary defect handed
down just as other physical character-
istics are. Continued stressing of the im-
portance of judicious mating may result
in its diminution and Þnally bring about
its end. Even if it is impossible to bring
about completely eugenic mating, it

may at least be feasible to prevent the
marriage of two people aÝected with
extreme nearsightedness. Failure to do
so is probably the principal reason for
the very large incidence of this defect
among the Germans today.Õ Ó

JUNE 1893

ÒAn instance of rare presence of
mind attended by success in the use of
an antidote to poisoning occurred re-
cently at Sag Harbor, N.Y. Flora Ster-

ling, the Þve-year-old daughter of Dr.
Sterling, while playing about the house
found a bottle which had formerly con-
tained citrate of magnesia and still bore
the label. The child put it up to her lips
and took a long swallow. With a scream
she dropped the bottle and began to
clutch her little throat in an agony of
pain. Her father, who had heard her
screams, found that what the little one
had taken for citrate of magnesia was
oxalic acid. Seeing that not a moment
was to be lost, if he wished to save the
childÕs life, the doctor looked about for
an alkaline antidote. Seizing his pen-
knife the doctor sprang to the white-
washed wall and scraped some of the
lime into his hand. This he threw into
the glass partly Þlled with water, and
poured the mixture down the almost
dying childÕs throat. The antidote took
eÝect at once.Ó

ÒProfessor Dewar communicated to
the Royal Society on March 9 that he
has succeeded in freezing air into a
clear, transparent solid. The precise na-
ture of this solid is at present doubtful,
and can be settled only by further re-
search. The doubt arises from the fact
that Professor Dewar has not been able
by his utmost efforts to solidify pure ox-
ygen. Nitrogen, on the other hand, can
be frozen with comparative ease. It thus
becomes a question of whether the cold
produced is suÛciently great to solidify
oxygen, or whether its mixture with oxy-
gen raises its freezing point, or whether
it is not really frozen at all, but mere-
ly entangled among the particles of sol-
id nitrogen, like the rose water in cold
cream.ÑLondon Times.Ó

ÒOne of the most satisfactory of all
the systems which have been devised
for the regulation and maintenance of
uniform time throughout the various
rooms and buildings of a factory, or in
diÝerent departments of any extended
business, is that which has been per-
fected by the ÔAmerican WatchmanÕs
Time Detector Company,Õ New York.
The system comprises a self-winding
regulator, as shown in our illustration
(left ), to be placed in the main oÛce or
some central position, and any number
of secondary clock dials placed in the
various rooms and departments and
electrically connected with the central
regulator. The regulator is wound by
electricity; that is, it is self-winding.ÓSelf-winding master clock
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I
n the past year researchers have
brought within reach a long-sought
therapy for diabetes: an artiÞcial

pancreas. Such a device would secrete
insulin in precise relation to the level
of glucose in the blood, improving the
management of the disease and the
comfort of the patient. For years, no one
could make the therapy work in animals
larger than rodents, but now two groups
have demonstrated its eÛcacy in diabet-
ic dogs. Human clinical trials could be-
gin as early as this summer.

The Þrst encouraging results were
published last summer by investigators
at BioHybrid Technologies in Shrews-
bury, Mass. That team announced in
Science that they had weaned diabetic
dogs from insulin injections for several
months by implanting islets of Langer-
hans, warding oÝ rejection with a semi-
permeable membrane. Now a group 
at the Islet Transplant Center, part of 
the Veterans Administration Wadsworth
Medical Center in Los Angeles, will soon
report in the Proceedings of the National

Academy of Sciences that it may have
beaten BioHybrid to the punch with a
similar technique. ÒI have dogs going
two years without additional trans-
plants,Ó says Patrick Soon-Shiong of the
Wadsworth group. 

For its part, BioHybrid has found a
way to make islet therapy practical on
a large scale. In the December 1992 is-
sue of Diabetes, the companyÕs inves-
tigators announced that they had suc-
cessfully treated diabetic dogs with 
islets harvested from pigs. This species-
to-species technique, called xenograft-
ing, is crucial because only 5,000 cadav-
er pancreases become available every
year, too few to supply the two million
diabetics in the U.S. who take insulin.

The Wadsworth researchers protect
their islets with a gel membrane that
unfortunately stimulates inßammation
during the Þrst few weeks. It therefore
must be accompanied by low doses of
cyclosporine, an immunosuppressive
drug. Despite that requirement, the
group was the Þrst to win permission
from the Food and Drug Administra-
tion to begin human trials; it plans to
undertake preliminary trials in 20 hu-

man diabetics who have had kidney
transplants and so already require cy-
closporine. ÒWe are scouring the West
CoastÓ for cadavers, Soon-Shiong says.

The interest in grafts stems from
their ability to do what even the clever-
est human contrivance cannot do: re-
spond rapidly to changes in the con-
centration of glucose in the blood. Even
frequent home blood testing to Þne-
tune diet, exercise and dosages of in-
sulin cannot fully normalize blood glu-
cose. But increasing numbers of clini-
cians endorse this strict regimen as the
best way to prevent vascular damage,
blindness, kidney failure and strokeÑ
complications that make diabetes the
third-largest cause of death in the U.S.,
after heart disease and cancer.

Indeed, in June the National Institutes
of Health expects to release the results
of a nine-year study proving, once and
for all, the value of near-normalization.
Yet even that report may not induce
many more diabetics to adopt the strict
regimen, which demands great dedica-
tion. Many physicians remain suspicious
of the attempt to normalize blood sug-
ar, in part because it raises the risk of
having insulin reactionsÑspells of low
blood sugar that can lead to coma or
death if not treated promptly. Islet
grafts could solve all these problems.

But until recently, the immune sys-
tem foiled such transplants, particular-
ly in insulin-dependent diabetics. In
this form of the disease, which usually
strikes early in life, the immune system
attacks beta cells, the isletsÕ insulin
makers. EÝorts to preserve native beta
cells with cyclosporine have failed, as
have most attempts to use the drug to
sustain transplants of unprotected is-
lets. Even if cyclosporine worked per-
fectly, however, its side eÝects would
outweigh the beneÞts in most patients.

If it is impractical to Þght the immune
system, then the only remaining op-
tion is to hide from it. William L. Chick, 
president of BioHybrid, conceived this
strategy of immunoisolation more than
a decade ago, when he was aÛliated
with the Joslin Diabetes Center in Bos-
ton. Amicon Corporation, now part of
W. R. Grace, had developed an acryl-
ic copolymer membrane whose pores
block the passage of any molecule
weighing more than about 50,000 dal-
tons. That limit is large enough to al-
low insulin and all necessary nutrients
to pass but small enough to exclude
killer cells and most immunoglobulins.

Chick initially experimented with vas-
cular shunts on the assumption that no
other design could expose enough islets
to enough blood to keep them all active.

SCIENCE AND THE CITIZEN
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TINY GEL CAPSULES containing human insulin-producing cells were produced by
Patrick Soon-Shiong and his colleagues at Wadsworth Medical Center.

Living Cure
Insulin-secreting implants
approach human testing
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Blood ßows from an artery through a
tube of semipermeable membrane and
into a vein. Islets packed in agar sur-
round the tube, and a plastic housing
surrounds the islets. The early units
could hold only enough islets to pro-
duce 15 to 20 units of insulin a day,
half of what dogs and people normally
require. Workers therefore had to put
in two devices, cutting into four blood
vessels. Still, the surgery nearly nor-
malized the dogs for several months.

BioHybrid has also studied a less in-
vasive containment strategy that uses
strawlike chambers ßoating in the peri-
toneal cavity, where they exchange glu-
cose and insulin with the blood vessels
by way of the intervening ßuids. Robert
P. Lanza, a senior researcher at BioHy-

brid, who also holds an appointment 
at Harvard Medical School, says he and
his colleagues have sustained dogs for
many months by implanting hundreds
of chambers at a time, all seeded with
canine islets. ÒWeÕd like to try xeno-
grafts in large animals now,Ó he says.

Paul E. Lacy of Washington University
School of Medicine was the Þrst to use
diÝusion chambers. In 1991 he normal-
ized diabetic mice by putting the cham-
bers under the skinÑÒthe worst place
possibleÓ for viability, he says, although
it is one of the best in terms of con-
venience. Today he is associated with
CytoTherapeutics in Providence, R.I.,
which is Þnancing his eÝorts to fash-
ion the membranes into conÞgurations
calculated to house and nourish the

500,000 or more islets a human patient
requires. To obtain that many cells,
LacyÕs associate David W. Scharp and
Camillo Ricordi, now at the Universi-
ty of Pittsburgh Medical Center, devel-
oped a way of using enzymes to digest
a pancreas into an islet-rich ßuid.

The main obstacle is Þbrosis: the
bodyÕs attempt to wall oÝ and destroy
foreign substances. CytoTherapeutics
and BioHybrid work to avoid Þbrosis by
making their membranes very smooth.
Neocrin, a biotechnology Þrm backed
by Baxter Healthcare, instead has tried
to design a membrane that stimulates
a tolerable form of Þbrosis, one that
leaves a space into which the capillar-
ies can grow, nourishing the islets. Neo-
crin hopes to protect the islets from re-
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jection by encasing them in a semiper-
meable gel.

Soon-Shiong pioneered such micro-
encapsulation by using alginate, a gel
derived from seaweed. To avoid islet
starvation, a problem in the larger
chambers, he put the cells in capsules
just 600 microns wide, producing a high
enough ratio of surface area to volume
to facilitate the ßow of nutrients. More-
over, such capsules are small enough
to be injected into the peritoneal cavity
by needle, a minimally invasive proce-
dure. Unfortunately, the early capsules
broke easily and often provoked Þbro-
sis. Changes in the geometry of the gel
capsules have solved some of the me-
chanical problems, Soon-Shiong says,
and extended the life of the majority 

of capsules to about six months. ÒIÕm
aiming for a year between retransplan-
tations,Ó he adds.

Fibrosis, meanwhile, has yielded to a
biochemical insight. ÒWe found that al-
ginate is composed of two types of poly-
saccharides based on mannuronic acid
and guluronic acid: M-blocks and G-
blocks,Ó Soon-Shiong notes. ÒM-blocks
stimulate interleukin-1 and tumor ne-
crosis factors; G-blocks do not.Ó

The workers were able to improve
the biocompatibility of the capsules by
increasing the ratio of G-blocks to M-
blocks. To counteract the eÝects of re-
sidual M-blocks leaching from capsules
injected into dogs, the group adminis-
tered about a tenth of the normal dosage
of cyclosporine. Six months later, when

the dogs again required supplementary
insulin injections, the cyclosporine ther-
apy was stoppedÑbut the implants con-
tinued to function. Some are still churn-
ing out insulin more than a year after in-
jection. Soon-Shiong asserts that these
results, together with unpublished data
from more recent experiments, suggest
that superpuriÞed alginate capsules
may require no drug therapy at all.

If the Phase I trials show the mi-
crocapsules to be safe and eÝective,
Soon-Shiong intends to use porcine
islets in subsequent trials. First, how-
ever, he must catch up with BioHy-
bridÕs pig-to-dog results. ÒDo you know
where I can Þnd a herd of pathogen-
free pigs?Ó Soon-Shiong asks. He is not
joking. ÑPhilip E. Ross
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dded to the list of weird phenomena in the quantum world is an effect
that resembles teleportation. For non-Trekkers, that’s the dissolution of

a body or object at point A and its reconstitution at point B. An international
team of investigators argues that it is possible to disembody the quantum
state of a particle into classical and quantum parts and then, at another lo-
cation, recombine those parts into an exact replica of the original quantum
state. The convenience of this kind of transport, if fantasy for humans,
seems to exist for quantum particles.

One of the architects of the scheme, Charles H. Bennett of the IBM
Thomas J. Watson Research Center, reported the calculations at the March
meeting of the American Physical Society. The idea makes use of the dis-
tinctions between information transmitted by classical methods and that
conveyed by quantum means. Classical data, such as these words, can be
observed and copied but cannot travel faster than the speed of light. Quan-
tum news, in contrast, cannot be observed without disturbing the particle
and destroying its quantum state, nor can it be copied reliably. Furthermore,
quantum information under the right circumstances seems to travel faster
than light.

Perhaps the most famous example of instantaneous communication is the
Einstein-Podolsky-Rosen, or EPR, effect. Say an atom emits two photons si-
multaneously and in different directions. The photons are in some unde-
fined quantum state until someone measures them. Discovering that the
quantum state—as defined by polarization—of one photon is up fixes the
polarization of the other photon into the opposite direction, or down. The
effect, which is instantaneous no matter what the distance between the
photons, emerges inescapably from quantum reality and has been demon-
strated in the laboratory.

The EPR phenomenon is the linchpin of quantum teleportation. Alice takes
one of the EPR photons and gives the other to Bob. Bob then moves to an-
other location with the photon. Some time later Alice finds a quantum parti-
cle (another photon, for instance) whose state she wants to send to Bob. She
measures the quantum state of this mystery particle with respect to that of
her EPR photon. For example, Alice might find out that the polarizations of
the mystery particle and her EPR photon are “perpendicular” to each other.
Of course, her observation disrupts the quantum state of the system, effec-
tively destroying the mystery particle and her EPR photon. Alice relays the
relational information about her EPR photon and the mystery particle to Bob
via such classical means as a telephone call or a holler.

Alice’s measurement has a second, subtler effect: it forces the other EPR
photon, which Bob is holding, into a definite quantum state. Bob combines
the quantum information in his EPR photon with the classical message from
Alice. In this way, he can transform his EPR photon into an exact replica of
Alice’s original, mystery particle. In essence, Bob brings back to life at an-
other location the particle Alice killed. Bob is not simply copying informa-
tion; Alice’s mystery particle must be destroyed (by observing it) before Bob
can resurrect it. “It is an unexpected consequence of elementary quantum
mechanics,” remarks Bennett, who did the work with William K. Wootters of
Williams College and Asher Peres of the Technion–Israel Institute of Technol-
ogy, among others. 

Nothing practical is likely to emerge from quantum teleportation. Ben-
nett explains that it is not the kind of tool for assisting communications
schemes such as quantum cryptography, “but it is something that helps 
us understand the nature of quantum information.” Indeed, no one yet
knows how to test quantum teleportation in the laboratory. Bennett notes,
however, that experimentalists are at least not completely discouraged. 
He imagines that quantum teleportation might be useful in physics experi-
ments in which a particle is created in one place and must be measured
somewhere else.

What of beaming up Scotty? “The unfortunate aspect of it,” Bennett 
observes, “is that it makes everyone think of Star Trek.” But the intri-
cate and vast number of particles that make up living organisms is like-
ly to keep transporter rooms firmly rooted in science fiction. There’s always
the bus.                                                                                            —Philip Yam

A Bus for Scotty

When President Bill Clinton and
Vice President Al Gore won the
election last November, envi-

ronmentalists cheered. They saw Gore,
the author of a best-selling book on the
environment, as one of their own and a
dependable ally. Chemical-based indus-
try, traditionally at loggerheads with
the green lobby, feared the worst. Both
sides have been surprised in the first
few months of the Clinton regime.

Certainly, the environment is assum-
ing a larger profile. For the first time, it
has an advocate on the sta› of the Na-
tional Security Council, in the person of
Eileen B. Claussen, a former o¤cial at
the Environmental Protection Agency.
In another gesture that could also be of
more than symbolic importance, a spe-
cial commission will scrutinize the im-
pact of the North American Free Trade
Agreement. And green types were grat-
ified that the president’s proposed—
and now failed—“economic stimulus
package” included spending on water
treatment plants. Many of the adminis-
tration’s appointments have also pleased
the environmental lobby.

Nevertheless, the “green group,” an in-
formal coalition of environmental orga-
nizations, has been dismayed by several
of the administration’s political compro-
mises. Chief among them has been Clin-
ton’s capitulation on increasing fees for
mining and grazing on federal land and
phasing out subsidies for logging in fed-
eral forests. When Senator Max Baucus
of Montana, chairman of the Senate En-
vironment Committee, indicated that his
colleagues from west of the Mississippi
might have misgivings about the prom-
ised land-use reforms, Clinton quickly
agreed to take them out of his proposed
fiscal 1994 budget. At risk, the presi-
dent feared, was his economic program.

Although Clinton promised the mea-
sures will be introduced administrative-
ly and in legislation, many in the green
group feel the fumble has lost him the
political initiative. “I will predict that a
12.5 percent royalty on mining will not
be included in a mining reform bill com-
ing out of the Senate,” says D. Reid Wil-
son, political director of the Sierra Club.
And like-minded leaders worry that Clin-
ton is softening his campaign pledge to
freeze emissions of carbon dioxide—a
probable cause of global warming—at
1990 levels by 2000.

Environmentalists were also startled
by Clinton’s decision to abolish the
Council on Environmental Quality, which

Ecolocation
Where will the administration
stand on the environment?A
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has adjudicated environmental argu-
ments between executive departments.
When the green group, which consists
of relatively conservative organizations
such as the Izaak Walton League of
America as well as more radical groups
such as the Sierra Club and Friends of
the Earth, registered its complaint with
the president, its leaders were sum-
moned to a meeting with a furious Vice
President Gore. He “read the riot act
and told them to get out of the way,”
according to Marchant Wentworth of
the Izaak Walton League. Wilson, who
worked for Gore during his tenure as
senator and during his presidential bid
in 1988, says he has rarely seen Gore
more angry. The bill that would abolish
the Council on Environmental Quality
would also enact the president’s plan to
elevate the EPA to a cabinet-level depart-
ment. Gore apparently felt snubbed by
the rebellion. Wentworth sees the spat
as political amateurishness.

Even so, Wilson says relations be-

tween the green group and the adminis-
tration are better than they were under
former president George Bush. “Now we
sometimes agree to di›er—before, we
agreed not to talk to each other,” he
points out. Meanwhile the administra-
tion seems to be treading carefully to
avoid making enemies in the world of
commerce. Chemical manufacturers say
they are encouraged by the professed
willingness of the EPA’s new administra-
tor, Carol M. Browner, to institute “a
new era in communication between the
EPA and America’s business communi-
ty,” as she put it in her Senate confirma-
tion hearing. “We see hopeful signs that
our relationship with the EPA will be less
confrontational,” says John F. McCarthy,
a vice president of the National Agri-
cultural Chemicals Association. 

Robert J. Hirsch, chair of the commit-
tee on energy, environment and natural
resources of the National League of
Cities, echoes that opinion. Hirsch says
his committee is accustomed to battles

with the EPA over the cost of regula-
tions. In March, however, negotiations
between the EPA and the league seemed
to have concluded satisfactorily with
an agreement about levels of contami-
nation by disinfectants.

The major battles that will reveal the
true shade of green in the Clinton ad-
ministration have yet to be joined, how-
ever. Those will be the solid waste act
(known as RCRA, for Resource, Conser-
vation and Recovery Act), the clean wa-
ter act and the Superfund act, which
are all up for reauthorization.

Industry is mobilizing, and Super-
fund is the principal target. Some $10
billion has been spent on the program
since 1980, which was intended to rec-
tify past abuses by cleaning up con-
taminated sites even if the guilty par-
ties could not be found. Yet most of the
monies the program has spent have
gone into lawyers’ and consultants’
pockets. Only 47 Superfund sites have
been fully cleaned up, while 1,275 
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resident Bill Clinton would not be flattered. When he
announced his $17-billion technology initiative this

past March, many Europeans dismissed it as just another
example of the “watering can” approach to nurturing new
technology and fostering industrial competitiveness. Why
the lukewarm response to the idea of showering money on
critical technologies? The European Community’s plunge
into similar industrial policy under the rubrics of Esprit,
Eureka and Race has not produced a tangible return.

So now the EC is nurturing a hot, new idea bearing the
buzz name “megaproject.” Whereas past EC research proj-
ects brought together researchers and manufacturers,
megaprojects would tie research more tightly to market
needs by not only enlisting potential users as collabora-
tors but actually putting them in a leadership position. In
the case of designing computer networks for health care,
for example, hospitals and health authorities would de-
fine goals and direct a cluster of research projects charged
with developing standards and technology. And rather
than stop at the demonstration of feasibility, megaproj-
ects would even go so far as to build factories. 

Up to this point the Commission of the European Com-
munity in Brussels has talked only informally about set-
ting up megaprojects, citing such applications as comput-
er networks. The idea, however, has received widespread
support from industry and research policy officials and is
expected to form the centerpiece of the fourth phase of
the commission’s research programs, called Fourth Frame-
work, beginning next year.

With Europe’s flagship high-tech companies—most no-
tably Groupe Bull, Siemens, N.V. Philips and Olivetti—losing
money, a shift in thinking was a political necessity for the
commission. The lingering recession has made it difficult to
argue that past programs have had an effect on compet-
itiveness. According to Nigel Horne, a special adviser at
KPMG Peat Marwick and an adviser to the commission, “the

time has come when we should expect more from re-
search than progress on a broad technological front.”

Much of the impetus behind these policy proposals has
come from dissatisfaction with the results of previous re-
search efforts. The Esprit program’s original goal in 1985
was merely to foster research collaboration. Since then,
critics of the program have succeeded in convincing the
commission to sharpen project definitions and to require
tangible “deliverables” every few years. Despite these ef-
forts, however, Esprit has never proved its effectiveness in
improving the crucial linkage among the research and de-
velopment and marketing departments of large corpora-
tions. Similarly, the Race program, created in 1988 to de-
velop transnational broadband communications networks,
fell short of its goal of implementing the networks. “Race
has done a good job in certain technology areas,” says John
Forrest, chief executive of National Transcommunications in
Winchester, England, “but the vision has gotten nowhere.”

Industry seized on these shortcomings as evidence that
programs should be selected that have greater “market
pull.” A review of EC projects showed that some of the
more peripheral ones targeted at specific industries such
as health care and air-traffic control had the best record.
The notion of combining the pragmatism of these efforts
with the technological depth of Race and Esprit took hold.

The current state of policy limbo in Brussels is temper-
ing optimism for the megaproject concept. The commis-
sion is only just finding its feet after a massive, 18-month
reorganization. Uncertainty over the fate of the Maastricht
Treaty, which will not be ratified before the summer, if at
all, has put a hold on any formal proposals. As a result,
details about how to structure and pay for the megaproj-
ects are now the subject of vigorous behind-the-scenes
lobbying. Nevertheless, the idea has enough impetus that
megaprojects may soon become the new paradigm for
European competitiveness. —Fred Guterl, London

Mr. Clinton, Put Down That Watering Can

P
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Many essential proteins in the
cells of higher organisms are
ferried from one organelle to

the next inside small membrane pack-
ages. When they arrive at their target,
these vesicles merge with the mem-
brane they find there, an event called
fusion. Growth, secretion and other vi-
tal processes all depend on this com-
plex phenomenon. But details of this
aspect of intracellular protein trans-
port have been slow to emerge. Biolo-
gists still do not entirely understand
how the vesicles recognize their desti-
nation or how they incorporate them-
selves into another membrane. 

That situation has begun to change
because of work by James E. Rothman
and Thomas Söllner and their col-
leagues at the Memorial Sloan-Ketter-
ing Cancer Center in New York City.
They have identified cellular proteins
that seem to control fusion mecha-
nisms in all eukaryotic (complex) cells,
from yeast to humans. Moreover, the
same proteins seem to be involved both
in fusion events that occur spontane-
ously and in those that are regulated,
such as the release of neurotransmit-
ters from brain cells. “So we have a find-
ing that unites several di›erent fields,”
Rothman observes. “Seemingly di›erent
questions in cell biology and neurobiol-
ogy are revealed to be the same ques-

tion”—a neat feat of fusion in itself.
In the past few years the Sloan-Ketter-

ing researchers have determined that
certain cytoplasmic proteins—N-ethyl-
maleimide-sensitive fusion (NSF) pro-
tein and soluble NSF attachment pro-
teins (SNAPs)—are essential for mem-
brane fusion inside mammalian cells. It
quickly became apparent that the NSF
and SNAP proteins were identical to
those in yeast that served a similar pur-
pose and had been identified by Randy
W. Schekman of the University of Cali-
fornia at Berkeley.

Those discoveries were good news in
that they showed all eukaryotes used
NSF and SNAPs. At the same time, Roth-
man notes, they created “kind of a para-
dox” because both NSF and SNAPs are
very general components of the intra-
cellular fusion machinery. “Yet there
must be extraordinary specificity in
these fusions,” he adds. The fact that
vesicles do not fuse randomly with the
wrong membranes “suggests that there
is some kind of targeting mechanism.”
Rothman and his colleagues therefore
set out to look for more fusion-related
molecules on cell membranes.

Working with extracts from neurons,
they recently isolated four membrane
proteins that act as the attachment
points for SNAPs during fusion. Roth-
man says, “We call them SNAREs, both
because it’s short for SNAP receptors
and because a snare is a trap for small
game.” The “game” here is microscop-
ic: the SNAREs, SNAPs and NSF form a
particle that presumably allows vesi-
cles and their targets to fuse.
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remain on the National Priorities List.
Industry was heartened by Clinton’s

comment at his pre-Inauguration eco-
nomic summit in Little Rock that he was
“appalled by the paralysis and the politi-
cal divisions and the fact that the mon-
ey’s being blown” on Superfund. Frank 
Popo›, chairman of the Dow Chemical
Company and of the board of the Chem-
ical Manufacturers Association, has writ-
ten to Clinton that Superfund’s “harsh-
ly punitive nature” is what “warps the
cleanup remedies. . .and has fostered
the litigious climate.” The “retroactive
strict, joint and several liability” princi-
ple in the act means that anyone who
has ever polluted a site can be held re-
sponsible for all cleanup costs.

But the legal aspects are not the only
ones that will come under scrutiny. For
some years, the EPA has been assessing
the methodology it uses to set limits
for toxic chemicals in fresh foods and
the environment in general. Although
all sides in the debate agree that animal
tests will continue to be a principal ba-
sis for screening compounds for car-
cinogenicity, many scientists question
the current standard technique for es-
timating those risks. Animals are now
fed the maximum dose of a chemical
that they can tolerate and then exam-
ined for malignancies. The EPA has cir-
culated draft proposals for a scheme
that would allow it to consider every-
thing that is known about why a chemi-
cal is toxic as well as its observed car-
cinogenicity. The e›ect would be to re-
duce the number of chemicals listed as
probable carcinogens.

The EPA is also collaborating in-
formally with Senator Daniel Patrick
Moynihan of New York, who is draft-
ing legislation that would encourage
the EPA to consider relative risks when 
making all types of regulations. Al-
though Browner has not yet formally en-
dorsed Moynihan’s proposals, she has
expressed doubts about the Delaney
clause, a 1954 law that bans food addi-
tives that can cause cancer in laborato-
ry animals, regardless of the size of the
risk. “The thrust of the new thinking is
that we should be able to distinguish
big risks from small risks,” says Don-
ald G. Barnes, the current head of the
EPA’s science advisory board.

EPA o¤cials have acknowledged that
they must consider complexities such as
the distribution of risk across di›erent
sectors of the population and the degree
of voluntary control over exposures. But
the continuing press to reform is an-
other sign that the Clinton administra-
tion is seeking a broader consensus on
rational policy, to end the stando› be-
tween the engine of economic recovery
and the green lobby. —Tim Beardsley

SNAPs and SNAREs
Protein hooks help vesicles
grab cell membranes

VESICLE FUSION inside cells is mediated by specific combinations of SNARE, SNAP
and NSF proteins, according to one new model.
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Rothman and his colleagues initially
assumed that they were the first to iso-
late SNAREs. To their surprise, howev-
er, Sloan-Kettering chemist Paul Tempst
helped show that all four SNAREs had
previously been identified as compo-
nents of the synapses between neu-
rons. Although the functions of those
proteins had not been known, neurobi-
ologist Richard Scheller of Stanford
University had found one of them on
the vesicles that contain neurotrans-
mitters and two others on the surface
membrane of the neuron. (The position
of the fourth has not been determined
precisely.) Similar proteins had also
been found in the organelles of yeast.

To Rothman and Söllner, the place-
ment of the SNAREs suggested a model
that linked the targeting and fusion
mechanisms. The proteins may be of
two types: v-SNAREs (those on the vesi-
cles) and t-SNAREs (those on the target
membranes). “The seductive proposal,”
Rothman says, “is that every vesicle
carries a particular v-SNARE that pairs
it with a t-SNARE found only on the ap-
propriate target membrane.” In the pres-
ence of NSF and SNAPs, interactions be-
tween the right v-SNAREs and t-SNAREs
may stabilize the association of vesi-
cles and their targets long enough for
fusion to begin.

Because the same components of the
fusion machinery appear throughout
the eukaryote kingdom and in regulat-
ed and unregulated fusion processes,
the same mechanism is almost certain-
ly at work everywhere. “This is one
area in the membrane field in which
there have been very few insights until
now,” Rothman remarks. As he and his
co-workers reported this past March in
Nature, cells may regulate some types
of vesicle fusion by modifying SNAREs
or other parts of the fusion complex.
Scheller has noticed that the t-SNARE
referred to as syntaxin associates close-
ly with calcium channels in neural mem-
branes; calcium fluxes are known to
trigger the fusion of neurotransmitter
vesicles. 

Schekman hails the new hypothesis
as “very attractive.” He readily acknowl-
edges that the riddle of vesicle fusion
is not yet solved. “It’s getting close,” he
says, but researchers still have not de-
termined which component of the fu-
sion complex causes the membranes to
merge with one another. It might be
one of the identified molecules, but it
could also be “a separate entity that 
is recruited only after the fusion com-
plex has formed or after NSF and the 
SNAPs have left the scene. So there are 
plenty of open questions.” Still, the dis-
covery of SNAREs tightens the noose 
considerably. —John Rennie

ike doctors, astronomers are finding that x-rays offer an invaluable means
for examining otherwise hidden structures. Last year Trevor Ponman and

his colleagues at the University of Birmingham in England announced that x-
ray observations of hot gas in the Coma galaxy cluster show that the clus-
ter’s mass follows a surprisingly complicated, lumpy distribution. “It sup-
ports the notion that clusters have grown by the accumulation of blobs of
galaxy groups and that the process is still happening now,” Ponman ex-
plains. That discovery is especially significant because the Coma cluster, lo-
cated 300 million light-years away in the constellation Coma Berenices, is
the nearest and one of the best-studied rich clusters of galaxies.

Simon D. M. White of the Institute of Astronomy at the University of Cam-
bridge and his collaborators have since amplified and expanded on Pon-
man’s findings. Using data collected by the Roentgen Satellite (ROSAT), White’s
group has produced an x-ray image of the Coma cluster revealing unprece-
dented detail (below). White describes his work as “x-ray archaeology” be-
cause it enables him to reconstruct the process by which the Coma cluster
came together. “It’s fairly clear that you can see the remnants of previous
subclumps,” White says. The bright extensions of the cluster, most clearly
seen at the bottom right, consist of hot gas surrounding giant galaxies that
probably were once the dominant objects in their own, smaller clusters be-
fore being swallowed and merging into Coma.

The perceived structure of the Coma cluster fits well with leading ideas re-
garding the origin of cosmic structure, which hold that such vast clusters of
galaxies form by capturing and absorbing smaller masses. Alternative cos-
mological models, in which clusters such as Coma originate all of a piece,
look increasingly unappealing given the current data, White notes.

Not all is necessarily rosy for the theorists, however. X-ray observations of
galaxy clusters enable astronomers to calculate the total mass of those clus-
ters and to determine what fraction of that mass consists of ordinary matter
(“baryonic matter” in the scientific argot); the remainder must be the myste-
rious dark matter. White finds that in the inner regions of the Coma cluster,
11 to 35 percent of the mass is ordinary matter. The favored cosmological
models predict that the fraction of ordinary matter should be much lower,
“by about a factor of five,” he says. “In my opinion, that’s a major discrepancy.”

So where is all the dark matter hiding? A group led by John S. Mulchaey of
the Space Telescope Science Institute in Baltimore used another set of ROSAT
data to argue that it may be tucked away in clusters much smaller than
Coma, a conclusion Ponman considers “a bit dodgy.” Then again, White
points out that the fault could lie in the x-ray data or in an improper under-
standing of how galaxy clusters coalesce, how dense the universe is or even
how the universe began. In the intellectual realm, as in the physical, up-
heaval seems to be the rule. —Corey S. Powell

X-RAY-EMITTING GAS traces out mass in the Coma galaxy cluster.

Cosmic Diagnosis
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Severe combined immunodeficien-
cy (SCID) is its name, but most
people think of it as “bubble boy”

disease. Born without an immune sys-
tem, a Texas child known publicly only
as David was mortally vulnerable to
even the mildest infection. He spent all
12 years of his short life inside protec-
tive sterile rooms and a miniature
space suit. David died nine years ago,
leaving behind many mourners and
cultures of his cells that have been nur-
tured by SCID researchers.

Now, working with DNA from those
cells, a team of investigators led by War-
ren J. Leonard of the National Heart,
Lung and Blood Institute has discovered
a common genetic cause of SCID. The
work holds the promise of better diag-
nostic tests and treatments for the rare
disorder; it also seems likely to help
piece together more general puzzles
about the genesis of the cells of the im-
mune system.

SCID occurs in about one out of every

100,000 live births. Medical researchers
have long known that in about half of
those cases, the genetic defect responsi-
ble for the disease lay somewhere on the
X chromosome. That form of SCID oc-
curs exclusively among boys, who have
only one X chromosome. Girls, who have
two X chromosomes, remain healthy but
can eventually pass SCID on to their
sons. Boys like David, who exhibit X-
linked SCID, possess virtually none of
the white blood cells called T lympho-
cytes that defend the body from disease.

The new work by Leonard and his
collaborators reveals that X-linked SCID
(X-SCID) is caused by an abnormality
in the gene that makes the gamma-
chain subunit of the receptor for the
cytokine interleukin-2. This receptor
protein, which is made of alpha, beta
and gamma chains, sits on the surface
of cells in the immune system. Its func-
tion is to bind with circulating mole-
cules of interleukin-2, a chemical signal
that cues lymphocytes to grow and di-
vide during immune responses. Because
their receptor is defective, cells in X-
SCID patients cannot bind to interleu-
kin-2. Moreover, for reasons that are not
entirely known, the defect in the gamma
chain apparently impairs the generation

of their T cells.
“We were not a lab

that was working to find
the cause of X-SCID,”
Leonard points out.
Rather he and his col-
laborators Masayuki No-
guchi and Stephen Adel-
stein were engaged in
basic research that paid
a clinical dividend. Last
summer Japanese re-
searchers announced
that they had cloned
DNA that encoded the
gamma chain. Leonard
and the other members
of his laboratory, who
had long studied the in-
terleukin-2 receptor and
its subunits, were at-
tempting to learn more
about the gamma-chain
gene. In collaboration
with William S. Modi
and O. Wesley McBride’s
group at the National
Cancer Institute, they
mapped it to a position
on the X chromosome.
To their pleasure, they
realized that previous
genetic studies had im-
plicated roughly the
same part of the chro-
mosome in SCID.

They decided to test

the hypothesis that defects in the gam-
ma-chain gene were causing the im-
munodeficiency. With the further assis-
tance of Howard M. Rosenblatt of the
Baylor College of Medicine and Alexan-
dra H. Filipovich of the University of
Minnesota, the researchers looked at
DNA derived from David and two oth-
er SCID patients. All three, they found,
had mutations in the gamma-chain
gene. “Each of them had a di›erent mu-
tation,” Leonard summarizes, “but the
bottom line was that each of the muta-
tions resulted in a defective interleu-
kin-2 receptor gamma chain.”

Conceivably, better knowledge of the
gene defect underlying X-SCID will some-
day improve treatment. Currently SCID
patients can sometimes be restored to
health with bone marrow transplants
from compatible donors. Genetic thera-
pies that could correct or compensate
for the gamma-chain problem might
also be possible, although Leonard notes
that they will probably take years to
develop. “The application I hope will be
available much sooner is better diagno-
sis,” he adds. In theory, if genetic anal-
yses became su¤ciently easy and inex-
pensive, physicians could identify the
specific gamma-chain mutation in an
X-SCID patient and then screen his 
female relatives to determine whether
they are carriers of the trait. Those
tests could be of value in family-plan-
ning decisions and prenatal diagnoses.

What the recent X-SCID discovery 
reveals about the development of the
immune system may ultimately be at
least as significant as its clinical appli-
cations. As Leonard and his co-work-
ers discussed this past April in Cell,
a few human patients are known to 
acquire SCID because of mutations in 
the gene for interleukin-2 itself. Where-
as the people without a complete in-
terleukin-2 receptor lack T cells, those
without interleukin-2 seem to have a
normal complement of T cells, albeit
unresponsive ones. Those findings are
perplexing: one might expect that both
types of disruptions of the interleu-
kin-2 response system would have the
same e›ect.

One possible explanation, the re-
searchers have speculated, is that the
gamma chain may also be a compo-
nent of other cytokine receptors. If so,
the loss of a functional gamma chain
may interfere broadly with intercellular
signaling that is essential to the di›er-
entiation and maturation of T cells. No
direct evidence yet shows that this is
the case, Leonard emphasizes, but the
model has precedents: for example, the
receptor proteins for the interleukin-3
and interleukin-5 cytokines share the
same beta-chain subunit.
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David’s Victory
Gene causing “bubble boy”
illness is finally found

DAVID THE BUBBLE BOY had to live in a germ-free 
environment because of a rare genetic condition that
left him without an immune system. Using DNA de-
rived from his cells, researchers have now found the ul-
timate cause of his ailment.
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A
ctivate the time lensÓ sounds as if
it should stand right next to ÒRe-
verse the polarity of the neutron

ßowÓ in a gallery of bad science Þction
dialogue. Instead it describes an opti-
cal trick that Asif A. Godil and his col-
leagues have been performing regularly
for about a year in a physics laboratory
at Stanford University.

The Stanford time lens is a lithium
niobate crystal, which can change its
refractive indexÑand thus the speed of
light waves traveling through itÑin re-
sponse to an electric Þeld. A microwave
cavity surrounds the crystal, setting up
an oscillation that alternately delays
and accelerates segments of a light
beam traversing the lens. When a 30-pi-
cosecond pulse travels through the lens,
the leading waves are held back and the
trailing ones eased forward until they
are less than two picoseconds apart.
Previous pulse-squeezing techniques
have relied on light pulses containing a
range of wavelengths, but the time lens
can operate as easily on monochromat-
ic light. 

Although initial tests of the time lens
employed it to focus light at a single
point in time, the device can also stretch
out and thereby magnify short puls-
es, says David M. Bloom, a professor of
electrical engineering who works with
Godil. Events that take place too fast for
sensors to capture could be stretched
out and studied in detail. 

Indeed, Michael T. KauÝman, also 
of Stanford, recently devised a varia-
tion of the time lens that eliminates 
the need for high-speed electronics to
study short pulses. As the time lens
speeds up or slows down the crests
and troughs of a light pulse, it reduces
or increases the wavelength of diÝer-
ent parts of the pulse, converting time
diÝerences to wavelength (or frequen-
cy) diÝerences that can be measured
by spectrograph. Eventually, Bloom pre-
dicts, it may be possible to study chem-
ical reactions and other processes that
last just a few femtoseconds using
only time lenses and the equivalent of
a simple prism. ÑPaul Wallich
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Whether or not that theory proves
correct, it seems certain that further
studies of the gamma chain and SCID
will deepen understanding of the mech-
anisms of immune system development.
Few 12-year-olds have ever left so rich 
a legacy. ÑJohn Rennie

Time Warp
Resonating crystals squeeze
light beams into pulses
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L
ike a jet stream, NaÞs Sadik girds

the globe, often sweeping through
six countries in a month while she

talks tomes, seemingly without paus-
ing to breathe. Given SadikÕs subject
matterÑsex, abortion, womenÕs rights,
exploitation of children, en-
vironmentÑshe needs noth-
ing less than the wind be-
hind her.

Because she is executive di-
rector of the United Nations
Population Fund, SadikÕs en-
ergy and expertise are in de-
mand now more than ever.
After a decade or so of 
politically enforced quiet, 
concerns about population
growth have resurfaced. Es-
timates of one billion more
people on the planet by the
end of the century, persis-
tent poverty, mass migra-
tions and environmental deg-
radation catalyzed discussion
at the 1992 Earth Summit 
in Rio de Janeiro. Publicity
about eÝorts to stiße such
talks also stoked the debate.

While some issues appear
to have cooled after the 
exodus of delegates from 
Rio, family planning remains
hot. In 1994 the Internation-
al Conference on Population
and Development in Cairo
will extend the dialogue. In
addition, President Bill Clin-
ton has promised to restore
funding that was cut oÝ in
the mid-1980s for family-
planning programsÑinclud-
ing those at the U.N. Just 
as signiÞcantly, the Clinton
administration has made it
clear that subjects such as 
a womanÕs right to abortion
are no longer taboo.

Throughout the vagaries of public
and political opinion, SadikÕs voice and
message have been unwavering. When
she arrived at the U.N. in 1971, Òpopu-
lation was not discussed so openly.
U.N. organizations were uncomfortable
if you talked about womenÕs health
and family planning. And it has taken a
while to get over that embarrassment,Ó
she observes. ÒBut I suppose they get

comfortable with someone. I mean, they
know I am going to talk about it, so
they get used to hearing it.Ó

Sadik, whose own life has both em-
braced and overturned tradition, seems
well suited to tackle the subject of sex-

uality and womenÕs rights: she is di-
rect but diplomatic, and her occasion-
al monotone suggests she could blunt
the thorns of any prickly topic. Her of-
Þce at U.N. headquarters in New York
City reßects her work and travel. Stat-
ues, plates, paintings, photographs and
bibelots from Africa, Japan, the Middle
East and, in short, everywhere else can
be found in all corners of the room. Yet
there is also a composed, public aspect

to it: reference and family-planning
books are arranged on her desk so that
the titled spines face visitors.

Sadik, who continues to wear tradi-
tional Pakistani attire and whose voice
preserves the cadences of Urdu, was
born in Jaunpur in 1929 to a conserva-
tive Islamic family. But her father, a
Þnance minister and former vice presi-

dent of the World Bank, did
not share the common view
that women must marry and
raise children. ÒHe was a vi-
sionary, and he believed in
educating girls and boys, be-
cause, you know, in our part
of the world girls are often
not educated,Ó Sadik notes.
ÒAnd all the family members
kept saying, ÔOh, you are go-
ing to send your daughter to
work, how terrible. Why are
you sending her to college?Õ Ó

After completing high
school, she considered two
professions: engineering and
medicine. ÒBut then I decid-
ed that the world was not
ready to accept women engi-
neers.Ó So she entered Dow
Medical College in Karachi
and, because her most inspir-
ing teacher was a obstetrician
and gynecologist, went on to
specialize in womenÕs health.
Her international disposition
also took shape at that time.
She did her internship at
City Hospital in Baltimore.

Sadik returned to Pakistan
and in 1952 married a busi-
nessman, Azhar Sadik, and
practiced obstetrics and gy-
necology in the towns where
her husbandÕs work took
them. The contact with wom-
en in small, rural communi-
ties made explicit to her the
link between family planning
and the status of women, a

link that shaped her career. ÒThe role
of women is seen only as reproductive,
even if they do many other things,Ó she
explains. ÒWhen I would tell a woman
after her most recent child, ÔNow you
must have proper spacing between this
child and the next,Õ she would say, ÔOh,
I canÕt do that because of my husband,Õ
or ÔMy family wonÕt allow it.Õ Especially
if she had had a daughter, there was
pressure to have a son.Ó

PROFILE: NAFIS SADIK

A Powerful Voice for Women
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NAFIS SADIK, executive director of the U.N. Population Fund,
notes Òall the preferences in our society are for men.Ó
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Her already emphatic voice gains ur-
gency as she describes the situation 
of her patients. ÒThey were really bur-
dened. I mean this childbearing was just
like they were machines for having chil-
dren,Ó she recounts. ÒTheir life was like
a continuing bondage, and it still hasnÕt
changed all that much. Most of the wom-
en in the rural areas have that same cy-
cle, and they teach the same values to
their children. They teach their sons to
order; they teach their daughters that
they must serve even their brothers.Ó

So Sadik began trying to provide
family-planning services to the women
she treated. ÒAt that time, only condoms
and diaphragms were available, and
some of these women had infections, so
the diaphragm was not suitable,Ó she re-
calls. ÒTo get condom usage, you had to
get the husbands to agree. I had to call
them in and say, ÔYou have to make sure
that your wife doesnÕt get pregnant.Õ Ó

Unexpectedly, Sadik found that most
couples did follow her advice. ÒIt meant
quite a lot of hard work, persuasion
and coaxing,Ó she says. But, in the end,
Òif one of the women became pregnant,
her husband was quite embarrassed
about it.Ó The idea that men and wom-
en must work together remains central
to Sadik and to her conception of fami-
ly planning. ÒI have some disagreement
with the idea that only women can con-
trol everything,Ó she states. ÒI think
there has to be a proper deÞnition of
roles and a collaboration and a cooper-
ation between women and men.Ó

As a result of her Þeldwork, Sadik
joined PakistanÕs national family-plan-
ning service in 1964 and, ultimately, be-
came director of the agency. In 1971 she
came to the U.N. Population Fund, then
in its third year. Despite the problems of
relocation and of Þnding a job, her hus-
band said it was his turn to follow her.
ÒIf it had been someone else, who had
said no, I am sure I would have gone
back. I wouldnÕt have stayed here,Ó she
muses. ÒHe was very liberal in his atti-
tudes and had no hang-ups about my
working and doing whatever I wanted.Ó

Despite the hurdles that she had over-
come while seeking an education in Pak-
istan, Sadik describes being taken aback
by the atmosphere at the U.N. ÒWhen I
Þrst joined, I thought the U.N. was not
very forthcoming as far as women were
concerned,Ó she remembers. ÒI found
that I had better respect in Pakistan.Ó In
order to be heard, Sadik says she had
to repeat herself aggressively. An idea
would be picked up if a man in a meet-
ing presented it, even though ÒI might
have already said the same thing, and
it had been ignored.Ó

In 1987 she was appointed head of
the fund, becoming the Þrst woman to

be made director of a U.N. agency. This
time, however, no extra assertiveness
was required. ÒFor many years, I was
the only woman in the group, and I got
special attention paid to what I said.
After a year, other people would talk
about population issues or womenÕs is-
sues, and then they would look at me
to see if I had heard them,Ó she laughs. 

In the more than 20 years that Sadik
has been at the U.N., the Population
FundÕs budget has grown from $3 mil-
lion to $250 million (all contributions
are voluntary). The number of coun-
tries with U.N.-supported family-plan-
ning programs has expanded from
about three to 135. During the same
period, global fertility rates have fallen
from 6.1 to 3.4 children per woman.
The agency continues to make family-
planning services available and to sup-
port maternal and child health pro-
grams and education, as well as to col-
lect data on fertility and population.

Although the role and the budget of
the fund have expanded, the organiza-
tion has experienced setbacks. When
the agency was established in 1969, the
U.S. was a major sponsor. But in 1984,
at the second world conference on
population in Mexico City, U.S. policy
changed drastically. President Ronald
Reagan (and, later, President George
Bush) blocked money for any group that
provided abortions or counseling about
abortions. Immediately after, charging
that the U.N. fund was involved in coer-
cive family-planning programs in China,
the U.S. dropped $10 million of its an-
nual support.

The Clinton administration has prom-
ised to reverse this policy and to resume
allocations. Sadik says she is pleased, of
course, by the renewed U.S. support and
by the more open attitude toward abor-
tion. Indeed, abortion is one of the top-
ics slated for discussion in Cairo. ÒHalf
of the [500,000] maternal deaths each
year are the result of unsafe and illegal
abortions,Ó she points out. ÒIn 1984 it
was said that abortion was not to be
used as a method of family planning.
But that is not the issue here. Abortion
should be safe, and the lack of services
should not result in the deaths of
women.Ó She is prepared for a Þght.

That Sadik can turn a controversy to
advantageÑor at least not be buÝeted
about by itÑis quite clear. By now the

story of population at the Earth Sum-
mit has been well chronicled. The top-
ic was used as a bargaining tool and 
was absent from the initial discussions.
Developing countries did not want to
be blamed for overpopulation or to talk
about controlling their growth rates;
developed countries did not want to
discuss their megaconsumption of re-
sources. After population was Þnally
introduced, Agenda 21Ña document
described as a blueprint for environ-
mental policy and development in the
next centuryÑwas altered to satisfy
representatives from several Catholic
countries, the Vatican and some wom-
enÕs groups. (The womenÕs organiza-
tions objected to the suggestion of an
association between environmental deg-
radation and women.)

The changes in the text and the late
appearance of the subject made for
great drama. Government leaders and
the media discussed the fact that the
planet gains 250,000 people every day
and that the population, currently 5.4
billion, is expected to double by 2050.
Although Sadik said in Rio that some
people attributed the blitz to her ma-
neuvering, she demurred, saying the
Vatican deserved all the credit. 

Since Rio, Sadik has been planning the
Cairo conference. The emphasis will be
on population and economic growth.
She asserts that the involvement of non-
governmental organizations, an impor-
tant component of the Earth Summit, is
vital. These special-interest groups are
often considered closer to communities
than are national or federal agencies.
ÒWorking with them is a better way to
identify people in need,Ó Sadik declares.

Sadik hopes the relation between en-
vironment and population growth,
which was taken as a priori in Rio, can
be made more explicit and that coun-
tries reluctant to deÞne sustainable de-
velopment can be forced to do so. ÒThey
are going to have to think about a stan-
dard of living that may include a min-
imal level of education, health and 
employment. But not necessarily that
everyone is going to be rich and jet
around the world,Ó she cautions. ÒThe
developed countries have to think
about how long they can keep using
the worldÕs resources out of proportion
to their numbers.Ó

But at heart, the focus for Sadik re-
mains the same. ÒYou have to address
the root cause, which is the low sta-
tus of women,Ó she urges, the speed
and momentum of her speech as force-
ful as they were an hour agoÑand as
they will be in another hour. ÒAll the
preferences in our society are for men.
That has to be changed to make it
equal.Ó ÑMarguerite Holloway
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They teach sons to
order; they teach
daughters to serve
even their brothers.
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I
s the earthÕs climate growing warm-
er? Persuasive evidence exists to
support the proposition. According

to meteorologic records, the mean tem-
perature of the atmosphere has in-
creased by slightly more than half a de-
gree in the past century. Preserved air
samples and other data show that lev-
els of gases that trap the earthÕs heat
have also risen during this period. The
proportion of carbon dioxide in the at-
mosphere has risen by more than 20
percent and that of methane has rough-
ly doubled. This correlation suggests a
possible cause for the apparent eÝect.
The proposition seems reasonable that
the greenhouse gases are responsible
for the warming trend. Yet the case is
not airtight. It is conceivable that the
matching increases in temperature and
greenhouse gases are a statistical coin-

cidence and that the two variables have
nothing to do with each other in the
long run.

How can climatologists resolve the
ambiguity? Half of the necessary data
are clearly available: air bubbles trapped
in the polar caps and glacial ice archive
change in atmospheric composition
across a span of millennia. The temper-
ature record is more problematic: wide-
spread meteorologic data reach back
no more than 150 years. EÝective cov-
erage of the Southern Hemisphere be-
gan only in this century, and until the
past few decades there were important
gaps in the polar regions [see ÒGlobal
Warming Trends,Ó by Philip D. Jones
and Tom M. L. Wigley; SCIENTIFIC AMER-
ICAN, August 1990]. There is nonethe-
less an archive to be read if one knows
where to look for it. Just as the annual

layers of Arctic and Antarctic ice pre-
serve tiny bubbles of primordial air, so
the ground retains fossil temperatures
whose history can be traced back to
the climate of previous centuries.

T
his archive exists in principle ev-
erywhere on the continents and
can be tapped simply by drilling

a borehole and lowering a sensitive
thermometer to obtain a proÞle of tem-
perature versus depth. Although many
obstacles must be overcome before sub-
surface logs can yield an unambiguous
reconstruction of past terrestrial surface
temperatures, geothermal researchers
are conÞdent that they will be able to
decipher the earthÕs buried text.

Geophysicists who have been system-
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Underground Records
of Changing Climate
Boreholes drilled into continental rock can recover 

fossil temperatures that reveal the climate of past eras.
The results require careful interpretation

by Henry N. Pollack and David S. Chapman

HENRY N. POLLACK and DAVID S.
CHAPMAN have been collaborating on
geothermal research for more than 20
years. The two met in Africa in 1970; Pol-
lack was on sabbatical visiting the Uni-
versity of Zambia, where Chapman was a
lecturer in physics. Pollack, a professor
of geophysics at the University of Michi-
gan, received his doctorate from the uni-
versity in 1963. He also chairs the Inter-
national Heat Flow Commission. Chap-
man followed his six years of teaching in
Zambia by studying with Pollack at Mich-
igan. He received his doctorate in 1976
and is now a professor of geology and
geophysics at the University of Utah.

THERMAL GRADIENT in an aluminum
sheet heated on one side and cooled on
the other is made visible by temperature-
sensitive liquid crystals (top). This gra-
dient is conceptually similar to that nor-
mally observed within the earthÕs crust.
If the right side is warmed slightlyÑin
analogy to climatic warming or cooling,
the resulting thermal disturbance prop-
agates into the material (succeeding im-
ages). The authors have found simi-
lar anomalies in their measurements of
subsurface temperature proÞles and are 
using them to reconstruct past climate.
(Engraving on this page is from a Scien-
tiÞc American report on the blizzard of
1888; this past springÕs massive snow-
storm came on the same date but caused
somewhat less disruption.)
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atically measuring subsurface temper-
atures for more than three decades have
already begun reading this archiveÑal-
beit serendipitously. Their original in-
tent was to determine the geothermal
gradient (the rate at which temperature
increases with depth) and measure the
associated heat ßux from the earthÕs
crust [see ÒThe Flow of Heat from the
EarthÕs Interior,Ó by the authors; SCIEN-
TIFIC AMERICAN, August 1977]. Recent-
ly they have come to realize that the
ÒnoiseÓ aÜicting the top few hundred
meters of their subsurface temperature
data is actually the signature of exter-
nal factorsÑsuch as climatic changeÑ
that modify the temperature in the up-
permost part of the crust.

An early intimation that borehole
readings contained useful information
about climate came late in 1986. Arthur
H. Lachenbruch and B. Vaughn Marshall
of the U.S. Geological Survey found that
the temperature proÞles of a number of
holes drilled in the Alaskan permafrost
showed common patterns of near-sur-

face perturbation. The patterns were
consistent with the notion that the sur-
face of the permafrost had warmed 
by two to four degrees Celsius during
the 20th century. Although they were
not the Þrst to suggest that borehole
temperature proÞles contained infor-
mation about changing surface condi-
tions, Lachenbruch and Marshall made
their discovery at a time when earth
scientists were having their attention
inexorably drawn to the possibility of
global warming.

L
ittle more than a year later, at a

meeting of the American Geo-
physical Union, we remarked to

each other that we, too, had seen many
borehole temperature records that ex-
hibited similar perturbations. Since then,
we and several of our geothermal col-
leagues have begun exploring this sub-
surface resource to determine the re-
gional variation of the earthÕs surface
temperature over the past few centuries.

To understand how the earth retains

the progression of temperatures at its
surface, one must start with the theo-
ry of heat ßow. Heat tends to travel
through the rocks of the crust by con-
duction (moving groundwater can also
carry heat, and so climate researchers
must avoid regions where this eÝect is
signiÞcant). When the surface of a con-
ducting material experiences a temper-
ature change, that alteration propagates
into the interior as more energetic mol-
ecules jostle their neighbors and trans-
fer heat to them. The eÝect can be dem-
onstrated by playing a torch on the end
of a metal rod: not only does the end
become incandescent, but after a time
adjacent sections of the rod begin to
glow as well. Furthermore, if the hot
end of the rod is then plunged into ice,
a wave of cooling will follow the wave
of heat down the length of the metal.
In the same way, temperature ßuctua-
tions at the surface of the earth propa-
gate downward into the rocks.

At shallow depths, subsurface tem-
perature ßuctuations lag surface tem-
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TEMPERATURE PROFILES taken in the peat bog behind a salt
marsh show how seasonal changes propagate downward, dy-

ing out as they go. At depths below 15 meters, yearly varia-
tions fade, and only longer-term climate changes are visible.

TEMPERATURE (DEGREES CELSIUS)SOURCE: Alfred C. Redfield, Science, May 28, 1965.
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perature variations by a few weeks or
monthsÑthus the old farming adage
ÒSpringtime drives the frost deeper.Ó
Although in spring the ground surface
has already begun to warm from the
winter months, the colder temperatures
of the winter have gone underground.
They can be found in the subsurface at
depths of a few meters.

As surface temperature oscillations
propagate downward, they become pro-
gressively smaller and die out. Shorter-
period ßuctuations, however, attenuate
more rapidly than do longer ones. Only
longer-term variations penetrate to great
depths. The daily cycle of warm days
and cool nights disturbs only the top
meter of soil or rock, and the seasonal
oscillation penetrates only about 15 me-
ters before the signal is lost. A century-
long cycle, in contrast, can be observed
to depths of around 150 meters and a
millennial one to about 500 meters. In
this way, the earth selectively retains
long-term trends and excludes short-pe-
riod excursions from the archive, an
excellent trait for recording climate.

Furthermore, subsurface records of
climatic change are readily accessible.
Because thermal signals travel slowly, in
general all the changes in surface tem-
perature that have occurred in the past
millennium are imprinted in the upper-
most 500 meters of the crust, a depth
easily attainable by inexpensive drilling.

O
nce the mechanism by which
propagating thermal distur-
bances leave traces of past cli-

mates is understood, the process can be
reversed to recover that history from
borehole temperature logs. The Þrst
step is to identify the thermal signa-
ture of the heat that is making its way
upward through the crust so that it can
be isolated from the climatic signal. In
regions where the rock is all of one type,
this deeper heat ßow is characterized
by temperatures that increase at a con-
stant rate with depth. Such a constant
gradient generally appears within a few
hundred meters below the surface.

If the earthÕs climate were unchang-
ing, this linear proÞle would extend all
the way up to the surface. Consequent-
ly, by extrapolating the linear part of
the temperature proÞle upward, geo-
physicists can tell what the temperature
would have been at shallower depths
before the onset of a surface tempera-
ture excursion. The diÝerence between
the surface value of the extrapolated
geothermal gradient and the present-
day surface temperature indicates the
total amount of warming or cooling that
has taken place. Moreover, the depth 
at which the measured proÞle departs
from the undisturbed geothermal gra-

dient is related to the time that climat-
ic change began. The details of the pro-
Þle between the surface and the undis-
turbed lower zone can be unraveled to
yield information about the pace and
variability of the changes. For example,
a warming episode following an ex-
tended cool interval would be marked
by anomalously high borehole temper-
atures near the surface and anomalous-
ly low ones further down.

When meteorologic, topographic and
vegetative conditions are favorable,
borehole temperatures track climatic
change surprisingly well. In 1990 Timo-
thy J. Chisholm, then a graduate student
at the University of Utah, analyzed tem-
perature proÞles from six boreholes in
the desert of western Utah. The holes,
drilled in 1978 speciÞcally for thermal
measurements, were located in spots
where thermal disturbances caused by
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RECENT CLIMATIC HISTORY can be seen in both meteorologic records (top graph)
and subsurface temperatures at varying depths (lower graphs). Graphs show an-
nual surface temperatures in New England during the past century and the subter-
ranean excursions that follow as the surface change propagates downward. The
warming trend has only recently become visible 150 meters down, but tempera-
tures there will continue to reßect the centuryÕs warming for many years regard-
less of what happens at the surface.
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topography, streams, lakes, snowpack
or human activity were minimal. Even
more signiÞcant, they were geographi-
cally interspersed with seven meteoro-
logic stations where air temperatures
had been recorded since 1891.

ChisholmÕs results suggest that the
area has been getting warmer. Five of
the boreholes have temperature proÞles
consistent with an increase averaging
0.4 degree C during the past few de-
cades, and one shows a cooling of 0.8
degree C. The subsurface record at each
location correlates closely with the air
temperatures at the nearest meteorolog-
ic stations. Indeed, the borehole whose
temperatures bear the mark of recent
cooling is closest to the only weather
station in the region where average 
air temperatures have fallen during the
past century. Chisholm also construct-
ed temperature proÞles based on the
known ßow of heat out of the earth
and on the meteorologic data; these
theoretical curves bear a remarkable

resemblance to the actual curves of the
nearest boreholes.

This close agreement is encouraging,
but unfortunately it is also the excep-
tion rather than the rule. Borehole tem-
perature proÞles and meteorologic data
usually do not agree in detail. Temper-
atures within the earth can faithful-
ly document the thermal history of the
solid surface, but meteorologists are
generally more concerned about the
temperature of the air. The thermal cou-
pling of the atmosphere to the ground
is not a simple process, and the tem-
perature signal the ground receives is
often already a Þltered version of what
the atmosphere is undergoing.

I
n regions that accumulate winter
snow, the resulting surface blanket
eÝectively insulates the earth from

the coldest phases of the annual cycle.
In central Canada the air temperature
may plummet to Ð20 degrees C in mid-
winter, but the ground temperature hov-

ers near freezing. The heat of summer,
however, encounters no barrier and is
transmitted into the subsurface. This
winter shielding can lead to a diÝer-
ence of several degrees between mean
annual ground and air temperatures;
the eÝect is smaller where winters are
not so severe.

At even higher latitudes, the top of
the permanently frozen ground is sepa-
rated from surface air by both snow and
an active layer that thaws and freezes
every year. Consequently, although per-
mafrost provides an excellent medium
in which to record surface temperature
excursions, the complex pattern of heat
transfer through these layers must be
unraveled to reveal the eÝects of cli-
matic change.

Temperate and tropical regions pre-
sent yet a diÝerent set of confounding
factors. Crops or shade trees may insu-
late the ground from summer heat
while allowing it to cool in winter, and
underground water ßows can also per-
turb subsurface temperatures. Where
humans have been at work, the picture
becomes even more complicated. Defor-
estation and agricultural expansion ex-
poses the ground to increased solar ra-
diation. Draining or Þlling of marshlands
eliminates the cooling eÝect of evapora-
tion and causes surface warming. Urban-
ization also leads to warming because
roads and buildings absorb solar ener-
gy and transmit it to the ground. Even
the heat that leaks out from basements
in winter aÝects the relation between
subsurface and air temperatures. Many
of these environmental modiÞcations
have become widespread during the
past century and so may either magnify
or mask the local archive of global
warming stored in the earth.

In addition, some aspects of local to-
pography, hydrology and patterns of
vegetation can cause subsurface heat-
ing or cooling that could be mistak-
en for regional climatic change. The 
geothermal gradient generally increas-
es below valleys and decreases below 
hills. Both eÝects diminish with depth 
below the irregular surface, but at shal-
low depths they produce temperature
distortions that mimic a changing sur-
face temperature. Meanwhile many lakes
do not freeze completely in winter, and
their warm bottoms inßuence nearby
subsurface temperatures. Groundwater
movements can likewise aÝect subsur-
face temperatures and leave a signa-
ture that in some circumstances looks
remarkably like a response to surface
temperature change.

Frustrating though these geologic
thermal disturbances may be to some-
one seeking a straightforward corre-
spondence between borehole logs and
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BOREHOLE MEASUREMENTS reveal a close match to subsurface temperatures syn-
thesized from records at meteorologic stations at two sites in western Utah (a pho-
tograph of the Newfoundland Mountains is shown above). Subsurface tempera-
tures in other regions may not correlate as well with air temperatures because
snow cover and other factors insulate the ground from temperature extremes.
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climatic change, most of them can be
modeled and their magnitudes estimat-
ed. In many cases, the borehole tem-
perature proÞle can be corrected for
these eÝects. Moreover, the geothermal
archive is not limited to a single bore-
holeÑto see if a change is real or appar-
ent, one can check whether boreholes
spread across hundreds of kilometers
of continental terrain have common
perturbations in their temperature pro-
Þles. It is highly unlikely that all the
boreholes would have identical topogra-
phy, vegetation, geologic structure or
hydrologic settings and disturbances.
As a result, a common temperature pat-
tern might safely be ascribed to climate.

A
lready several geothermal data
sets from North America have
been analyzed for evidence of

surface temperature changes. Investiga-
tions in the Alaskan Arctic by Lachen-
bruch and his colleagues at the USGS

provided dramatic evidence of warm-
ing. Temperature proÞles from wells
spread across 500 kilometers of north-
ern Alaska show anomalous warming
in the upper 100 to 150 meters of the
permafrost and rock. The duration of
the warming event appears to vary at
diÝerent sites, but nearly everywhere it
has a 20th-century onset.

The additional heat required to pro-
duce the warming seen in the upper 100
meters of the earth in northern Alaska
is smallÑonly about 0.2 percent of the
solar radiation received annually in this
region. This imbalance is far too small
to be measured directly, but it shows
up clearly in the geothermal record. Fur-
thermore, although the warming of be-
tween two and four degrees C is sub-
stantially greater than the global average
warming of the 20th century, it is con-
sistent with polar meteorologic records.

Boreholes distributed across Ontario,
Quebec and the northern Great Plains
document a less dramatic but equally
clear warming. Separate investigations
were made by Hugo Beltrami and Jean-
Claude Mareschal of the University of
Quebec at Montreal, by Kelin Wang,
Trevor Lewis and Alan Jessop of the
Geological Survey of Canada and by
Paul Shen and Alan E. Beck of the 
University of Western Ontario. They
have all delineated a warming that ap-
pears to be in part a recovery from 
an earlier one- or two-century cooling
trend that bottomed out sometime 
between 1850 and 1900; their results
show mean temperature elevations be-
tween one and two degrees C during
the past 100 to 150 years. Further,
William D. Gosnold of the University 
of North Dakota has inferred surface
temperature increases of about two de-

grees C in North Dakota and Wyoming.
Data from southern South Dakota

and Nebraska, however, indicate little
change over the past 100 years, as does
our own work in the desert of western
Utah. This lack of a clear warming signal
is consistent with the work of climate
modelers, who have predicted that glob-
al warming should be most vigorous at
high latitudes but minimal or even non-
existent in some temperate regions.

These preliminary results, mostly
from North America, indicate that the

broad outlines of the regional and tem-
poral variation of the earthÕs surface
temperature over at least the past cen-
tury can be recovered from subsurface
thermal data. More recent work suggests
that the subterranean climatic archive
can be read even further back in time
and over much of the earthÕs surface.

Workers drilling at many sites in Eu-
rope, North America and Greenland
have found the signature of several cen-
turies of colder temperatures, starting
at various times during the 1400s or
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BOREHOLE TEMPERATURE ANOMALIES (top) show the diÝerence between actual
temperatures measured at three sites and those expected from the geothermal gra-
dient. Warming appears to have begun about 100 years ago in eastern Canada and
northern Alaska; climatic change in the western U.S. is more recent and less pro-
nounced. Long-term climate histories reconstructed from boreholes in Greenland
and Canada (bottom) indicate not only the current warming trend but also the Lit-
tle Ice Age that began in the 1400s and ended in the 1800s.

LITTLE ICE AGE

CANADA

GREENLAND

YEAR

1000 20001200 1400 1600 1800

S
U

R
FA

C
E

 T
E

M
P

E
R

A
T

U
R

E
 C

H
A

N
G

E
(D

E
G

R
E

E
S

 C
E

LS
IU

S
)

2

1

0

–1

–2

0

TEMPERATURE DIFFERENCE (DEGREES CELSIUS)

D
E

P
T

H
 (

M
E

T
E

R
S

)
0 1 2 3 0 1 2 0 1 2

180

160

140

120

100

80

60

40

20

200

NORTHERN
ALASKA

EASTERN
CANADA

WESTERN
U.S.

Copyright 1993 Scientific American, Inc.



1500s and ending in the 1800s. These
data are consistent with contemporary
accounts and other evidence of the Lit-
tle Ice Age, during which glaciers ad-
vanced in many parts of the globe. The
borehole data provide information about
even earlier periods, but those epochs
can be seen only Òthrough a glass dark-
ly.Ó The reconstructed surface tempera-
ture histories show a progressive loss of
detail and become more generalized.
Such a loss, however, is more than com-
pensated for by the increasingly robust
estimate of the long-term mean tem-
perature for each region.

E
ncouraged by results thus far,
geophysicists have embarked on a
concerted project to gather more

subsurface climate dataÑÞrst by look-
ing into their own archives. In the fall of
1991 the International Heat Flow Com-
mission, an association of geothermal
researchers organized under the aus-
pices of the International Association of
Seismology and Physics of the EarthÕs In-
terior, established a new working group
to consolidate existing data from the
thousands of boreholes that have been
drilled for research or for mineral explo-
ration during the past three decades.
The group will develop a uniÞed data
base of subsurface temperatures and
other relevant information. This infor-
mation, originally gathered to aid the
understanding of global tectonic pro-
cesses, will then serve as the basis of a

worldwide analysis of historical tem-
perature trends.

As might be expected, the record is
not evenly distributed. Northern con-
tinents have been drilled and logged
more thoroughly than southern ones.
SigniÞcant gaps exist in such crucial re-
gions as the Amazon basin, the Sahara
Desert and Antarctica. If the best pos-
sible use is to be made of existing in-
formation, boreholes should be drilled
in these regions to gather climate data.

Workers have begun to explore the
possibility of revisiting existing bore-
holes to determine directly how subsur-
face temperatures have changed in the
past few decades. Locating and reenter-
ing old boreholes in remote areas is of-
ten akin to the proverbial search for
needles in haystacks, but it is not im-
possible. In collaboration with Edward
R. Decker of the University of Maine, we
have recently relocated and surveyed a
set of boreholes in New England, drilled
for geothermal research purposes in
the 1960s, for example. We are analyz-
ing the new data to determine the evo-
lution of the subsurface temperature
Þeld during the 28-year interval be-
tween measurements.

The most important task for those
who would recover global climate data
from subsurface temperatures is inte-
grating coverage from as many wide-
ly scattered sources as possible. As the
meteorologic records have documented,
there is signiÞcant regional variability in

the 20th-century history of atmospheric
temperatures: some areas evince warm-
ing that exceeds the global average,
some show warming that falls short of
the global mean and some have even
cooled. No single regionÑexcept coin-
cidentallyÑyields a signal that repre-
sents the global average.

Furthermore, a complete reconstruc-
tion of the recent history of the earthÕs
climate will ultimately require more
than just a knowledge of surface tem-
peratures. Climate is a composite of
temperature, precipitation, wind and
many other variables. Information about
some of these factors can be gleaned
from many sources, including tree ring
chronology and chemistry, coral growth
patterns, ice core stratigraphy, lake and
ocean sediments and historical, com-
mercial and agricultural records. The
challenge for climatologists is to weave
these diverse regional observations into
a global picture.
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WORLD DISTRIBUTION of borehole records available for anal-
ysis is uneven. Additional drilling and measurements in South

America, Africa , Asia and Antarctica would signiÞcantly en-
hance the resulting picture of global climatic history.

FURTHER READING

CHANGING CLIMATE: GEOTHERMAL EVI-
DENCE FROM PERMAFROST IN THE ALAS-
KAN ARCTIC. Arthur H. Lachenbruch
and B. Vaughn Marshall in Science, Vol.
234, pages 689Ð696; November 7, 1986. 

CLIMATIC CHANGE INFERRED FROM UN-
DERGROUND TEMPERATURES. Special is-
sue of Global and Planetary Change,
edited by Trevor Lewis, Vol. 6, Nos. 2Ð4;
December 1992.
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I
n 1946 a group of researchers at
the Royal Radar Establishment in
Malvern, England, discovered that

intense radio emissions were emanating
from a tiny region of the constellation
Cygnus. Seven years later Walter Baade
and Rudolph Minkowski of Hale Ob-
servatories trained the giant, 200-inch
Mount Palomar telescope on the site of
that radio source and found a peculiar
double object they speculated might 
be two galaxies in collision. Subsequent
work established that the source, known
as Cygnus A, lies at a surprisingly great
distance, 650 million light-years from
the earth. That Cygnus A could be de-
tectable at such a distance led Baade
and Minkowski to conclude that it is a
source of extraordinary power.

Since then, astronomers have found
that Cygnus A is just one member of
an entire class of active galaxies that
radiate with as much as a million times
the luminosity of the Milky Way. The

relations between the disparate kinds
of active galaxies and the nature of the
mechanism that enables them to radiate
so intensely have remained enduringly
mysterious. Over the past two decades,
however, observers and theorists have
increasingly become convinced that
loud radio emission is but one manifes-
tation of the energetic processes taking
place near an extremely massive col-
lapsed objectÑa black hole having per-
haps a billion times the mass of the sun.

By homing in on radio signals from
such objects, we and several colleagues
have located the most distant galaxies
known. These objects are so remote that
it has taken their radiation billions of
years to reach the earth. Astronomers
are seeing them as they were when the
universe was only one tenth its present
age of about 15 billion years. The most
youthful active galaxies diÝer in several
noteworthy ways from their older, more
proximate relatives, and hence they of-
fer clues about how massive galaxies
form and evolve. These Þndings are
even providing insight into the origin
of the universe.

T
he diversity of radio-emitting
galaxies became apparent as re-
searchers sought out the visible

counterparts to the radio sources listed
in the 3C (third Cambridge) catalogue
compiled in the late 1950s by Martin
Ryle and his group at the University of
Cambridge. Roughly 70 percent of the
sources in the catalogue, including Cyg-
nus A, are classiÞed simply as radio gal-
axies. Most of the relatively nearby ex-
amples of these objects look more or
less like normal giant elliptical galaxies.
During the past few years, astronomers
have observed extraordinarily distant
radio galaxies; these objects have pecu-
liar, irregular structures.

Scientists now know that radio gal-
axies are just one of a bewildering

assortment of active galaxies that radi-
ate with astounding power. The other
main class of active galaxy consists of
the quasistellar radio sources, or qua-
sars, so named because of their starlike
appearance. Unlike radio galaxies, qua-
sars in no way resemble normal galax-
ies; furthermore, contrary to their name,
90 percent of quasars are quiet at radio
wavelengths.

In 1963 Maarten Schmidt of the Cali-
fornia Institute of Technology deduced
from the spectra of the brightest qua-
sars that they lie far beyond the stars of
the Milky Way. Researchers have since
established that quasars are the bril-
liant, tiny central regions of distant gal-
axies whose outer parts are diÛcult to
detect because of the intense glare. The
starlike appearance of quasars belies
the fact that they are among the most
luminous objects in the universe.

Some active galaxies display less ex-
treme forms of activity. For example,
Seyfert galaxies have bright centers that
resemble tame quasars, but the body of
the spiral galaxy surrounding the cen-
ter is clearly evident. Indeed, astrono-
mers are coming to recognize that the
line between active galaxies and osten-
sibly normal ones is far blurrier than
once believed. The central regions of
manyÑperhaps mostÑmassive galaxies
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The Most Distant
Radio Galaxies

Astronomers have identified powerful radio-emitting galaxies
that existed when the universe was only one tenth its present age.
These objects o›er a glimpse at the early evolution of giant galaxies 

by George K. Miley and Kenneth C. Chambers 

GEORGE K. MILEY and KENNETH C.
CHAMBERS have spent the past seven
years hunting for the most distant gal-
axies on the basis of their distinctive ra-
dio emissions. Miley is a professor of 
astronomy at Leiden University in the
Netherlands. He obtained a Ph.D. in ra-
dio astronomy from the University of
Manchester in 1968. During the 1970s,
he used the large radio telescope at
Westerbork, the Netherlands, to study
steep-spectrum radio sources, laying the
groundwork for the technique described
in this article. From 1984 to 1988 Miley
was at the Space Telescope Science Insti-
tute in Baltimore, where he headed the
academic aÝairs branch; while there he
initiated a search for distant radio galax-
ies, which became ChambersÕs Ph.D. the-
sis project. Chambers is now a professor
of astronomy at the Institute for Astro-
physics of the University of Hawaii at
Honolulu.

MOST DISTANT KNOWN GALAXY, which
is called 4C 41.17, may lie more than 12
billion light-years from the earth. This
false-color image was taken by the Hub-
ble Space Telescope. The galaxyÕs irreg-
ular shape looks startlingly unlike the
smooth, elliptical form of most relative-
ly nearby radio-emitting galaxies. The
contour lines map out the intense radio
emanations from 4C 41.17. Astronomers
are debating why the shape of the radio
source around the more distant of these
so-called radio galaxies roughly aligns
with their visible appearance.
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contain radio sources and some height-
ened concentration of light.

Using a newly developed technique
known as radio interferometry, astrono-
mers showed that many kinds of active
galaxies share a common radio struc-
ture. Interferometry is accomplished by
linking together two or more telescopes
to create, in essence, a single, much
more precise instrument. When so ar-
ranged, radio telescopes can provide
much sharper images than those from
even the largest optical telescopes.

Studies made during the past three
decades using interferometry revealed
that radio galaxies and quasars usually
display two symmetric, radio-emitting

lobes that straddle and dwarf their op-
tical parent galaxies. The largest sourc-
es stretch more than 10 million light-
years across, or more than 20 times
the visible extent of the typical host
galaxy and more than 100 times the di-
ameter of the Milky Way. The nature of
the radio emission implies that it is
produced by electrons traveling at ve-
locities approaching the speed of light
as they pass through a magnetic Þeld.

In 1971 Martin J. Rees of Cambridge
suggested that hidden engines located
within the nuclei of the parent galaxies
generate the energy needed to power
the giant radio lobes. Rees and Roger 
D. Blandford, now at Caltech, proposed

that high-speed particles shooting along
narrow channels could transport the en-
ergy. A few years later other investiga-
tors demonstrated that in many sources
jetlike features do indeed seem to con-
nect a radio-bright core in the galaxyÕs
nucleus with knots of radio emission
emanating from the outer extremities
of the lobes. The jets are thought to
mark the path of the subatomic parti-
cles racing from the nucleus.

The nature of the engine that powers
the violent processes in radio galaxies
and quasars is still a mystery, but most
astronomers think a massive rotating
black hole lies behind all the commo-
tion. EinsteinÕs theory of relativity pre-
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dicts the existence of objects whose
gravity is so strong that nothing, not
even light, can escape from within them;
observers are actively seeking unequiv-
ocal evidence of such objects.

Theorists commonly suppose that
material spiraling toward a black hole
becomes compressed and heated to a
temperature of millions of degrees be-
fore it vanishes into the holeÕs interior.
The superheated particles circling the
hole are thought to be responsible for
the various exotic phenomena that oc-
cur in and around the centers of active
galaxies, such as the formation of radio
jets. The jets are thought to consist of
collimated beams of particles that are
spewed out along the black holeÕs rota-
tion axis, perhaps by a kind of electro-
magnetic dynamo process.

As a result of the advances in theory
and observation, astronomers have be-
gun to piece together a satisfying pic-
ture that uniÞes the diÝerent kinds 
of active galaxies. According to present
thinking, one of the most signiÞcant
factors determining the appearance of
an active galaxy is the orientation of
the radio jetÑin particular, whether or
not the jet is aimed toward the earth.

Several observations made during the
past few years suggest that dust in the

central region of an active galaxy can
block all radiation except that emitted
along the axis of the radio jet. Peter D.
Barthel, while at Caltech, therefore pro-
posed that all radio-emitting galaxies
contain bright, embedded nuclei. If the
radio source points earthward, the nu-
cleus is visible, and the object is classi-
Þed as a quasar. If the radio source is
aligned in any other direction, the nu-
cleus is more likely to be hidden from
us, in which case the object is consid-
ered to be a radio galaxy.

Another likely inßuence on the ob-
served properties of radio-emitting gal-
axies is the nature of the local environ-
ment surrounding the radio source. If
the jets encounter regions of dense dust
and gas, they will be unable to propa-
gate outward, and the galaxy will not
develop powerful radio-emitting lobes.
Such environmental factors may explain
why the most luminous radio sources
form around giant elliptical galaxies,
not around gas-rich spiral galaxies like
the Milky Way.

The passage of time also must aÝect
the behavior of an active galaxy. Vari-
ations in the degree of activity or the
orientation of the central black hole
would alter the luminosity and appear-
ance of the radio source. Radio and op-

tical emissions from the inner regions
of active galaxies are known to ßuctu-
ate in intensity from year to year, so it
is clear that conditions near the hole
can change quite rapidly. Over millions
of years, the black hole would gradual-
ly increase in mass and might deplete
the nearby region of all material, snuÝ-
ing out the activity.

A
s the number of known active
galaxies has increased, astrono-
mers have come to appreciate

just how drastically the population of
these objects has changed over the his-
tory of the universe. At great distances,
where the universe is being seen as it
was billions of years ago, quasars are
far more abundant than they are near-
by. Current surveys indicate that two
billion years after the big bang, the
density of bright quasars and other ac-
tive galaxies in the universe was sever-
al hundred times greater than it is to-
day [see illustration on page 61]. Many
researchers have speculated that the
era during which quasars were most
common is somehow related to the for-
mation of galaxies, but no direct link
has yet been established. By examining
the youngest, most distant radio galax-
ies, we and our colleagues hope to in-
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CYGNUS A, one of the closest bright radio galaxies, is about
650 million light-years away. A new composite optical image
made at several wavelengths (left) reveals a previously un-
seen darkish lane near the center of the galaxy, possibly the
leftovers from a recent merger with a smaller galaxy. The

huge Þlamentary, radio-emitting lobes (right) measure about
400,000 light-years across, several times the diameter of the
visible part of the galaxy. The lobes are believed to be pow-
ered by twin jets of fast-moving particles ejected along the
rotation axis of a black hole at the center of Cygnus A.

SIRIUS BIG DIPPER PLEIADES TRIFID
NEBULA

RING
NEBULA

GLOBULAR
CLUSTER

CENTER OF
MILKY WAY

LARGE
MEGALLANIC

CLOUD

LIGHT-YEARS10 100 1,000 10,000 100,000

Copyright 1993 Scientific American, Inc.



vestigate that relation and to uncov-
er clues about the very early history of
the universe.

Before we can discuss events that
happened long ago in galaxies faraway,
we must Þrst introduce a few funda-
mental cosmological concepts. Measure-
ments of distance in the universe de-
pend on the fact that every atomic ele-
ment emits and absorbs light at certain
characteristic colors, or wavelengths,
which show up as bright or dark lines
in the spectra. In 1929 Edwin P. Hubble
reported that the spectral lines asso-
ciated with hydrogen, calcium and oth-
er elements show up redder (at long-
er wavelengths) in most galaxies than
they do in the laboratory. This so-called
redshift is caused by the overall expan-
sion of the universe, which reddens, or
stretches, the light. The farther away
one looks, the greater the amount of
expansion that has occurred and hence
the greater the redshift.

The fractional shift in wavelength is
usually denoted as z. Astronomers can
measure the redshift of even a faint
galaxy to within a fraction of a percent.
If they knew the precise rate of the cos-
mic expansion and the true geometry
of the universe, they could determine
to a similar precision the distance to the
galaxy and thereby infer its size and the
amount of time that has passed since
the light left that galaxy.

At present, however, the size and age
of the universe are uncertain by a fac-
tor of two. Astronomers therefore Þnd
it more convenient to discuss how far-
away an object is in terms of its red-
shift rather than its distance in light-
years. Assuming that the universe is 15
billion years old and that its density
matches that of the most popular cos-
mological models, a galaxy having a
redshift of two is seen as it was 80 per-
cent of the way back to the beginning
of the universe, meaning it lies roughly
12 billion light-years from the earth; a
galaxy at a redshift of four is seen as it
was 90 percent of the way back.

Studies of such distant radio galaxies
provide a way to learn about events that
occurred during the very Þrst moments
after the birth of the universe. Most cos-
mologists believe galaxies grew around
small density ßuctuations that arose

less than 10Ð32 of a second after the
big bang. According to current theory,
most of the mass of the universe exists
in the form of exotic particles known
as cold dark matter. These particles in-
teract with normal matter only through
gravity, so they were able to collapse
into clumps soon after the big bang,
when normal matter was still too hot
to do so. As the universe cooled, nor-
mal matter fell into the clumps of dark
matter and ultimately formed galaxies.

In the simplest version of the cold
dark matter model, galaxies would have
coalesced so slowly that few of them
could have formed at redshifts higher
than two or threeÑthat is, within the
Þrst couple of billion years after the
big bang. Therefore, studies of galaxies
dating from that time or earlier are cru-
cially important in learning which cos-
mological models are promising and
which ones need to be discarded.

The powerful, easily detected radio
emission produced by quasars and ra-
dio galaxies gives astronomers an ef-
fective wayÑat present, the only eÝec-
tive wayÑto locate galaxies at redshifts
of two or higher. During the past de-
cade, light detectors that incorporate

charge-coupled devices, or CCDs, have
revolutionized this line of inquiry by
enabling astronomers to capture im-
ages of much fainter galaxies and to
make spectroscopic measurement of
their redshifts.

T
hroughout the 1970s, before
CCDs became available, Hyron
Spinrad and his colleagues at 

the University of California at Berkeley
painstakingly examined the visible coun-
terparts to the sources in the 3C cata-
logue. That eÝort revealed the Þrst-
known galaxies having redshifts greater
than one. It culminated in the discovery
of a radio galaxy at a redshift of 1.8,
which for some time held the title of
most distant known galaxy.

It is impractical to carry out time-con-
suming, high-sensitivity optical observa-
tions of the tens of thousands of fainter
radio sources that are now known. Dur-
ing the past few years, several methods
have been used to select the best, most
distant candidates. Patrick J. McCarthy
of the Carnegie Observatories in Pasade-
na, Calif., working with Spinrad and Wil-
lem J. M. van Breugel of Lawrence Liv-
ermore National Laboratory, has found
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REDSHIFT AND DISTANCE are intimately related because of the expansion of the
universe. The farther away an object is, the more its light has been stretched, or
redshifted. In this graph, distance is expressed in terms of relative look-back time,
the time that light took to travel from an object to the earth divided by the time
that has elapsed since the big bang. Radio galaxies and quasars display bright
emission lines that can be seen at redshifts of between four and Þve, when the uni-
verse was only about a tenth its present age.
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several galaxies lying at redshifts great-
er than two by concentrating on radio
sources that have no bright optical coun-
terpart. In a similar vein, Simon J. Lilly
of the University of Toronto measured
the optical colors of faint objects associ-
ated with the Ò1 JanskyÓ sample, a list of
faint radio sources (several times faint-
er than those in the 3C catalogue) com-
piled using a radio telescope at Bologna,
Italy. In 1988 Lilly, then at the Universi-
ty of Hawaii, reported discovery of a
radio galaxy having a redshift of three.

But nature has supplied another way

to identify distant galaxies that has
proved even more eÝective, one that 
is based solely on their properties at
radio wavelengths. The spectral slope,
or color, of the radio emission from an 
active galaxy correlates closely with its
distance. The most remote objects have
the steepest radio spectraÑthat is, their
brightness falls oÝ most rapidly from
low frequencies to higher ones. Al-
though the reason for the correlation
between radio spectrum and distance
is not yet fully understood, it serves 
as the empirical basis for a search 

method that works remarkably well.
We became the Þrst researchers to

take advantage of that correlation eight
years ago, when we began to concen-
trate on the visible galaxies associated
with radio sources that have particular-
ly steep radio spectra. Among the Þrst
and most exciting objects we examined
was 4C 41.17, which derives its name
from the fourth Cambridge catalogue
of radio sources. We identiÞed the host
galaxy connected with the radio source
and determined its redshift to be 3.8.
This source currently holds the title of
most distant known galaxy.

Encouraged by that success, we con-
tinued our observations in collabora-
tion with Huub R�ttgering and Rob 
van Ojik of Leiden Observatory in the
Netherlands and with several other col-
leagues. The work is progressing at an
extremely rapid pace. Before we em-
barked on our project, not a single gal-
axy was known to have a redshift great-
er than two. So far our project has re-
vealed about 35 galaxies at such high
redshifts, bringing the total number
known to more than 60. Our eÝorts are
unveiling details of galactic evolution
by showing how young, distant radio
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REMOTE RADIO GALAXIES exhibit the
alignment eÝect far more strongly than
do more proximate ones. These two gal-
axies (left and opposite page), selected
from a recent survey conducted by the
authors and their collaborators, have

APPARENT ALIGNMENT of the shapes of the optical and ra-
dio components of radio galaxies may result from bursts of
star formation. A two-sided jet of fast particles produced in a
galaxyÕs central region propagates outward into the interstel-
lar and intergalactic gas. As the front of the jet plows through

the surrounding gas, it creates shocks that accelerate elec-
trons to near-light speeds; these electrons generate radio
waves as they race through the local magnetic Þeld. The gas
compressed by the shock cools to form clusters of stars that
appear spread out along the direction of the radio source.
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galaxies diÝer from more mature ones
lying closer to the earth.

A remarkable property of giant ellip-
tical galaxies (the ones that harbor the
brightest radio sources) is the unifor-
mity of their infrared luminosities. In
1984 Lilly and Malcolm S. Longair, both
then at the University of Edinburgh, ob-
served radio galaxies from the 3C cata-
logue in the infrared using the U.K. In-
frared Telescope in Hawaii. They then
constructed a graph of redshift versus
infrared brightness out to a redshift of
about 1.5. The resulting plot displayed a
fairly neat, linear pattern, which seemed
to imply that the intrinsic infrared lu-
minosity of radio galaxies varies little
over space or time.

W
hen those observations were
made, astronomers believed
that the infrared emission in

giant elliptical galaxies was produced
by stars at least a few billion years 
old. The natural interpretation was that
radio galaxies contain a sizable pop-
ulation of mature stars that all have 
fairly uniform properties. Lilly and
Longair therefore hoped radio galaxies
could serve as standard candles, objects

whose absolute luminosity is known, so
their apparent brightness can be used
to measure accurately the size, age and
geometry of the universe.

Improved observations have revealed
that the situation is not that simple. Ten
years ago most researchers thought ra-
dio emission was merely a useful tool
for Þnding distant galaxies and that it
did not inßuence the optical properties
of the objects. That assumption, which
was based on the fact that nearby giant
elliptical galaxies look exactly the same
whether or not they are strong radio

sources, has turned out to be incorrect.
New CCD images of the most distant
radio galaxies show them to be lumpy
and elongated, indicating that they are
far from stable and uniform.

Those images have led to a tremen-
dously exciting and unexpected Þnd-
ing. About six years ago, working inde-
pendently, we and a group of research-
ers at Berkeley discovered that the axis
of the radio emission from the galaxies
lines up with the shapes seen when they
are viewed in optical continuum radia-
tion (that is, the entire band of visible
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redshifts of about 2.5 (left) and 2.9
(right). The green lines show the con-
tours of the radio emission; the false-col-
or optical images were taken using the
New Technology Telescope of the Euro-
pean Southern Observatory in Chile.

ALTERNATIVE MODEL proposes that the observed radio-op-
tical alignment is caused by radiation scattered oÝ electrons
or dust particles. In this model, the radio galaxy contains a
bright quasar that is mostly hidden from view by an obscur-
ing shroud of dust. Light from the quasar can escape only

along the axis of the radio jet. That cone of light illuminates
materialÑeither electrons or dustÑand is scattered oÝ this
material and polarized by it. Because the light escapes along
the direction of the jet, the observer sees the visible part of
the galaxy oriented at the same angle as the radio source.
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light, not just certain emission lines).
That eÝect becomes noticeable in some
radio galaxies having redshifts of about
0.5; at redshifts of one or more, most of
these systems exhibit roughly aligned
radio and optical morphologies. No
comparable phenomenon is seen in
nearby radio galaxies.

Much to cosmologistsÕ regret, the ob-
served radio-optical alignments under-
mine the use of radio galaxies as stan-
dard candles. The correlation between
the prominence of the alignment and
the galaxyÕs redshift strongly implies
that the nature of the light from a ra-
dio galaxy depends strongly on the gal-
axyÕs distance. Furthermore, astrono-
mers can no longer feel justiÞed in as-
suming that sources selected because
they are intense radio sources are, in
every other respect, normal, represen-
tative galaxies. Only after the align-
ment phenomenon has fully been un-
derstood can we hope to disentangle
optical distortions caused by the geom-
etry of the universe from true changes
caused by physical evolution.

Researchers have advanced two ma-
jor hypotheses to explain the origin of
the elongated visible morphology of
these galaxies. One possibility is that the
jet that powers the radio source sets oÝ
an enormous burst of star formation
along its path; the other is that dust
scatters radiation from a bright but ob-
scured central energy source. If the for-
mer answer is correct, then the optical
emission would be the light from the
newborn stars. One of us (Chambers)
and Stephane Charlot, then at the Space
Telescope Science Institute in Baltimore,
demonstrated that a burst of star for-
mation that had been under way for a
few hundred million years could in-

deed account for the optical and in-
frared colors of high-redshift radio gal-
axies. Such ages are also plausible for
the radio sources.

Theoretical work by Rees of Cam-
bridge and by Mitchell C. Begelman of
the University of Colorado and Denis 
F. CioÛ of the National Aeronautics
and Space Administration also bolsters
the idea of star formation. Their re-
search suggests that shocks produced
by the radio jet could compress clouds
of gas surrounding the galaxy, allowing
them to collapse into stars. David S. De
Young of Kitt Peak National Observa-
tory ran computer simulations of colli-
sions between radio jets and clouds;
his results conÞrm the plausibility of
such a scenario.

Detailed studies of nearby radio
sources oÝer additional observational
support for the notion that jets might
be able to trigger star formation. Al-
though the radio source does not gen-
erally aÝect the optical appearance of
nearby radio galaxies, observations now
hint that jets can perturb the interstel-
lar material within a galaxy. Timothy
M. Heckman of Johns Hopkins Univer-
sity, van Breugel and one of us (Miley),
using the Mayall Telescope at Kitt Peak,
observed clouds of ionized gas lying
along the radio sources in nearby radio
galaxies. That Þnding suggests that the
radio jets are interacting vigorously with
the gas in these systems. One radio-
emitting galaxy, the peculiar Minkow-
skiÕs Object, shows what appears to be
a newly formed dwarf galaxy located at
a bend in the jet.

An alternative explanation for the ra-
dio-optical alignment was prompted
by the observations of the optical po-
larization (the degree to which light

waves are preferentially oriented in a
particular direction) of 3C 368 and sev-
eral other bright, aligned radio galaxies.
A group led by Spirello di Serego Alighi-
eri, Robert A. Fosbury and Clive N. Tad-
hunter of the European Southern Ob-
servatory and Peter J. Quinn of Mount
Stromlo Observatory studied 3C 368
using a telescope in Chile; Michael Scar-
rott and C. D. Rolph of the University
of Durham and Tadhunter conducted
follow-up work at the William Herschel
Telescope in the Canary Islands. The
researchers found that the light from
3C 368 is highly polarized.

One of the easiest ways to polarize
light is to scatter it. That fact led Tad-
hunter and his colleagues and, inde-
pendently, Andrew C. Fabian of Cam-
bridge to suggest that some of the light
from the distant radio galaxies consists
of scattered emission from a hidden
quasar nestled in the galaxyÕs nucleus.
Because the quasarÕs radiation is ab-
sorbed in every direction except along
the radio axis, it cannot be seen directly.
Like a searchlight passing through the
fog, however, the quasar beam bounces
oÝ electrons or dust in its path, render-
ing it visible to terrestrial viewers. That
scattered light would appear aligned
along the radio jet.

Neither the starburst nor the scatter-
ing models can explain all the features
of distant radio galaxies. The presence
of polarization means that some light
must be scattered. But electrons scatter
all wavelengths of light equally well, so
one would expect the scattered light to
resemble the spectrum of a quasar,
which it does not. Dust scatters blue
light more eÛciently than it does red
and so could produce the strong color
gradients that are observed. There is

60 SCIENTIFIC AMERICAN June 1993

DIFFERENT WAVELENGTHS capture subtly diÝerent aspects
of the bright radio galaxy 3C 368; false colors denote intensi-
ty of radiation, from low (dark blue) to high (light yellow). Ra-
dio emission (left) is generated by high-speed electrons mov-
ing through the galaxyÕs magnetic Þeld; a double-lobed struc-

ture is clearly evident. An infrared image (center ) shows radi-
ation emitted by stars and gas in the body of the galaxy. Ul-
traviolet rays having a wavelength of 3,727 angstroms come
from oxygen atoms that have been disrupted and ionized
(right). Note that all three images have similar orientations.

RADIO

TWO
ARC

SECONDS

INFRARED ULTRAVIOLET

Copyright 1993 Scientific American, Inc.



evidence that some radio galaxies dis-
play clear alignments between their ra-
dio and infrared emission, however,
and a dust model has diÛculty produc-
ing enough infrared scattering to ac-
count for this eÝect. In any case, dust
consists of heavy elements that form
only in the interior of stars, so it could
be present only if some stars have al-
ready formed along the radio axis. A
composite picture of distant radio gal-
axies that includes both star formation
and scattering along the radio axis
therefore seems most plausible.

A
ttempts to decipher the process-
es responsible for the radio-opti-
cal alignment eÝect are already

leading to the development of more so-
phisticated theories about the early
evolution of radio galaxies. Further ad-
vances will depend on Þnding addition-
al radio galaxies at very high redshifts.
We and a number of our colleagues are
working hard to do just that.

Some intriguing preliminary results
have emerged from our follow-up stud-
ies of 4C 41.17. Last year, in collabo-
ration with van Breugel and F. Duccio 
Macchetto of the Space Telescope Sci-
ence Institute, we used the Hubble Space

Telescope to observe 4C 41.17. The re-
sulting image has an angular resolution
roughly 10 times better than the pre-
vious ground-based photograph. This
sharp picture shows the inner region of
this galaxy to have an irregular, clumpy
form. Those clumps may represent gas
clouds illuminated by a central qua-
sar, or they may be giant star clusters
caught in the act of coalescing. Analy-
sis of the spectrum of 4C 41.17 may
determine which of these explanations
is correct and hence could reveal the
mechanism that produces the radio-op-
tical alignments.

Optical and radio telescopes could de-
tect objects like 4C 41.17 at redshifts of
about six, if such remote, young galax-
ies exist. Finding and examining radio
galaxies at ever greater redshifts will
help settle many profound questions
about how the universe was born and
how galaxies formed. Sensitive imag-
es and spectra of regions surrounding
those galaxies will enable astronomers
to search for nearby companions or
clusters of galaxies. Studies of the galax-
iesÕ colors will yield information about
the stars they contain and hence about
how soon after the big bang those stars
began to shine. Related observations of
shapes and motions within the galaxies
may establish whether these objects
are being seen while they are still in the
process of collapsing from primordial
clouds of hydrogen and helium gas.

Furthermore, spectral analysis of ex-

tremely distant radio galaxies enables
astronomers to observe whatever may
lie along the line of sight between those
galaxies and the earth. Intervening gas
clouds or other galaxies, for example,
could produce detectable absorption
lines in the radio galaxyÕs spectrum.
Those lines can reveal information
about the shape, composition and kine-
matics of the intervening objects, as
well as their distance. Because radio
galaxies, unlike quasars, are spatially
extended, they can serve as valuable
probes for investigating closely sepa-
rated lines of sight a few hundredths
of a degree apart.

Simply compiling a more complete
tally of distant radio sources will clari-
fy how many quasars and radio galaxies
existed during the Þrst couple of billion
years after the big bang and how the
density of those objects evolved over
time. As with the extinction of dino-
saurs on the earth, the stunning decline
of the active galaxy population as the
universe has aged signals a dramatic
change in the celestial environment.
Many researchers are now conducting
a census of distant radio galaxies as a
function of their redshift and absolute
radio luminosity. Detailed comparisons
of the population densities of quasars
and galaxies at redshifts greater than
two may elucidate the processes re-
sponsible for exterminating the species.

Over the next decade, an impressive
arsenal of instruments will facilitate
these investigations. At the end of this
year, NASA plans to correct the optics
of the Hubble Space Telescope, improv-

ing the sensitivity with which it can ob-
serve distant radio galaxies by about a
factor of Þve. A new generation of large
ground-based optical telescopes, such
as the European Southern ObservatoryÕs
Very Large Telescope and the two 10-
meter Keck telescopes in Hawaii, will
be able to map faint objects that have
eluded detection thus far. These tools
hold out the promise that within the
next few years astronomers will greatly
expand their understanding of a uni-
verse that has been 15 billion years in
the making.
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QUASARS AND RADIO GALAXIES were nearly 1,000 times more abundant two bil-
lion years after the big bang than they are now. The reason for the rapid rise and
decline of the active galaxy population is a mystery, one that may hold important
clues about the formation and early development of massive galaxies.
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T
he cytoplasm that Þlls a cell is not
simply an amorphous medium 
in which organelles ßoat. Rath-

er it has a skeleton of protein Þbers
and accessory molecules that serves as
the highly dynamic scaÝolding for the
many external and internal alterations
that a cell undergoes during its life.
The workings and organization of that
cytoskeleton are only now beginning to
be understood. Nevertheless, it is clear
that an organelle known as the cen-
trosome plays a pivotal role in those
processes.

The centrosome is a somewhat shape-
less body from which radiate micro-
tubules, one of the major cytoskeletal 
elements. The microtubules, in turn, 
seem to inßuence the distribution of 
the smaller actin and intermediate Þla-
ments, which are the other major pro-
tein Þbers that compose the cytoskele-
ton. Thus, the centrosome acts as a
master architect of cytoskeletal design.
Through its eÝects on that complex lat-
tice of Þbers, the centrosome governs
the shape, polarity and movement of
cells as well as the transport of materi-
als within cells. During cell division, it
assumes the critical function of setting
up the mitotic spindle, the cellular ap-

paratus that partitions the chromo-
somes into daughter cells.

Despite its importance, the centro-
some has remained an enigma. Now,
with the development of molecular bi-
ology, key components of the centro-
some are at last being identiÞed and
characterized. We may be on the verge
of answering questions about the divi-
sion, diÝerentiation and movement of
cells that have puzzled biologists for
more than 100 years.

C
entrosomes were Þrst described
independently in 1887 by The-
odor H. Boveri and Edouard Jo-

seph Louis-Marie van Beneden, who
were studying cell division in the eggs
of the roundworm Ascaris. During mi-
tosis, when a cell divides, the two sets
of chromosomes produced by replica-
tion of the cellÕs DNA are equally par-
titioned between the two daughter
cells. The mitotic spindle is essential to
this process. During the part of mitosis
called prophase, the replicated chro-
mosomes condense; during metaphase,
they line up along the equator of the
spindle. Finally, during anaphase, one
full set of chromosomes migrates to-
ward each of the spindleÕs poles.

Boveri and van Beneden both no-
ticed that the mitotic spindle appeared
to extend from two dotlike objects,
which they called polar corpuscles or
centrosomes, one at each pole of the
spindle. When cells were not dividing, 
a single centrosome could be observed
next to the nucleus. At the onset of cell
division, the centrosome divided into
two and began to move apart. The twin
centrosomes became the centers that
organized the microtubular structures
radiating from each pole of the spin-
dle. The separation of the centrosomes,
which occurs only once during a mitot-
ic cycle, constitutes a mechanism that
ensures that the replicated chromo-
somes are shared equally by the two
daughter cells.

By the beginning of the 20th century,
researchers had described centrosomes

in a wide variety of species. Under the
light microscope, however, the appear-
ance of the organelle diÝered greatly
among cell types. It became known by
a bewildering assortment of names: cen-
triole, central corpuscle, division cen-
ter, central body, mitotic center and
centrosphere.

Adding to the confusion was the ob-
servation that higher plants and some
lower eukaryotic cells did not seem to
have centrosomes at all. That observa-
tion was interpreted as evidence that
centrosomes were not essential parts
of the mitotic apparatus. Even as late
as the 1930s, some biologists thought
that centrosomes were merely artifacts
induced during the preparation of cells
for microscopy or that their presence
at the poles of spindles was a conse-
quence rather than the cause of spin-
dle formation.

Fortunately, the development of elec-
tron microscopy helped to clarify the
structure of centrosomes and the mi-
crotubules linked to them. At the heart
of the centrosome in an animal cell are
two geometric arrangements of micro-
tubules described as centrioles. Each
centriole is a cylindrical bundle of nine
rods; each rod consists of three micro-
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The Centrosome
By directing the assembly of a cell’s skeleton, this organelle

controls division, motility and shape. The details
of its structure and function are just beginning to emerge

by David M. Glover, Cayetano Gonzalez and Jordan W. RaÝ

DAVID M. GLOVER, CAYETANO GON-
ZALEZ and JORDAN W. RAFF have 
contributed prominently to current un-
derstanding of the centrosome. Glover 
is professor of molecular genetics and 
director of the Cancer Research Cam-
paign (CRC) Cell Cycle Genetics Group
at the Medical Sciences Institute of the
University of Dundee. A graduate of the
University of Cambridge, he received his
doctorate in biochemistry in 1972 from
University College, London. Gonzalez, a
postdoctoral research assistant in the
CRC group at Dundee, earned his doc-
torate at the Universidad Aut�noma de
Madrid. RaÝ is a postdoctoral fellow in
the department of biochemistry and bio-
physics of the University of California,
San Francisco. He received his Ph.D. from
Imperial College, London.

STRUCTURE OF CENTROSOME became
evident only with the advent of elec-
tron microscopy, even though this or-
ganelle has been known for more than a
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tubules about 5,000 angstroms (one
50,000th of a millimeter) long, fused
along their length. Because of their ap-
pearance in cross section, centrioles are
sometimes described as pinwheel struc-
tures. In animal cells, each centrosome
has two centrioles that are at right an-
gles to each other and are surrounded
by a cloud of amorphous material.

Our current ignorance about the na-
ture of the surrounding substance is re-
ßected by the fact that it is referred to
simply as pericentriolar material. Elec-
tron microscopy has shown that micro-
tubules emanate from the pericentrio-
lar material and not directly from the

centrioles in the centrosome. It is there-
fore likely that this material functions
as the true microtubule-organizing cen-
ter, a term coined by Jeremy D. Pickett-
Heaps of the University of Colorado at
Boulder. In plant cells the microtubule-
organizing center is more diÝuse, and
the centrioles are missing, which ex-
plains why plant cells were initially
thought to lack centrosomes.

A
s it turns out, centrioles are not
found exclusively in centro-
somes. They also appear in the

basal bodies underneath ßagellae and
ciliaÑthe long, threadlike structures

that project from the surface of some
cells. Many unicellular eukaryotes swim
by beating their ßagellae or cilia; some
specialized cells in the body, such as
those lining the intestinal tract, use
their cilia to move extracellular secre-
tions. Because the basal bodies seem to
coordinate the organization of the mi-
crotubules in the ßagellae and cilia,
they are fundamental to the move-
ments of those organelles.

The discovery of centrioles in centro-
somes and basal bodies strengthened a
hypothesis, put forward independently
by L. F. Henneguy and M. Lehossek in
1898, that these structures are inter-
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century. It consists of two structures called centrioles set 
at right angles to each other and surrounded by a cloud of 
pericentriolar material (right). Seen in cross section, a centri-
ole reveals a pinwheel structure made of structural elements

called microtubules (left). The function of the centrosome is to
organize the microtubules in the cytoplasm, particularly dur-
ing cell division. Because microtubules inßuence other protein
Þbers, the centrosome acts as the architect of the cytoskeleton.
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convertible. Support for that idea can
be found in a variety of organisms. For
example, Chlamydomonas and some
other single-cell algae have two ßagel-
lae, each with a basal body. Just before
mitosis, the cells resorb their ßagellae.
The basal bodies then appear to mi-
grate close to the nucleus, where they
are incorporated into the centrosomes
that organize the mitotic spindle.

Although the centrosome and the
basal body both organize microtu-
bules, they do so in dramatically diÝer-
ent ways. The microtubules of the mi-
totic spindle grow out of the pericentri-
olar material, but the microtubules in a
cilium grow directly out of the centri-
ole in the basal body. More precisely,
the formation of a cilium involves the
emergence of a structure called the ax-
oneme. The axoneme grows through
the addition of tubulin to two of the
three microtubules in each component
rod of the pinwheel. It elongates until
it extends throughout the length of the
cilium. In addition, an extra pair of mi-
crotubules not found in the centriole
develops along the axis. The structure
of the axoneme mirrors the ninefold
symmetry of the centriole.

The ordered, stable structure of the

axoneme contrasts with the highly dy-
namic arrangement of microtubules or-
ganized by the centrosome, which have
properties that change during the cell
cycle. When a cell is in interphaseÑthe
period between mitosesÑan extensive
array of microtubules emanates from
the centrosomes and stretches through-
out most of the cytoplasm. As the cell
enters mitosis, this interphase array
breaks down, and the released tubulin
subunits reassemble themselves into a
completely diÝerent structure, the mi-
totic spindle.

H
ow does that reorganization 
occur? Microtubules extending
from centrosomes are dynamic

structures: they continually grow and
shrink because of a phenomenon called
dynamic instability. One end of each
tubule, the plus end, grows rapidly be-
cause tubulin subunits, each of which
consists of an alpha- and a beta-tubulin
protein, readily attach there. The minus
end of each microtubule grows much
more slowly and would in fact depoly-
merize if it were not stabilized by bind-
ing to the centrosome. The inherent in-
stability of microtubules permits them
to redistribute themselves very quick-

ly, which is crucial for cells trying to
change their shape, migrate or divide.

As the cell enters mitosis, cytoplas-
mic microtubules become particularly
unstable, and the interphase array de-
polymerizes. The centrosomes nucle-
ate, or promote the growth of, many ex-
tremely dynamic microtubules. Those Þ-
bers alternately grow out in random
directions and swiftly shrink back. If
the end of a microtubule comes in con-
tact with a kinetochoreÑa specialized
region on each chromosomeÑthe mi-
crotubule attaches to it and stops grow-
ing or shrinking. In eÝect, the centro-
somes send out microtubule ÒfeelersÓ
that search for chromosomes.

Eventually, microtubules from both
centrosomes bind to the kinetochores
on all the replicated chromosomes. Dur-
ing metaphase, the pairs of replicat-
ed chromosomes align on the equator
of the spindle. Subsequently, they split
apart and move toward opposite poles.
The forces that move the chromosomes
depend on force-generating moleculesÑ
microtubule motorsÑthat are present
at several sites on the mitotic appara-
tus and that have been the subject of
intense study in recent years.

The observations of the cytoskeleton
demonstrate that centrosomes do or-
ganize microtubules but do little to ex-
plain how they do so. The recent dis-
covery of a protein called gamma-tubu-
lin may represent a breakthrough in
attempts to answer that question.

Gamma-tubulin was Þrst identiÞed in
1989 in the fungus Aspergillus nidulans

by Berl R. Oakley of Ohio State Universi-
ty and his colleagues, who were seeking
proteins that could interact with beta-
tubulin. Because they had already isolat-
ed a mutation of the beta-tubulin gene
that aÝected the behavior of microtu-
bules, they set out to Þnd a second mu-
tation that could ÒrescueÓ the mutant
cell from that defect. They reasoned
that such a second mutation would
probably occur in genes for proteins
that interacted with beta-tubulin and
could compensate for its abnormality.
One of the genes that the researchers
found encoded a protein that was close-
ly related to both alpha- and beta-tubu-
lin and was given the name gamma-
tubulin. To the surprise of Oakley and
others, gamma-tubulin was not a com-
ponent of the microtubules themselves
but rather of the spindle pole bodyÑ
the fungal equivalent of a centrosome.

Those Þndings immediately sug-
gested that gamma-tubulin might act
as a nucleation point for microtubule
growth. Gamma-tubulin is found in the
pericentriolar material, and it does ap-
pear to be essential for microtubule
nucleation. The general hypothesis is
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CENTRIOLES at the heart of the centrosomes in animal cells are tubelike struc-
tures. Each one is formed from nine rods; each rod consists of three microtubules
fused along their length. A microtubule is a hollow Þber made of subunits that con-
tain an alpha- and a beta-tubulin protein. The cytoplasmic microtubules organized
by the centrosome seem to grow out of the pericentriolar material and not directly
from the centrioles themselves.
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further supported by the observation
that gamma-tubulin is highly conserved
in all eukaryotes, which suggests that it
plays an important role in all micro-
tubule-organizing centers. Gamma-tu-
bulin may therefore turn out to be the
molecular handle that researchers have
long sought for analyzing how the cen-
trosome organizes microtubules.

T
he mechanism of centrosome
replication has also puzzled bi-
ologists since the discovery of

the organelle. Boveri and van Bene-
den originally regarded the centrosome
as a permanent and autonomous cell
organelle that, like the nucleus, arose
through the replication and division of 
a previously existing body of the same
kind. Electron microscopic studies of
centrosome duplication in cultured cells
supported that idea: as a cell prepares
to divide, the pair of centrioles within a
centrosome splits apart, and each cen-
triole nucleates a second one at right an-
gles to itself. The new centriole initially
consists of just nine single microtubules
arranged in a cylinder, but they soon
transform into triplet microtubules. The
two pairs of centrioles migrate to op-
posite sides of the nucleus, each tak-
ing some of the pericentriolar material
with them. The cell now has two centro-
somes. Because this model of centro-
some replication requires the presence
of a preexisting centrosome, it is some-
times described as template-driven.

On the other hand, there are many
well-documented cases in which centro-
somes appear to arise spontaneously.
For example, depending on its growth
conditions, the protozoan Naegleria as-
sumes either a ßagellated form or an
amoeboid form lacking ßagellae. When
researchers have taken a Naegleria

amoeba, sliced it into thin sections and
inspected each section under the mi-
croscope, they have never been able to
Þnd centrioles in the cytoplasm. Yet
when the amoeboid form changes and
becomes ßagellated, typical basal bod-
ies develop. The centrioles in those bas-
al bodies seem to have appeared with-
out a precursor.

The apparently spontaneous genera-
tion of centrosomes is not necessarily in-
consistent with the possibility that their

replication depends on the existence of a
template. In Naegleria, for example, the
replicative element of the centrosome
might simply pass through a phase in
the life cycle of the organism in which
it no longer looks like a centrosome.

Some investigators have proposed
that if centrosomes do replicate from
some kind of template, they may con-
tain genetic information in the form of
DNA or RNA. Such nucleic acid mole-
cules, which have the power of self-du-
plication, might endow the centrosome
with replicative properties. Many labo-
ratories have engaged in a search for
nucleic acids in centrosomes, but their
results have been conßicting and ambig-
uous. A review article written in 1971
cited seven reports that favored the
theory that nucleic acids are present in
centrosomesÑand eight against. Today
the question of whether centrosomes
have a nucleic acid component is as hot-
ly disputed as ever.

Notwithstanding the lack of progress
on that front, investigators have learned
some intriguing truths about the regu-
lation of centrosome division. It is im-
portant for a cell that its centrosome
divides onceÑand only onceÑper cell
cycle. If a centrosome does not repli-
cate, a bipolar mitotic spindle cannot
form, and so the cell cannot divide. If
the centrosome replicates more than
once, multipolar spindles may form,
and the chromosomes will not be segre-
gated correctly. Studies of the cell cycle
have uncovered some surprising facts
about the controls over centrosome di-
vision and its connection to other
events in the cell cycle.

B
iologists customarily divide the
cell cycle into mitosis, the act of
cell division, and interphase, the

period between mitoses. Interphase is
itself subdivided into three parts: G1, a
gap phase following mitosis; S phase,
during which the chromosomal DNA is
duplicated; and G2, a second gap phase
preceding mitosis. Genetic studies of
yeast suggest that each step of the cy-
cle must be completed before the next
can begin. If S phase is blocked by the
mutation of a gene required for DNA
replication, the cycle arrests at that
point, and cells never enter mitosis.

SCIENTIFIC AMERICAN June 1993       65

MITOSIS, or cell division, is orchestrated by the centrosomes. During interphase, a
cellÕs centrosomes associate with the nucleus and are surrounded by starlike ar-
rangements of microtubules called asters. During prophase, the centrosomes mi-
grate toward opposite sides of the nucleus, the chromosomes begin to condense
into distinct structures and the nuclear membrane breaks down. The microtubules
extending from the centrosomes form a bipolar mitotic spindle. The chromosomes
line up along the middle of the spindle during metaphase and then migrate toward
each pole during anaphase. During telophase, the nuclear membranes re-form, and
a deepening furrow in the outer plasma membrane pinches the cell in two.
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Likewise, if the chromosomes are not
aligned on the metaphase plate, ana-
phase cannot proceed and so on.

It is as though a set of checkpoint
controls ensures that critical steps are
performed correctly before allowing
subsequent ones to proceed. Cells in
the tissues of multicellular organisms
also appear to cycle in such a regulated
manner. In these cells it has been shown
that blocking DNA synthesis prevents
centrosome replication, which suggests
that the two events may be linked.

Yet that connection cannot be gen-
eralized. The early embryos of many
organisms undergo extremely rapid di-
vision cycles that seem to lack check-
point regulation. The embryonic cells
alternate rapidly between S phases and
mitoses, without intervening gaps. At-
tempts to disrupt their cell cycles with

either mutations or drugs often suc-
ceed in inhibiting only one replicative
process. Other aspects can continue to
cycle for some time.

For that reason, centrosome replica-
tion has been studied intensively in the
rapid mitotic cycles of the embryos of
many organisms. Many of the crucial 
experiments were carried out in the
1960s by Daniel Mazia, then at the Uni-
versity of California at Berkeley, and his
colleagues, who uncoupled centrosomal
and nuclear replication in the fertilized
eggs of sand dollars and sea urchins.
They proved that centrosome replica-
tion can occur in the absence of nuclear
replication, although that dissociation
does not normally occur in most cells.
Our work with embryos of the fruit ßy
Drosophila melanogaster also illustrates
the extent to which centrosomal and
nuclear replication can be uncoupled.
In those embryos the mitotic cycles are
among the shortest known, lasting only
10 minutes. Even the most rapidly pro-
liferating mammalian cells divide only
once every 12 hours or so.

Drosophila development begins with
13 rounds of rapid nuclear division cy-
cles, during which the replicating nu-
clei are not partitioned into separate
cells by membranes. Instead all the nu-
clei reside in a common cytoplasm and
membrane, or syncytium. After the Þrst
seven rounds of synchronous division,
most of the nuclei migrate from the in-
terior of the embryo toward the surface.
The synchronous mitoses continue until
about 6,000 nuclei are arranged in a
monolayer just below the surface of the
syncytial embryo. At that point, individ-
ual membranes grow around each nu-
cleus and create a multicellular embryo.
Thereafter, the cells adopt a regulated
cycle of division.

The early cycles of nuclear division
are too short to permit the expression
of the embryoÕs own genesÑthe em-
bryonic DNA is either undergoing repli-
cation or segregation into daughter nu-
clei. Not until the cell cycle lengthens
does expression of the embryoÕs own
genes begin. All the protein require-
ments for the Þrst 13 mitoses must
therefore be supplied by the mother to
her egg. That maternal dowry needs to
be suÛcient to make at least 6,000 nu-
clei and the associated mitotic appara-
tuses, including centrosomes and oth-
er components. Mutations in the ma-
ternal genes that are producing those
proteins can cause defects in the em-
bryonic mitoses. In the giant nucleus
mutation of Drosophila, for example,
the nuclear DNA and the centrosomes
do go through repeated rounds of rep-
lication. For unknown reasons, the cen-
trosomes dissociate from the nucleus.

These embryos develop with a small
number of nuclei that grow to gigantic
proportions.

A related eÝect is seen in ordinary
Drosophila embryos that have been 
injected with aphidicolin, a drug that 
inhibits an enzyme essential to DNA 
replication. In those embryos the cen-
trosomes dissociate from nuclei and 
replicate independently. Other mitotic
events also continue to cycle in aphidi-
colin-treated embryos, including the
breakdown and reformation of the nu-
clear envelope and the condensation and
decondensation of the chromosomes.

M
itosis in the early embryo
seems to consist of several cy-
clic processes happening in

parallel. Because they are only loose-
ly coordinated with one another, they
can run independently. We now know
that the dissociation of centrosomes
from nuclei and their apparently au-
tonomous replication is a common fea-
ture of several mutations that aÝect the
early mitoses in Drosophila embryos. At
later developmental stages, those mu-
tations have very diÝerent eÝects: usu-
ally they halt the cell cycle at some
point, and often they prevent centro-
some replication. The cell cycles of lat-
er Drosophila development seem to re-
quire the correct progress through a se-
ries of regulated checkpoints, much like
those in yeast.

The accumulating evidence suggests
that by nucleating microtubules, cen-
trosomes indirectly inßuence the orga-
nization of other cytoskeletal elements,
particularly the actin Þlaments. Perhaps
the most striking manifestation of that
eÝect is seen after mitosis, when the cy-
toplasm of the two daughter cells pinch-
es apart. Several experimental treat-
ments artiÞcially activate the develop-
ment of frog eggs in the absence of
sperm. Yet because an embryoÕs func-
tional centrosome is usually derived
from the fertilizing sperm, eggs activat-
ed in those ways do not have a centro-
some and cannot divide. Nevertheless,
the egg proceeds through many aspects
of the cell cycle as though it were at-
tempting to divide. If puriÞed centro-
somes are injected into an activated
egg, the egg can divide.

The centrosomes have that eÝect be-
cause they organize the cytoskeletal
components essential to cell division.
Actin and myosin Þlaments form a
contractile ring between the two poles
of the mitotic spindle. This ring, which
is attached to the plasma membrane
that surrounds the cell, gradually con-
tracts, squeezing the cell in two. The
mechanism responsible for generating
the force of this contraction is similar to
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MERRY-GO-ROUND MUTANTS of Dro-
sophila fruit ßies exhibit a centrosome
that does not split. In a wild-type ßy
(top), the microtubules (green) form a mi-
totic spindle with the centrosomes (yel-
low) at the poles. In the mutant ßy (bot-
tom), a monopolar spindle forms. The
chromosomes become arranged into a
circle surrounding the centrosome.
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that in muscle contraction, which also
involves interactions between actin and
myosin Þlaments.

Remarkably, the contractile ring al-
ways assembles precisely halfway be-
tween the poles and perpendicular to
the spindle. The two centrosomes must
somehow organize actin and myosin
Þlaments, but how they guide the as-
sembly of the contractile ring at the
midpoint between them is a mystery.

Centrosomes have the striking ability
to direct the arrangement of actin Þla-
ments in the Drosophila embryo. As
the rapidly dividing nuclei migrate to
the embryoÕs surface, the cytoskeleton
dramatically reorganizes itself in such
a way that the actin at the surface of
the embryo assembles into baskets of
Þlaments over each nucleus. At the pos-
terior pole of the embryo, much larger
actin caps form over the nuclei, which
pinch oÝ from the surface to form the
Þrst set of cells. Later in development
the progeny of those pole cells become
the germ cells (the precursors of the
eggs or of the sperm).

The nuclei at the surface of other re-
gions of the embryo undergo four fur-
ther rounds of division before mem-
branes grow around them to form indi-
vidual cells during cycle 14. That stage
is reached about an hour after the pole
cells form. If cytoplasm from the pos-

terior pole of an embryo is injected into
any region of a diÝerent embryo, the
injected embryo will initiate pole cell
formation as nuclei migrate to the site
of the injection. This experiment dem-
onstrates the presence of information
in the posterior cytoplasm that initi-
ates pole cell formation when nuclei ar-
rive at the posterior cortex.

R
ecently we made the surpris-
ing discovery that centrosomes
alone can trigger the formation

of pole cells. We found that if aphidi-
colin is injected into a Drosophila em-
bryo early enough, it inhibits nuclear
division and as a consequence prevents
nuclei from migrating to the surface.
The centrosomes, however, continue to
divide and to migrate.

It is as though each centrosome were
a locomotive that normally pulls a nu-
cleus to the surface of the embryo along
a railroad of microtubules. In aphidi-
colin-treated embryos the inhibition of
DNA replication uncouples the nucleus
from the centrosome, so only the cen-
trosome migrates to the surface. Those
centrosomes that reach the posterior
pole still initiate the formation of pole
cellsÑbut each pole cell lacks a nucle-
us. The centrosomes at the surface of
other regions of the embryo can spur
the formation of actin caps despite the

absence of nuclei, but they do not in-
duce cell formation.

Thus, the centrosomes, in addition to
being capable of organizing actin Þla-
ments, are able to respond to informa-
tion in the posterior cytoplasm and to
initiate pole cell formation. The nature
of the interaction between the centro-
somes and the posterior cytoplasm is
unknown. Presumably, components of
the posterior cytoplasm alter the prop-
erties of the cytoplasmic microtubules,
with the result that the microtubules
direct cell formation rather than just
actin cap formation.

As we have described, centrosomes
can inßuence other components of 
the cytoskeletal network by organizing 
microtubules. Those microtubules also
have other vital functions: they orga-
nize the intermediate Þlaments; they
help to determine cell polarity; they di-
rect the intracellular transport of mol-
ecules; and they position other organ-
elles, such as the Golgi apparatus and
the endoplasmic reticulum, within a
cell. In this way, the centrosomes and
the microtubules they nucleate control
many aspects of cellular organization.

Remarkably little is known about how
the centrosome works at the molecular
level. Although it will be important to
characterize the individual macromole-
cules that make up the centrosome, it is
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REPLICATION of nuclear DNA and centrosomes is not always
linked. In these micrographs, ßuorescent dyes have stained
DNA orange and the centrosomes blue. In a wild-type Dro-
sophila fruit ßy embryo (left) during anaphase, each set of

chromosomes is pulled toward a centrosome. In giant nucle-
us mutants (right), the centrosomes dissociate from the nu-
cleus. Both the centrosomes and the DNA continue to repli-
cate but do so independently. Mitotic spindles do not form.
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unlikely that studying those molecules
in isolation will answer all the questions.
To that end, researchers will need to
reconstitute the function of the centro-
some outside the cell, in a cell-free sys-
tem in which individual components
can be manipulated experimentally.

Several laboratories have already be-
gun to develop such systems. Cell-free
extracts of frog eggs hold particular
promise. Recently Eric Karsenti of the
European Molecular Biology Laboratory
in Heidelberg and his colleagues added
puriÞed centrosomes to extracts from
immature frog eggs, which are in an in-
terphaselike state. The centrosomes nu-
cleate arrays of long microtubules that
have properties similar to those of cy-
toplasmic microtubules in interphase
cells. If centrosomes are added to ex-
tracts from mature frog eggs, which 
are in a mitotic state, the centrosomes
create arrays of much shorter, less sta-
ble microtubules, similar to those in the
mitotic spindle. The added centrosomes
therefore respond to cytoplasmic sig-
nals that change during the cell cycle.

One of these signals has been identi-
Þed as a protein kinase, an enzyme
that adds phosphate groups to speciÞc
cellular proteins and thereby alters
their behavior. When added to frog egg
extracts containing centrosomes and
interphaselike arrays of microtubules,
that protein kinase converts the micro-
tubules into the more dynamic mitosis-
like arrays. The same protein kinase
seems to be required in all eukaryotic
cells for many other aspects of the en-
try into mitosis.

Eventually, many components of the
centrosome will be isolated, and it will
be possible to reconstruct a functional
centrosome in the test tube. Several
centrosome-associated proteins have
been identiÞed using antibodies: our
own laboratory at the University of Dun-
dee used them to Þnd and clone the
gene for a protein in Drosophila that as-
sociates with the centrosome during mi-
tosis. Other laboratories are using the
inherent aÛnity of microtubules for the
molecules with which they interact: pu-
riÞed microtubules can serve as a Þsh-
ing line to hook molecular components
of centrosomes.

T
his biochemical approach comple-
ments a genetic approach. Genet-
ic analysis has proved to be a very

powerful tool for identifying the com-
ponents of many biological functions.
Through treatment of the chromosomes
of an organism with mutagenic drugs or
ionizing radiation, it is possible to pro-
duce individuals in which speciÞc genes
have been functionally destroyed. By
studying the resulting changes in those
mutant individuals, researchers can in-
fer the role of the normal form of the
geneÕs protein product.

Such genetic studies with yeasts and
fruit ßies are already yielding muta-
tions that alter centrosome behavior.
The mutation merry-go-round is one
that changes the behavior of centro-
somes during mitosis. Instead of form-
ing a normal bipolar spindle, the mutant
cells produce a spindle that pulls all
the chromosomes toward a single cen-

trosome (hence the inspiration for the
name of the mutation). The function of
the merry-go-round gene is not yet un-
derstood, but it serves to demonstrate
how single mutations can disrupt the
functions of complex structures.

Given a suÛciently detailed descrip-
tion of such genetic interactions, in-
vestigators will eventually be able to
deduce the functions of all the com-
ponents of a centrosome. Genetic ma-
nipulations, in concert with biochem-
ical studies, should make the goal of
understanding centrosome function at
the molecular level attainable. When
that day arrives, cell biologists should
Þnally be able to solve many of the
puzzles that have troubled them for 
so long.
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Centrosomes and Pole Cell Development

arly in the development of Drosophila, the nuclei
(mauve) and the centrosomes (yellow ) replicate at

the center of a common cytoplasm. Later, centrosomes
migrate to the surface of the embryo and bring nuclei
with them. At the posterior end, pole cells (blue) form
around the nuclei and centrosomes. If aphidicolin, a
drug that inhibits DNA replication, is injected into the
early embryos, the centrosomes replicate and migrate
without the nuclei. They also still cause pole cells to
form (photograph).
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I
am writing this article on a com-
puter that contains some 10 mil-
lion transistors, an astounding

number of manufactured items for one
person to own. Yet they cost less than
the hard disk, the keyboard, the dis-
play and the cabinet. Ten million sta-
ples, in contrast, would cost about as
much as the entire computer. Transis-
tors have become this cheap because
during the past 40 years engineers have
learned to etch ever more of them on a
single wafer of silicon. The cost of a
given manufacturing step can thus be
spread over a growing number of units.

How much longer can this trend con-
tinue? Scholars and industry experts
have declared many times in the past
that some physical limit exists beyond
which miniaturization could not go. An
equal number of times they have been
confounded by the facts. No such limit
can be discerned in the quantity of
transistors that can be fabricated on
silicon, which has proceeded through
eight orders of magnitude in the 46
years since the transistor was invented
[see box on page 75 ].

I do not have a deÞnitive answer to
the question of limits. I do, however,
have some thoughts on how the future
of solid-state electronics will develop
and what science is needed to support
continuing progress.

Several kinds of physical limitations

might emerge as the size of the transis-
tor continues to shrink. The task of con-
necting minute elements to one another
might, for example, become impossible.
Declining circuit size also means that
researchers must cope with ever strong-
er electric Þelds, which can aÝect the
movement of electrons in several ways.
In the not too distant future the tran-
sistor may span only hundreds of ang-
stroms. At that point, the presence or
absence of individual atoms, as well 
as their behavior, will become signiÞ-
cant. Diminishing size leads to increas-
ing density of transistors on a chip,
which raises the amount of waste heat
that is thrown oÝ. TodayÕs chips shed
about 10 times as much heat as does a
cooking surface of comparable size, a
ßux that can rise at least 10-fold with-
out exceeding the cooling capacity of
known designs. As the size of circuit
elements drops below the wavelength
of usable forms of radiation, existing
manufacturing methods may reach
their limits.

T
o see how such problems might
arise and how they can be ad-
dressed, it is useful to review the

operation of the Þeld-eÝect transistor,
the workhorse of modern data process-
ing. Digital computers operate by ma-
nipulating statements made in a binary
code, which consists of ones and zeroes.
A Þeld-eÝect transistor is operated so
that, like a relay, it is switched only
ÒonÓ or ÒoÝ.Ó The device therefore rep-
resents exactly one binary unit of infor-
mation: a bit. In a large-scale system,
input signals control transistors, estab-
lishing connections that produce sig-
nals on output wires. The wires carry
the signals to other switches that pro-
duce outputs, which are again sent on
to another stage. The connections with-
in the computer and the way in which
the input signals determine an output
together represent a logical statement.
A series of such statements, in turn,
determines a word in a document or an
entry in a spreadsheet.
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The Future of the Transistor
As it has grown smaller and cheaper,
engineers have sco›ed at theoretical

barriers to its progress—so far

by Robert W. Keyes
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The Þeld-eÝect transistor contains 
a channel that interacts with three elec-
trodes: a source, which supplies elec-
trons to the channel; a drain, which 
receives them at the other side; and a
gate, which inßuences the conductiv-
ity of the channel [see illustration on

next page]. Each part contains diÝer-
ent impurity atoms, or dopants, which
modify the electrical properties of the
silicon.

The gate switches the transistor on
when a positive voltage applied to it at-
tracts electrons to the interface between

the semiconductor and the gate insu-
lator. These electrons then establish a
connection between the source and
drain electrodes that allows current to
be passed between them. At this point,
the transitor is Òon.Ó The connection
persists for as long as the positive
charge remains on the gate. An incom-
ing signal is applied to the gate and thus
determines whether the connection be-
tween source and drain is established.
If a connection results, the output is
connected to the ground potential, one
of the standard digital voltages. If no

connection results, the output is con-
nected through the resistor to the posi-
tive power supply, the other standard
digital voltage.

Circuits of transistors must be obliv-
ious to the operations of neighboring
arrays. Existing concepts of insulation,
impedance and other basic electrical
properties of semiconductors and their
connections should work well enough,
for designersÕ purposes, in the next gen-
eration of devices. It is only when con-
ducting areas approach to within about
100 angstroms of one another that
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ufacturing costs over millions of devices on each of the hun-
dreds of chips on a single wafer. This worker holds a nearly

completed wafer. Its components will be connected by the
condensation of metal in a vacuum chamber ( foreground ).
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quantum eÝects, such as electron tun-
neling, threaten to create problems. In
laboratory settings, researchers are al-
ready at the brink of this limit, at about
30 angstroms; in commercial devices,
perhaps a decade remains before that
limit is reached.

Another challenge is the strengthen-
ing of the electric Þeld that inevitably
accompanies miniaturization. This ten-
dency constrains the design of semi-
conductor devices by setting up a basic
conßict. Fields must continually get
stronger as electron pathways shrink,
yet voltages must remain above the
minimum needed to overwhelm the
thermal energy of electrons. In silicon
at normal operating temperatures, the
thermal voltage is 0.026 electron volt.
Therefore, whenever a semiconductor
is switched so as to prevent the pas-
sage of electrons, its electrical barrier
must be changed by a factor several
times as large. One can minimize the
thermal problem by chilling the chip
(an expensive proposition).

Even cooling cannot end the problem
of the electric Þeld. Signals must still
have the minimum voltage that is char-
acteristic of a semiconductor junction.
In silicon this electrical barrier ranges
between half a volt and a volt, depend-
ing on the degree of doping. That small
voltage, applied over a very short dis-
tance, suÛces to create an immensely
strong electric Þeld. As electrons move
through such a Þeld, they may gain so

much energy that they stimulate the
creation of electron-hole pairs, which
are themselves accelerated. The result-
ing chain reaction can cause an ava-
lanche of rising current, thereby dis-
rupting the circuit. An avalanche begins
when Þelds exceed about 500,000 volts
per centimeter, compared with about
400,000 volts in todayÕs chips.

W
orkers resort to a variety of
tricks to mitigate the eÝects
of strong electric Þelds. They

have designed Þeld-eÝect transistors,
for example, in which the Þeld can be
moved to a place where it does not dis-
rupt other electronic functions. This
strategem is just one of many, all of
which entail trade-oÝs with other de-
sired characteristics, such as simplicity
of design, ease of manufacture, reliabil-
ity and long working life.

Miniaturization also increases the
heat given oÝ by each square centime-
ter of silicon. The reason is purely geo-
metric: electrical pathways, and their
associated energy losses, shrink in one
dimension, whereas chip area shrinks
in two. That relation means that as cir-
cuits get smaller, unit heat generation
falls, albeit more slowly than does the
number of units per square centimeter.

Devices already pour out as much 
as 30 watts per square centimeter, a ra-
diance that one would expect of a ma-
terial heated to about 1,200 degrees
Celsius. Of course, the chips cannot be

allowed to reach such temperatures,
and so cooling systems remove heat 
as fast as it is produced. We have not
even come close to exhausting the ex-
isting cooling technologies, which can
siphon oÝ energy many times faster
than is now required.

The exigencies of manufacturing im-
pose constraints on the performance of
electronic devices that might not be ap-
parent from a purely theoretical discus-
sion. Low-cost manufacturing leads, per-
force, to small diÝerences among the
devices that are made on each wafer,
as well as among those fabricated on
diÝerent wafers. This variability cannot
be banishedÑit is inherent in the way
solid-state devices are made.

A semiconducting material, such as
silicon, is made into a transistor in 
an integrated process involving many
steps. Templates, called masks, are ap-
plied to the silicon in order to expose
desired areas. Next, various operations
involving chemical diÝusion, radiation,
doping, sputtering or the deposition of
metal act on these areas, sometimes 
by constructing device features, oth-
er times by erecting scaÝolding to be
used in succeeding steps and then torn
down. Meanwhile other devicesÑresis-
tors, capacitors and conductorsÑare
being built to connect the transistors.

Variations intrude at every step. For
example, perfect focusing of the source
of radiation over a large wafer is hard
to achieve. The temperature of the wa-
fer may vary slightly from one place to
another during processing steps, caus-
ing a diÝerence in the rate of chemical
reactions. The mixing of gases in a re-
action chamber may not be perfect. For
many reasons, the properties of devic-
es on a given wafer and between those
on diÝerent wafers are not identical.
Indeed, some devices on a wafer may
be no good at all; the proportion of
such irremediable errors places a prac-
tical limit on the size of an integrat-
ed circuit.

A certain amount of fuzziness is in-
herent in optical exposures. The light
used in photolithography is diÝracted as
it passes through the holes in the tem-
plate. Such diÝraction can be minimized
by resorting to shorter wavelengths.

When photolithographic fabrication
was invented in the early 1970s, white
light was used. Workers later switched
to monochromatic laser light, mov-
ing up the spectrum until, in the mid-
1980s, they reached the ultraviolet
wavelengths. Now the most advanced
commercial chips are etched by deep
ultraviolet light, a diÛcult operation
because it is hard to devise lasers with
output in that range. The next genera-
tion of devices may require x-rays. In-
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FIELD-EFFECT TRANSISTOR, the workhorse of data processing, is built as a sand-
wich of variously doped silicon layers. It contains a channel, a source, a drain and
an insulated gate. When a positive voltage is applied to the gate, electrons move
near the insulation, establishing a connection underneath it that allows current to
pass from source to drain, switching the transistor on.
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deed, each generation of circuitry re-
quires manufacturing equipment of un-
precedented expense.

Other problems also add to the cost
of making a chip. The mechanical con-
trols that position wafers must become
more precise. The Òclean roomsÓ and
chambers must become ever cleaner to
ward oÝ the ever smaller motes that
can destroy a circuit. Quality-control
procedures must become more elabo-
rate as the number of possible defects
on a chip increases.

M
iniaturization may at Þrst
glance appear to involve ma-
nipulating just the width and

breadth of a device, but depth matters
as well. Sometimes the third dimension
can be a valuable resource, as when en-
gineers sink capacitors edgewise into a
chip to conserve space on the surface.
At other times, the third dimension can
constrain design. Chip designers must
worry about the aspect ratio, that is, the
relation of depth to surface area. Their
device resembles a sandwich (some-
times even a Dagwood sandwich). If the
layers are multiplied excessively, etch-
ing will tend to undercut the structure
before it can be completed. Such con-

straints compel workers to achieve
tighter control over the thickness of
Þlms and over the penetration of impu-
rities into the semiconductor. At pres-
ent levels of control, about 20 layer-
ing operationsÑcalled mask stepsÑare
feasible.

The formulas that are used to design
large devices cannot be used for the
tiny transistors now being made in lab-
oratories. Designers need to account for
exotic new phenomena that appear in
such extremely small devices. Because
the eÝects cannot be accurately treated
by purely analytic methods, the design-
ers have recourse to computer models
that simulate the motion of electrons
in a device.

A computer follows a single electron
through a device, keeping track of its
position as time is increased in small
steps. Physical theory and experimen-
tal information is used to calculate the
probability of the various events that
are possible. The computer uses a table
for the probabilities, stored in its memo-
ry, and a random number generator to
simulate the occurrence of these events.
For example, an electron is accelerated
by an electric Þeld, and the direction of
its motion might be changed by a colli-
sion with an impurity. Adding the re-
sults of thousands of electrons modeled
in this fashion gives a picture of the re-
sponse of the device.

Consider the seemingly trivial ques-
tion of how to represent the motion 
of an electron within an electric Þeld.
When path lengths were comparatively
long, an electron quickly accelerated to
the point at which collisions robbed it
of energy as fast as the Þeld supplied
new energy. The particle therefore spent
most of its time at a constant velocity,
which can be modeled by a simple, lin-
ear equation. But when path lengths
became shorter, the electron no longer
had time to reach a stable velocity. The
particles now accelerate all the time,
and the equations must account for
that complication.

If such diÛculties can arise in mod-
eling a well-understood phenomenon,
what lies ahead as designers probe the
murky physics of the ultrasmall? Simu-
lations can be no better than the mod-
els that physicists make of events that
happen in small spaces during short pe-
riods. To reÞne these models, research-
ers need to carry out experiments on
femtosecond time scales.

More knowledge of solid-state phys-
ics is required, because as chips grow
more complex they require more fabri-
cation steps, and each step can inßu-
ence the next. For instance, when dop-
ing atoms are introduced into a crystal,
they tend to attract, repel or otherwise

aÝect the motion of other dopants.
Such eÝects of dopants on other dop-
ants are not well understood; further
experiments and theoretical investiga-
tions are therefore needed. Chemical
reactions that take place on the surface
of a silicon crystal demand a supply of
silicon atoms, a kind of ßuid ßow with-
in the solid lattice; does such motion
carry other constituents along with it?
These questions did not exercise de-
signers of earlier generations of chips,
because the transistors were then large
enough to swamp such ultramicroscop-
ic tendencies.

T
he prospect of roadblocks aside,
the transistor has only itself to
blame for speculation about al-

ternative technologies. Its extraordinary
success in the 1950s stimulated an ex-
plosive development of solid-state phys-
ics. In the course of the work, investi-
gators discovered many other phenom-
ena, which in turn suggested a host of
ideas for electronic devices. Several of
these lines of research produced re-
spectable bodies of new engineering
knowledge but none that led to any-
thing capable of even Þnding a niche in
information processing.

Some workers have argued that the
transistor owes its preeminence to be-
ing Þrst oÝ the block. Because of that
head start, semiconductors have been
the center of research, a position that
guarantees them a margin of technolog-
ical superiority that no rival can match.
Yet I believe the transistor has intrinsic
virtues that, by themselves, could proba-
bly preserve its dominant role for years
to come.

I participated, as a minor player, in
some of the eÝorts to build alternative
switches, the repeated failures of which
made me wonder what was missing. 
Of course, quite a few new fabrication
methods had to be developed to imple-
ment a novel device concept. But even
though these could be mastered, it was
diÛcult to get a large collection of com-
ponents to work together.

What gave the transistor its initial,
sudden success? One diÝerence stood
out: the transistor, like the vacuum
tube before it, has large gain. That is, it
is capable of vastly amplifying signals
of the kind processed in existing cir-
cuits, so that a small variation in input
can produce a large variation in output.
Gain makes it possible to preserve the
integrity of a signal as it passes through
many switches.

Rivals to the transistor may have
been equally easy to miniaturize, but
they exhibited far less gain. Take, for
instance, bistable devices [see illustra-

tion on this page], which perform log-

BISTABLE CIRCUIT does the transistorÕs
job by exploiting nonlinear eÝects. A de-
vice such as a tunnel diode is placed at
the junction of two main electrodes and
a minor one (top). If the minor electrode
injects some extra current, the circuit
will move from one stable state to the
other (bottom). Such devices are imprac-
tical because they cannot tolerate much
variation in signal strength.
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The Shrinking Transistor

iniaturization is manifest in this comparison between
an electromechanical switch, circa 1957, and a recent

chip containing 16 million bits of memory (right). Progress
appears in these snapshots (counterclockwise): Bell Labo-

ratories’ first transistor (1948); canned transistors (1958);
salt-size transistors (1964); 2,000-bit chip (1973); boards
with 185,000 circuits and 2.3 megabits of memory apiece
(1985); and a 64-megabit memory chip (1992).
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ic functions by moving between
two stable states that are separat-
ed by an unstable transition. Re-
searchers have produced such a
transition by designing circuits
having a range of values in which
current declines as voltage in-
creases. Any slight disturbance,
such as that obtained by injecting
extra current through the device,
will switch the circuit between its
two stable states. Because this
slight input can bring about large
changes in the current and volt-
ages, there is a sense in which
gain is achieved.

Yet the gain is far less use-
ful than that provided by a tran-
sistor because it operates with-
in narrow tolerances. A bistable
switch thus performs deceptive-
ly well in the laboratory, where
one can Þne-tune the circuit so 
it stays near the crossover point.
A collection of such switches,
however, does not lend itself to
such painstaking adjustments.
Because not all the circuits will
work, no complex device can be based
on their operation. Negative resistance
therefore plays no role in practical data
processing.

The same diÛculty has plagued the
development of nonlinear optical de-
vices, in which the intensity of optical
beams replaces the currents and volt-
ages of electrical circuits. Here, too, the
operation depends on Þne-tuning the
system so that a small input will upset
a delicate balance. (Such switches have
occasionally been termed Òoptical tran-
sistors,Ó a label that misconstrues the
principles of transistor action.) Optical
switches face a problem even more fun-
damental. Light, unlike electricity, hard-
ly interacts with light, yet the interac-
tion of signals is essential for logic
functions. Optical signals must there-
fore be converted into electrical ones in
a semiconductor. The voltage thus pro-
duced changes the optical response of
another material, thereby modulating a
beam of light.

A
nother proposed switch, some-
times called a quantum interfer-
ence device, depends on the in-

terference of waves. In the most famil-
iar case, that of electromagnetic radia-
tion, or light, one wave is divided into
two components. The components be-
gin oscillating in phase, that is, their
peaks and troughs vibrate in tandem. If
the components follow routes of diÝer-
ent lengths before reuniting, the phase
relation between their waveforms will
be changed. Consequently, the peaks
and troughs either cancel or reinforce

one another, producing a pattern of
bright and dark fringes. The displace-
ment of the fringes measures the rela-
tive phase of the system.

Electrons also possess a wave nature
and can be made to interfere. If the two
components of a wave move at equal
speeds over similar paths to a rendez-
vous, they will reconstitute the original
wave; if they move at diÝerent speeds,
they will interfere. One can manipulate
the velocity of one wave by applying a
tiny electric Þeld to its pathway. The
correct Þeld strength will cause the
waves to cancel so that no current can
ßow through the device.

At Þrst sight, this action duplicates a
Þeld-eÝect transistor, which uses an
electric Þeld to control a current through
a semiconductor. In an interference de-
vice, however, conditions must be just
right: if the applied voltage is too high
or too low, there will be some current.
This sensitivity means that an interfer-
ence device will not restore the binary
nature of a degraded input signal but
will instead add its own measure of
noise. Data passing from one such de-
vice to another will quickly degenerate
into nothingness.

The lack of real rivals means that 
the future of digital electronics must
be sought in the transistor. The search
begins anew with each voyage into a
smaller scale or a diÝerent material. The
latest reexamination was occasioned 
by the introduction of new semicon-
ductor materials, such as gallium ar-
senide and related compounds, sever-
al of which may even be incorporated

into a single device. These combi-
nations may be used to produce
what are called heterojunctions,
in which crystalline lattices of dif-
ferent energy gaps meet. Lattices
may mesh imperfectly, creating
atomic-scale defects, or they may
stretch to Þt one another, in the
process creating an elastic strain.
Either defects or strain can pro-
duce electrical side eÝects.

These combinations compli-
cate the physics but at the same
time provide a variable that may
be useful in surmounting the
many design problems that min-
iaturization creates. For instance,
the dopants that supply electrons
to a semiconductor also slow the
electrons. To reduce this slowing
eÝect, one can alternate layers of
two semiconductors in which elec-
trons have differing energies. The
dopants are placed in the high-
energy semiconductor, but the
electrons they donate immediate-
ly fall into the lower-energy lay-
ers, far from the impurities.

What, one may ask, would one want
with a technology that can etch a mil-
lion transistors into a grain of sand or
put a supercomputer in a shirt pock-
et? The answer goes beyond computa-
tional power to the things such pow-
er can buy in the emerging informa-
tion economy. It has only recently been
taken for granted that anyone with a
personal computer and a modem can
search 1,000 newspapers for references
to anything that comes to mind, from
kiwifruit to quantum physics. Will it
soon be possible for every person to
carry a copy of the Library of Congress,
to model the weather, to weigh alterna-
tive business strategies or to check-
mate Gary Kasparov?

IMMENSE AND DENSE: this active-matrix liquid-crys-
tal panel shows that todayÕs electronic structures
can achieve great complexity over large areas. Each
liquid-crystal pixel is controlled by its own transis-
tor, providing extraordinary resolution.
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O
bservation of the mating and
pup-rearing habits of nonde-
script, brown rodents that live

under weeds and grasses might not
seem an obvious way to improve knowl-
edge of monogamy. After all, most hu-
mans can attest to the complexity of
male-female relationships. Yet studies
of the prairie vole (Microtus ochrogas-

ter), a common pest throughout the
midwestern U.S., have led us on a fasci-
nating scientiÞc journey from our start-
ing point in ecology to the exploration
of the neuroendocrinology of social
bonds. Unlike most rodents, prairie
voles form long-lasting pair bonds, and
both parents share in raising their
young. Our studies have provided a new
understanding of the importance of two
hormones, oxytocin and vasopressin,
which are well known for their respec-
tive roles in reproduction and body wa-
ter regulation. Work with voles now sug-
gests that these hormones are involved
in the development of monogamy.

The chief criterion that deÞnes mo-
nogamy is a lifelong association be-
tween a male and a female. Within this
broad deÞnition lie several characteris-
tics that are easily observed. Males and

females of monogamous species tend
to be about the same in size and ap-
pearance. Mated pairs will defend the
nest and territory from intruders, and
both parents care for the young. Monog-
amous mammals may form complex
social groups that include an extended
family and oÝspring of various ages.
Incest is avoided within these families;
adult young usually do not reproduce
as long as they live with related family
members. Finally, we should point out
that although common in birds, monog-
amy is rare in mammals. In an exhaus-
tive survey, Devra G. Kleiman of the Na-
tional Zoological Park in Washington,
D.C., found that only about 3 percent
of mammals are monogamous.

Sexual exclusivity, however, is not a
feature of monogamy. Studies of the
prairie vole as well as those of other
mammals and birds have indicated that
absolute sexual monogamy is not nec-
essarily associated with social monog-
amy. In fact, DNA Þngerprinting tests
have shown that oÝspring of female
prairie voles are not always fathered by
the cohabiting males. In some cases, a
litter may have mixed paternity.

Because prairie voles incorporate the
deÞning features of monogamy, they
make excellent subjects for the explo-
ration of the biological foundations of
monogamy, at least as it exists among
nonhumans. Prairie voles are also small,
weighing only a few ounces, and are eas-
ily reared in the laboratory. But of par-
ticular importance for understanding
the biology of monogamy is the fact
that not all voles are monogamous. The
meadow vole (M. pennsylvanicus) and
the montane vole (M. montanus) show
no indications of monogamy. Voles of
these species are rarely retrapped with
the same partner and do not establish
stable families, and males of these spe-
cies do not usually care for their young.
Therefore, comparisons of prairie voles
with their nonmonogamous relatives
can yield insights into the causes of
monogamy.

One of the Þrst surprises that came

from studies of prairie voles was the
observation that social cues regulate
the reproductive physiology of this spe-
cies. Even to enter estrus (sexual heat),
a female prairie vole must sniÝ a male.
Indeed, Milo E. Richmond, now at Cor-
nell University, found that female prai-
rie voles do not have the ovarian cycles
that are typical of nonmonogamous
mammals. In monogamous voles, a fe-
male must have a male partner to in-
duce estrus.

Furthermore, not just any male can
bring a female into heat. Fathers and
brothers do not seem capable of elicit-
ing sniÛng. This may be an adaptive
mechanism designed to prevent incest.
In fact, both males and females will es-
sentially remain prepubescent as long
as they stay with their families.

B
y sniÛng an appropriate male,
the female picks up a chemical
signal called a pheromone. Phero-

mones in turn trigger the hormonal
events needed to activate the ovaries
and to induce heat. A small chemical
sense organ, known as the vomerona-
sal organ, helps to mediate the eÝects
of pheromones. John J. Lepri, now at the
University of North Carolina at Greens-
boro, and Charles J. Wysocki of the Mo-
nell Chemical Senses Center in Philadel-
phia found that removal of the vomero-
nasal organ in the female prevented the
start of heat. A similar eÝect occurs
when the olfactory bulb is detached. By
removing the bulb, Jessie R. Williams,
Brian Kirkpatrick and Burton Slotnick,
working in our University of Maryland
laboratory, disrupted the sexual and
social behaviors of the prairie voles.

In our laboratory, Dean E. Dluzen
found that once a female is exposed 
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Monogamy and the Prairie Vole
Studies of the prairie vole—a secretive, mouselike

animal—have revealed hormones that may
be responsible for monogamous behavior

by C. Sue Carter and Lowell L. Getz

C. SUE CARTER and LOWELL L. GETZ
have collaborated on their respective
studies of behavioral endocrinology and
Þeldwork to investigate the biology of
monogamy. Both are fellows of the Amer-
ican Association for the Advancement of
Science. Carter received her Ph.D. from
the University of Arkansas at Fayette-
ville. Before taking on her current posi-
tion as professor of zoology at the Uni-
versity of Maryland, she was professor
of psychology and ecology, ethology and
evolution at the University of Illinois.
Getz heads the department of ecology,
ethology and evolution at the University
of Illinois. He received his Ph.D. from
the University of Michigan. The work de-
scribed here reßects a 15-year collabora-
tion and arose from observations made
during approximately 35 years of Þeld-
work by Getz.

PRAIRIE VOLES (Microtus ochrogaster )
engage in prolonged periods of mating,
often past the time that is needed to en-
sure pregnancy. These extended bouts
may help to facilitate the formation of
monogamous social bonds.
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to male odors, levels of norepinephrine,
a neurotransmitter, and luteinizing hor-
moneÐreleasing hormone (LHRH) change
within minutes. These biochemical
events occurred within the area of the ol-
factory bulb that receives input from the

vomeronasal system. The stimulation of
the olfactory system and the secretion of
LHRH cause the pituitary gland to re-
lease a surge of luteinizing hormone into
the bloodstream. In conjunction with
other endocrine changes, the release of

luteinizing hormone begins a cascade of
chemical and neural events that stimu-
lates the ovary to secrete gonadal ste-
roids. Two of the most important ste-
roids secreted are estradiol, a potent
kind of estrogen, and progesterone.
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Might estrogen and progesterone also
be involved in monogamous behav-
ior? In collaboration with Janice M.
Bahr of the University of Illinois, we
searched for patterns of gonadal steroid
production that varied between estrus
and nonestrus female prairie voles and
compared the results with data from
nonmonogamous species. Estradiol, a
hormone known to be essential in in-
ducing estrus in rodents, was elevat-
ed only in female prairie voles in heat.
It declined after mating. This pattern 
is similar to that displayed by polyga-
mous rodents. Analysis of the patterns
of progesterone levels, however, pre-
sented an unexpected Þnding. In the
nonmonogamous rats and montane
voles, progesterone is released in the
bloodstream shortly after mating be-

gins. This rise in progesterone probably
helps to regulate the duration of sexual
activity by bringing these rodents into
and out of heat. In contrast, we found
that in prairie voles progesterone lev-
els in the blood did not increase until
many hours after coitus began.

The delayed secretion of progester-
one explains an observation made in
previous studies: that female prairie
voles in their Þrst estrus mate for pro-
longed periods. In our laboratory, Di-
ane M. Witt observed that when the fe-
male was in natural estrus, males and
females continued to engage in bouts
of mating for about 30 to 40 hours.
This extended mating period contrasts
sharply to that seen in nonmonoga-
mous species. Mating in meadow and
montane voles persists for a few hours,

and Syrian hamsters become nonrecep-
tive after about 45 minutes of mating.

It is possible that the lengthy sexual
interactions of prairie voles help the
sperm enter the uterus and reach the
egg. Studies of rats by Norman T. Adler
of the University of Pennsylvania have
shown that complex patterns of sexu-
al behavior can inßuence the release of
hormones and alter the ability of sperm
to enter the femaleÕs reproductive tract
and fertilize an egg.

Yet improving the chances of fertil-
ization is probably not the sole reason
for these extended bouts of mating.
Once mating begins, females ovulate
within about 12 hours, and successful
pregnancy can occur shortly thereafter.
Thus, prairie voles in their Þrst heat
continue to copulate for hours after
they have met the requirements for
pregnancy.

We suspect that, like humans and
some other primates, prairie voles may
copulate to facilitate the formation of
monogamous social bonds. Protracted
mating would be particularly crucial for
prairie voles that are interacting for the
Þrst time, because they need to estab-
lish their lifelong monogamous bond.
Indeed, some evidence for this idea
comes from observations of females
that have previously mated and become
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PARENTAL CARE demonstrated by prairie voles far exceeds that
shown by nonmonogamous meadow voles. The diÝerence is most
apparent with male prairie voles, which are with the pups four times
as often as male meadow voles are.

MALE-FEMALE PAIRS of prairie voles are
caught far more frequently than are such
pairs of meadow voles. Furthermore, the
same pairs are often captured repeat-
edly. Such studies provided the Þrst clue
of monogamy in the prairie vole.
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pregnant. Witt found that these experi-
enced females engaged in brief copula-
tions, sometimes limited to a few min-
utes. Having established a social bond,
experienced males and females may
not need to mate for long periods.

Social interaction that follows mating
may be one of the mechanisms that re-
inforces monogamy in a species. Such
interplay in nonmonogamous species
often is restricted to a brief interval
when the female is in heat. For example,
Michael H. Ferkin, now at Cornell, ob-
served that male and female meadow
voles did not remain in physical con-
tact after mating. In the Syrian ham-
ster, which is an especially solitary ani-
mal, one of us (Carter) found that a fe-
male that has mated becomes extremely
aggressive toward the male. In fact, the
female may try to kill her sexual part-
ner if he does not leave after coitus.

In contrast, mated monogamous
mammals remain highly social toward
their mates, even during nonreproduc-
tive periods. Leah Gavish, in our labora-
tory, demonstrated that prairie voles
often touch and remain near their sex-
ual partner. But this friendliness does
not extend to strangers. After mating,
both males and females became excep-
tionally aggressive toward unfamiliar
members of their own sex. In nature,

this behavior translates into territorial-
ity or mate defense. In the laboratory
we have used this model to examine
the physiological processes responsible
for pair bonding.

SpeciÞcally, we hypothesized that
hormonal events induced by copula-
tion might account for the dramatic be-
havioral changes that occurred after
mating. Working in our laboratory, Ker-
ry OÕBanion took a Þrst step toward 
examining this idea. OÕBanion studied
how females choose male partners be-
fore and after mating. In his experi-
ments, familiar and unfamiliar males
were tethered at opposite ends of an
arena. OÕBanion gave a female 10 min-
utes to choose. For the most part, fe-
males chose to mate with familiar and
unfamiliar males equally. But if they

had lived with a male, females showed a
tendency to engage in nonsexual phys-
ical contact with the familiar male, not
the stranger. These results illustrate the
importance of social contact as an in-
dex of partner choice. They also con-
Þrm the DNA tests revealing that in na-
ture female voles do not show absolute
sexual monogamy.

More recently Williams examined fe-
male preferences in tests that lasted
for at least three hours. She placed fe-
male prairie voles in a relatively large
maze that contained three chambers.
The females could elect to spend time
alone or with males tethered in the two
other chambers. The animals were mon-
itored on videotape for their social and
sexual preferences. After exploring both
the stranger and the partner for about
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AGGRESSION by female prairie voles is revealed in 10-minute tests
comparing hostility with mating preference. Females spent more time
attacking strangers rather than mating with them. In contrast, they
show little aggression toward their partners.

SOCIAL PREFERENCE for sexual partners
is demonstrated by female prairie voles
in three-hour tests. They prefer contact
with their partners over contact with
male strangers. Female montane voles
actually spend more time alone.

0.5 1.0 1.5 2.0 3.5
DURATION OF BEHAVIOR (MINUTES)

0 2.5 3.0

PARTNER

STRANGER

AGGRESSION

MATING

AGGRESSION

MATING

MONTANE VOLE

10 30 70
CONTACT WITH MALES (MINUTES)

0 8020 40 50 60

CONTACT
WITH

PARTNER

CONTACT
WITH

STRANGER

PRAIRIE VOLE

CONTACT
WITH

STRANGER

CONTACT
WITH

PARTNER

Copyright 1993 Scientific American, Inc.



30 minutes, females usually chose the
familiar male.

In similar studies, Williams discovered
that a female in her Þrst heat developed
a preference for a male if she was al-
lowed to live with him for at least 24
hours. If the pair copulated, however,
cohabitation produced clear social pref-
erences in as few as six hours. These
studies demonstrate that some aspect
of the sexual interaction hastens the on-
set of a partner choice. We believe that
hormones or neurochemicals released
during mating or cohabitation may ex-
plain the experimental results.

O
ne clue to the identity of the
hormones came from work by
Peter H. Klopfer of Duke Univer-

sity. He recognized that social bonds be-
tween mothers and their oÝspring were
associated with the release of oxytocin
and hypothesized that the compound
might be the hormone of Òmother love.Ó
Niles Newton of Northwestern Universi-
ty extended these observations to spec-
ulate that maternal and sexual bonds
could be inßuenced by the secretion 
of the hormone. Oxytocin is produced
primarily as a result of breast or gen-
ital stimulation, such as that which 
occurs during mating, birth and lacta-
tion. More recently E. Barry Keverne and 
Keith M. Kendrick of the University of
Cambridge have shown that in sheep
either vaginal stimulation or oxytocin
treatments can speed the formation of
mother-infant bonds. Kerstin Uvn�s-
Moberg of the Karolinska Institute in
Stockholm has demonstrated that even
simple touch can release oxytocin.

Based on these studies, we hypothe-
sized that in prairie voles stimulation
experienced during mating, or perhaps
more slowly by touch and cohabitation,
might release oxytocin. Oxytocin would,
in turn, hasten the formation of social
bonds between males and females.

Several recent Þndings support this
supposition. Witt injected oxytocin into
the central nervous system of females.
As a result, the females became more
sociable and less likely to Þght with
males, as compared with females that
did not receive the oxytocin or females
that received the hormone administered
into the peripheral circulation. The pos-
itive social eÝects of oxytocin in the
brain have now been documented in
other species. Witt found improved so-
cial behavior in rats, and James Winslow
and Thomas R. Insel of the National In-
stitute of Mental Health (NIMH) report-
ed similar results in squirrel monkeys.

Williams examined the role of oxyto-
cin more directly. She repeated her pref-
erence tests on prairie voles whose cere-
bral ventricles were infused with oxy-
tocin. She found that females formed
rapid preferences for males if they were
exposed to oxytocin over a six-hour pe-
riod. But when combined with a drug
that blocks the oxytocin receptors, oxy-
tocin no longer exerted the social eÝect.
These results suggest that oxytocinÕs ac-
tion within the brain may be one of the
physiological events that lead to the
formation of monogamous pairs.

Because the receptors for a hormone
can regulate the behavioral eÝects of
that hormone, we also looked at the
patterns of oxytocin receptors in the

prairie vole. These receptors are scat-
tered throughout the mammalian cen-
tral nervous system. Witt found that
the distribution of oxytocin receptors
in prairie voles diÝered from the pat-
tern in rats. The diÝerences were espe-
cially striking within the limbic system,
the area of the brain involved in sexual
and social behavior. Insel and his NIMH

colleague Larry E. Shapiro subsequent-
ly showed that the distribution of oxy-
tocin receptors in prairie voles and in
pine voles, another monogamous spe-
cies, diÝers from that in the polyga-
mous montane and meadow voles. That
the patterns of oxytocin receptors cor-
relate with monogamy further substan-
tiates the idea that oxytocin has an es-
sential role in social organization.

T
he pair bonding in monogamy
also leads mated pairs to guard
one another or the shared terri-

tory. Reproductively naive prairie voles
rarely Þght, but mated prairie voles can
be extremely vicious toward strangers.
Because studies have implicated testos-
terone, a major reproductive hormone
manufactured by the testes, in aggres-
sion in other animals, we initially hy-
pothesized that testosterone might also
be responsible for the postmating hos-
tility in prairie voles. But in our labora-
tory Nicholas Hastings found that nei-
ther castration nor testosterone injec-
tions had an eÝect on male aggression
after mating.

If testosterone does not regulate ag-
gression or mate guarding, then what
does? Many pieces of evidence suggest-
ed that vasopressin, a hormone best
known for its role in regulating the hu-
man bodyÕs water content, might play a
role in mate guarding. First, Craig F.
Ferris of the University of Massachu-
setts Medical Center in Worcester and
Elliott H. Albers of Georgia State Uni-
versity had implicated vasopressin in
territoriality and aggression in ham-
sters. Second, vasopressin shares a mo-
lecular structure similar to that of oxy-
tocin; the molecules diÝer from one
another in only two of their nine amino
acids. In addition, both hormones may
be released under similar circumstanc-
es, such as during sexual behavior and
other social actions. The cellular and be-
havioral functions of vasopressin and
oxytocin, however, tend to be antagonis-
tic. Therefore, we reasoned that if oxy-
tocin encourages social contact, perhaps
vasopressin causes the antisocial or
mate-guarding behavior shown by male
prairie voles after they have mated.

Winslow, Hastings and Insel tested
this hypothesis in a collaborative study.
In one experiment, males were injected
before mating with a drug that blocks
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CHOICE TEST given to female prairie voles in the laboratory reveals a social pref-
erence for the mated males. Initially, females enter the cages of both strangers and
their partners (represented by brown lines) and will mate with both. Within about
30 minutes, however, females tend to remain near the familiar male.

MALE
STRANGER

FEMALE
STARTING
POSITION

FEMALE
FINAL
POSITION

MALE
PARTNER

Copyright 1993 Scientific American, Inc.



vasopressin receptors. The injections
eliminated the increase in attacks di-
rected toward strangers that usually fol-
lows mating. The eÝect was not a gen-
eral inhibition of aggression. The anti-
vasopressin drug did not stem attack
behavior when given to males that had
completed their mating. In a separate ex-
periment, Winslow and Insel infused va-
sopressin into a male while a female was
present. Such males then displayed in-
creased hostility toward male intruders.

Vasopressin may also play a role in
male parental care. Recent Þndings by
Maryam Bamshad, Melinda A. Novak
and Geert J. De Vries of the University
of Massachusetts show the behavior in
male prairie voles correlates with char-
acteristic changes in vasopressin levels.

The experiments on the eÝects of oxy-
tocin and vasopressin on prairie vole
behavior suggest that these two com-
pounds have a much broader behav-
ioral signiÞcance than was previously
thought. Rather than just being a ho-
meostatic compound, vasopressin may
have a more general role as a neuropep-
tide involved in eliciting parental care
and defensive behavior with respect 
to self and family. Oxytocin, which has 
a well-established role in reproduction,
might block the more primitive, anti-
social actions induced by vasopres-
sin, thus permitting social behaviors to
emerge. Finally, monogamy may be a
reÞned expression of sociality in which

interactions between oxytocin and va-
sopressin are particularly apparent.

Although these studies have provid-
ed strong clues to some of the neuro-
endocrine mechanisms underlying mo-
nogamous behavior, a major puzzle per-
sists. Besides prairie voles, monogamy
occurs in such diverse species as wild
dogs, tamarins and marmosets. Why, in
a physiological sense, should such taxo-
nomically diÝerent mammals show the
unique features of monogamy?

O
ne solution to this mystery
may be found in the adrenal
system and its eÝects on the

developing embryo. The adrenal sys-
tem produces steroids called glucocor-
ticoids. Individuals release these hor-
mones, particularly corticosterone and
cortisol, in response to stress. Yet the
endocrine systems of adult prairie voles
and marmosets secrete unusually copi-
ous amounts of glucocorticoids, even
when the animals are not under stress.
Our work with prairie voles leads us to
hypothesize that the interactions be-
tween the adrenal and gonadal hor-
mones during early life might account
for some of the monogamous patterns
that emerge later.

This supposition is based in part on
research pioneered by Ingeborg L. Ward
of Villanova University. Ward document-
ed the developmental eÝects of interac-
tions between adrenal and gonadal ste-

roids in rats. Exposure to stress during
the perinatal periodÑthe period of sex-
ual diÝerentiation in mammalsÑinßu-
ences subsequent reproductive devel-
opment. For example, male rats that
have been stressed early in life tend 
to show a more feminine pattern of de-
velopment as adults. Even the genital 
anatomy is somewhat demasculinized. 
Apparently, high levels of stress dur-
ing the perinatal period inhibit the nor-
mal secretion or the action of mascu-
linizing hormones called androgens. 
Craig H. Kinsley, now at the University 
of Richmond, and Robert S. Bridges 
of Tufts University demonstrated that
perinatal disturbance also increases the
probability that male rats will show, as
adults, parental care. Thus, in rats stress
appears to alter reproductive functions
in a direction that is considered normal
in monogamous mammals.

We believe that adrenal activity in
prairie voles might account in part for
their monogamy. Shapiro and Insel
found that shortly after birth prairie
voles have an unusually reactive adre-
nal system. Simply removing the moth-
er for a few minutes elevates the levels
of glucocorticoids in pups. In contrast,
the nonmonogamous montane voles
and rats require greater disturbance
before adrenal activity increases.

In prairie voles the reactivity of the
adrenal glands, during late pregnancy
or the early postnatal period, might con-
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HORMONAL CASCADE that triggers estrus in the female prai-
rie vole begins when she sniÝs a male. The vomeronasal organ
picks up pheromones, stimulating the olfactory bulb. Norepi-
nephrine (NE) and luteinizing hormoneÐreleasing hormone

(LHRH) are secreted and start the production of luteinizing
hormone. Luteinizing hormone reaches the ovaries via the
bloodstream and stimulates them to produce estrogen. Estrogen
is then carried to the hypothalamus, where it induces estrus.
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tribute to the appearance in the adult of
some of the deÞnitive characteristics of
monogamy, including reduced sexual
dimorphism and increased male paren-
tal care. Preliminary experiments con-
ducted in our laboratory by Luci Rob-
erts oÝer some evidence. In those anal-
yses, postpartum exposure to higher
than normal levels of androgen reduced
the tendency of adult male prairie voles
to care for pups. Research in progress
is examining the importance of interac-
tions between the adrenal and gonadal
systems in the development of other
components of monogamy.

A
lthough we can now identify
some of the physiological under-
pinnings of monogamy in the

prairie vole, the ultimate (or evolution-
ary) cause of this behavior and its adap-
tive signiÞcance remain unclear. It is
widely assumed that, from the perspec-
tive of the oÝspring, having two parents
is better than having one. Trapping
studies in prairie voles, however, have
not provided support for this assump-
tion. Based on Þeld data from more
than 700 prairie vole families, single
mothers are as successful as mother-fa-
ther pairs in rearing litters to maturity.

That sexual exclusivity is not a domi-
nant feature of monogamy in prairie
voles also raises an evolutionary ques-
tion. Parental care in mammals, and es-
pecially in prairie voles, represents a
signiÞcant investment of time and en-
ergy. It is usually assumed that such

commitment from the male is a beneÞt
of monogamy because males can in-
crease their own reproductive success
by caring for their oÝspring. Perhaps
this strategy represents a probabilistic
function. Monogamous males are in-
creasing their Þtness in general while
accepting the burden of rearing some
pups that are not their own.

The theoretical implications of this
Þnding is uncertain. The prairie voles
we have studied in Illinois live in an 
environment that provides abundant
supplies of food, water and other es-
sential resources. We believe that mo-
nogamy in prairie voles evolved when
food was not plentiful. Under such con-
ditions, monogamy might oÝer addi-
tional beneÞts not evident in the habi-
tats we have examined. We are current-
ly comparing Illinois prairie voles with
those that live in a much harsher envi-
ronment in Kansas.

Our studies also frequently elicit
questions concerning the applicability
of our Þndings to human behavior. Mo-
nogamy in Old World primates and in
humans probably takes on a diÝerent
form from that described here for voles.
Yet there are some parallels. Clearly, hu-
man monogamous partners do not al-
ways stay sexually exclusive. Animals,
including humans, may be more partic-
ular in the selection of a social com-
panion than in their choice of a sexu-
al partner.

In addition, our research highlights
the general signiÞcance of positive so-

cial behavior and bonds, which are at
least as meaningful to humans as to
prairie voles. Disruption of these bonds
in humans, such as that which occurs in
the loss of a child, parent or spouse, can
have disastrous consequences for men-
tal and physical health. Yet we under-
stand little about the behavioral physi-
ology of the formation of such relation-
ships in humans. In fact, the notion
that social bonds have a ÒbiologyÓ has
not been generally understood.

It is tempting to speculate that oxy-
tocin and vasopressin could also aÝect
human behavior. But the role of these
hormones, even in animals, is diÛcult
to document, and many obvious ques-
tions remain unexplored. Most human
research is limited to correlations be-
tween changes in hormonal blood lev-
els and behavior.

The paucity of human data raises con-
cerns about the medical eÝect of these
hormones, which are often adminis-
tered as treatments. For example, oxy-
tocin is used to induce uterine contrac-
tions in childbirth, and vasopressin is
prescribed to treat bed-wetting in chil-
dren. Actions that indirectly aÝect hor-
monal levels, such as delivering a child
by cesarean section or bottle-feeding,
may also aÝect the amount of oxytocin
received by either a mother or her in-
fant. Because oxytocin and vasopressin
were at Þrst believed to act outside the
brain, on tissues such as the uterus,
breast and kidney, little attention has
been given to the behavioral conse-
quences of these treatments or actions.
We now know that oxytocin and vaso-
pressin are active in the central nervous
system. Findings from animal research,
such as those described here for prairie
voles, should encourage the biomedical
community to look more carefully at
the potential eÝects of these powerful
hormones on behavior.
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FEATURES OF MONOGAMY in the prairie vole correlate with speciÞc hormones
and their amount in the body. The high and low levels of hormone are relative to
those found in nonmonogamous but closely related species.
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T
he image often invoked to de-
scribe autism is that of a beauti-
ful child imprisoned in a glass

shell. For decades, many parents have
clung to this view, hoping that one day
a means might be found to break the
invisible barrier. Cures have been pro-
claimed, but not one of them has been
backed by evidence. The shell remains
intact. Perhaps the time has come for
the whole image to be shattered. Then
at last we might be able to catch a
glimpse of what the minds of autistic
individuals are truly like.

Psychological and physiological re-
search has shown that autistic people
are not living in rich inner worlds but 
instead are victims of a biological de-
fect that makes their minds very dif-
ferent from those of normal individu-
als. Happily, however, autistic people
are not beyond the reach of emotion-
al contact.

Thus, we can make the world more
hospitable for autistic individuals just
as we can, say, for the blind. To do so,
we need to understand what autism is
likeÑa most challenging task. We can
imagine being blind, but autism seems
unfathomable. For centuries, we have
known that blindness is often a periph-
eral defect at the sensory-motor level
of the nervous system, but only recent-
ly has autism been appreciated as a
central defect at the highest level of

cognitive processing. Autism, like blind-
ness, persists throughout life, and it re-
sponds to special eÝorts in compensa-
tory education. It can give rise to trium-
phant feats of coping but can also lead
to disastrous secondary consequencesÑ
anxiety, panic and depression. Much
can be done to prevent problems. Un-
derstanding the nature of the handicap
must be the Þrst step in any such eÝort.

A
utism existed long before it was
described and named by Leo
Kanner of the Johns Hopkins

ChildrenÕs Psychiatric Clinic. Kanner
published his landmark paper in 1943
after he had observed 11 children who
seemed to him to form a recognizable
group. All had in common four traits: a
preference for aloneness, an insistence
on sameness, a liking for elaborate rou-
tines and some abilities that seemed
remarkable compared with the deÞcits. 

Concurrently, though quite indepen-
dently, Hans Asperger of the University
Pediatric Clinic in Vienna prepared his
doctoral thesis on the same type of
child. He also used the term ÒautismÓ
to refer to the core features of the dis-
order. Both men borrowed the label
from adult psychiatry, where it had
been used to refer to the progressive
loss of contact with the outside world

experienced by schizophrenics. Autis-
tic children seemed to suÝer such a
lack of contact with the world around
them from a very early age.

KannerÕs Þrst case, Donald, has long
served as a prototype for diagnosis. It
had been evident early in life that the
boy was diÝerent from other children.
At two years of age, he could hum and
sing tunes accurately from memory.
Soon he learned to count to 100 and to
recite both the alphabet and the 25
questions and answers of the Presbyte-
rian catechism. Yet he had a mania for
making toys and other objects spin. In-
stead of playing like other toddlers, 
he arranged beads and other things 
in groups of diÝerent colors or threw
them on the ßoor, delighting in the
sounds they made. Words for him had
a literal, inßexible meaning.

Donald was Þrst seen by Kanner at
age Þve. Kanner observed that the boy
paid no attention to people around
him. When someone interfered with his
solitary activities, he was never angry
with the interfering person but impa-
tiently removed the hand that was in
his way. His mother was the only per-
son with whom he had any signiÞcant
contact, and that seemed attributable
mainly to the great eÝort she made to
share activities with him. By the time
Donald was about eight years old, his
conversation consisted largely of repet-
itive questions. His relation to people re-
mained limited to his immediate wants
and needs, and his attempts at contact
stopped as soon as he was told or giv-
en what he had asked for.
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Autism
Autistic individuals suffer from a biological defect.
Although they cannot be cured, much can be done 

to make life more hospitable for them

by Uta Frith
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CHARACTERISTIC ALONENESS of autis-
tic children has evoked the image of a
child in a glass shell (above). The draw-
ing suggests, falsely, that a normal child
would emerge if the shell could be bro-
ken. Aloneness is also exhibited by a
boy (right) at the Association in Manhat-
tan for Autistic Children, Inc., the scene
of all the accompanying photographs
except the last one.
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Some of the other children Kanner
described were mute, and he found
that even those who spoke did not re-
ally communicate but used language in
a very odd way. For example, Paul, who
was Þve, would parrot speech verba-
tim. He would say ÒYou want candyÓ
when he meant ÒI want candy.Ó He was
in the habit of repeating, almost every
day, ÒDonÕt throw the dog oÝ the bal-
cony,Ó an utterance his mother traced
to an earlier incident with a toy dog.

Twenty years after he had Þrst seen
them, Kanner reassessed the members
of his original group of children. Some
of them seemed to have adapted social-
ly much better than others, although
their failure to communicate and to
form relationships remained, as did
their pedantry and single-mindedness.
Two prerequisites for better adjust-
ment, though no guarantees of it, were
the presence of speech before age Þve
and relatively high intellectual ability.

The brightest autistic individuals had,
in their teens, become uneasily aware of
their peculiarities and had made con-
scious eÝorts to conform. Nevertheless,
even the best adapted were rarely able
to be self-reliant or to form friendships.
The one circumstance that seemed to be
helpful in all the cases was an extremely
structured environment.

As soon as the work of the pioneers
became known, every major clinic be-
gan to identify autistic children. It was
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he traits most characteristic
of autistic people are alone-

ness, an insistence on sameness
and a liking for elaborate rou-
tines. At the same time, some au-
tistic individuals can perform com-
plicated tasks, provided that the
activity does not require them to
judge what some other person
might be thinking. These traits
lead to characteristic forms of be-
havior, a number of which are
portrayed here.

Autistic Behavior

T

Displays indifference

Indicates needs by using an adult’s hand

Parrots words

Laughs and giggles inappropriately

Does not make eye contact Does not pretend in playing Prefers sameness
Yet some do certain things well if the task

does not involve social understanding.

Does not play with other children

Handles or spins objects

Behaves in bizarre ways

Talks incessantly about one topic

Is one-sided in interactions

Joins in only if an adult insists and assists
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found that such children, in addition to
their social impairments, have substan-
tial intellectual handicaps. Although
many of them perform relatively well
on certain tests, such as copying mosa-
ic patterns with blocks, even the most
able tend to do badly on test questions
that can be answered only by the appli-
cation of common sense.

A
utism is rare. According to the
strict criteria applied by Kanner,
it appears in four of every 10,-

000 births. With the somewhat wider
criteria used in current diagnostic prac-
tice, the incidence is much higher : one
or two in 1,000 births, about the same
as DownÕs syndrome. Two to four times
as many boys as girls are aÝected.

For many years, autism was thought
to be a purely psychological disorder
without an organic basis. At Þrst, no
obvious neurological problems were
found. The autistic children did not nec-
essarily have low intellectual ability,
and they often looked physically nor-
mal. For these reasons, psychogenic
theories were proposed and taken se-
riously for many years. They focused
on the idea that a child could become
autistic because of some existentially
threatening experience. A lack of ma-
ternal bonding or a disastrous experi-
ence of rejection, so the theory went,
might drive an infant to withdraw into
an inner world of fantasy that the out-
side world never penetrates.

These theories are unsupported by
any empirical evidence. They are unlike-
ly to be supported because there are
many instances of extreme rejection
and deprivation in childhood, none of
which have resulted in autism. Unfor-
tunately, therapies vaguely based on
such notions are still putting pressure
on parents to accept a burden of guilt
for the supposedly avoidable and re-
versible breakdown of interpersonal in-
teractions. In contrast, well-structured
behavior modiÞcation programs have
often helped families in the manage-
ment of autistic children, especially chil-
dren with severe behavior problems.
Such programs do not claim to rein-
state normal development. 

The insupportability of the psycho-
genic explanation of autism led a num-
ber of workers to search for a biological
cause. Their eÝorts implicate a defective
structure in the brain, but that structure
has not yet been identiÞed. The defect is
believed to aÝect the thinking of autistic
people, making them unable to evaluate
their own thoughts or to perceive clear-
ly what might be going on in someone
elseÕs mind.

Autism appears to be closely asso-
ciated with several other clinical and

medical conditions. They include ma-
ternal rubella and chromosomal abnor-
mality, as well as early injury to the
brain and infantile seizures. Most im-
pressive, perhaps, are studies showing
that autism can have a genetic basis.
Both identical twins are much more like-
ly to be autistic than are both fraternal
twins. Moreover, the likelihood that au-
tism will occur twice in the same fami-
ly is 50 to 100 times greater than would
be expected by chance alone.

Structural abnormalities in the brains
of autistic individuals have turned up 
in anatomic studies and brain-imaging
procedures. Both epidemiological and

neuropsychological studies have dem-
onstrated that autism is strongly corre-
lated with mental retardation, which is
itself clearly linked to physiological ab-
normality. This fact Þts well with the
idea that autism results from a distinct
brain abnormality that is often part of
more extensive damage. If the abnor-
mality is pervasive, the mental retarda-
tion will be more severe, and the like-
lihood of damage to the critical brain
system will increase. Conversely, it is
possible for the critical system alone to
be damaged. In such cases, autism is
not accompanied by mental retardation. 

Neuropsychological testing has also
contributed evidence for the existence
of a fairly circumscribed brain abnor-
mality. Autistic individuals who are oth-
erwise able show speciÞc and exten-
sive deÞcits on certain tests that involve
planning, initiative and spontaneous
generation of new ideas. The same def-
icits appear in patients who have front-
al lobe lesions. Therefore, it seems
plausible that whatever the defective
brain structure is, the frontal lobes are
implicated.

P
opulation studies carried out by
Lorna Wing and her colleagues at
the Medical Research CouncilÕs

Social Psychiatry Unit in London reveal
that the diÝerent symptoms of autism
do not occur together simply by coinci-
dence. Three core features in partic-
ularÑimpairments in communication,
imagination and socializationÑform a
distinct triad. The impairment in com-
munication includes such diverse phe-
nomena as muteness and delay in
learning to talk, as well as problems 
in comprehending or using nonverbal
body language. Other autistic individu-
als speak ßuently but are overliteral in
their understanding of language. The
impairment in imagination appears in
young autistic children as repetitive
play with objects and in some autistic
adults as an obsessive interest in facts.
The impairment in socialization in-
cludes ineptness and inappropriate be-
havior in a wide range of reciprocal so-
cial interactions, such as the ability to
make and keep friends. Nevertheless,
many autistic individuals prefer to have
company and are eager to please.

The question is why these impair-
ments, and only these, occur togeth-
er. The challenge to psychological the-
orists was clear: to search for a single
cognitive component that would ex-
plain the deÞcits yet still allow for the
abilities that autistic people display in
certain aspects of interpersonal inter-
actions. My colleagues at the Medical
Research CouncilÕs Cognitive Develop-
ment Unit in London and I think we
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CLOSE LINK between autism and mental
retardation is reßected in this chart.
The percentage of children showing the
social impairments typical of autism is
highest at low levels of intelligence as
measured by tests in which an intelli-
gence quotient ( IQ ) below 70 is subnor-
mal. For example, 86 percent of 44 chil-
dren in the lowest IQ range showed the
social impairments of autism. The data
are drawn from a population of about
35,000 children aged under 15 years.

IQ
RANGE

PROPORTION AFFECTED
WITH AUTISM

0–19

86 PERCENT
OF 44 CHILDREN

42 PERCENT
OF 96 CHILDREN

2 PERCENT OF
700 CHILDREN

0.013 PERCENT OF
34,100 CHILDREN

20–49

50–69

70+

Autism and
Mental Retardation

SOURCE: Lorna Wing, Medical Research Council, London
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have identiÞed just such a component.
It is a cognitive mechanism of a highly
complex and abstract nature that could
be described in computational terms.
As a shorthand, one can refer to this
component by one of its main func-
tions, namely the ability to think about
thoughts or to imagine another individ-
ualÕs state of mind. We propose that
this component is damaged in autism.
Furthermore, we suggest that this men-
tal component is innate and has a
unique brain substrate. If it were possi-
ble to pinpoint that substrateÑwhether
it is an anatomic structure, a physiologi-
cal system or a chemical pathwayÑone
might be able to identify the biological
origin of autism.

The power of this component in nor-
mal development becomes obvious very
early. From the end of the Þrst year on-
ward, infants begin to participate in
what has been called shared attention.
For example, a normal child will point
to something for no reason other than
to share his interest in it with some-
one else. Autistic children do not show
shared attention. Indeed, the absence
of this behavior may well be one of the
earliest signs of autism. When an autis-
tic child points at an object, it is only
because he wants it.

In the second year of life, a particu-
larly dramatic manifestation of the crit-
ical component can be seen in normal
children: the emergence of pretense, or
the ability to engage in fantasy and pre-
tend play. Autistic children cannot un-
derstand pretense and do not pretend
when they are playing. The diÝerence
can be seen in such a typical nursery
game as ÒfeedingÓ a teddy bear or a
doll with an empty spoon. The normal
child goes through the appropriate mo-
tions of feeding and accompanies the
action with appropriate slurping nois-
es. The autistic child merely twiddles
or ßicks the spoon repetitively. It is
precisely the absence of early and sim-
ple communicative behaviors, such as
shared attention and make-believe play,
that often creates the Þrst nagging
doubts in the minds of the parents
about the development of their child.
They rightly feel that they cannot en-
gage the child in the emotional to-and-
fro of ordinary life. 

M
y colleague Alan M. Leslie de-
vised a theoretical model of
the cognitive mechanisms un-

derlying the key abilities of shared 
attention and pretense. He postulates 
an innate mechanism whose function 
is to form and use what we might 
call second-order representations. The
world around us consists not only of
visible bodies and events, captured by
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UNUSUAL BEHAVIOR is often displayed by autistic individuals. Autistic children,
for example, tend to Þxate on making toys and other objects spin (above) and to
play repetitively. Another trait is to ignore the eÝorts of others to communicate or
to draw the autistic person into an activity (below).
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Þrst-order representations, but also 
of invisible minds and mental events, 
which require second-order representa-
tion. Both types of representation have
to be kept in mind and kept separate
from each other.

Second-order representations serve
to make sense of otherwise contradic-
tory or incongruous information. Sup-
pose a normal child, Beth, sees her
mother holding a banana in such a way
as to be pretending that it is a tele-
phone. Beth has in mind facts about
bananas and facts about telephonesÑ
Þrst-order representations. Neverthe-
less, Beth is not the least bit confused
and will not start eating telephones or
talking to bananas. Confusion is avoid-
ed because Beth computes from the
concept of pretending (a second-order
representation) that her mother is en-
gaging simultaneously in an imaginary
activity and a real one.

As Leslie describes the mental pro-
cess, pretending should be understood
as computing a three-term relation be-
tween an actual situation, an imaginary
situation and an agent who does the
pretending. The imaginary situation is
then not treated as the real situation. Be-
lieving can be understood in the same
way as pretending. This insight enabled
us to predict that autistic children, de-
spite an adequate mental age (above
four years or so), would not be able to
understand that someone can have a
mistaken belief about the world.

T
ogether with our colleague Si-
mon Baron-Cohen, we tested this
prediction by adapting an experi-

ment originally devised by two Austri-
an developmental psychologists, Heinz
Wimmer and Josef Perner. The test has
become known as the Sally-Anne task.
Sally and Anne are playing together.
Sally has a marble that she puts in a
basket before leaving the room. While
she is out, Anne moves the marble to a
box. When Sally returns, wanting to re-
trieve the marble, she of course looks
in the basket. If this scenario is pre-
sented as, say, a puppet show to nor-
mal children who are four years of age
or more, they understand that Sally
will look in the basket even though they
know the marble is not there. In other
words, they can represent SallyÕs erro-
neous belief as well as the true state of
things. Yet in our test, 16 of 20 autistic
children with a mean mental age of nine
failed the taskÑanswering that Sally
would look in the boxÑin spite of be-
ing able to answer correctly a variety of
other questions relating to the facts of
the episode. They could not conceptu-
alize the possibility that Sally believed
something that was not true.

Many comparable experiments have
been carried out in other laboratories,
which have largely conÞrmed our pre-
diction: autistic children are speciÞcal-
ly impaired in their understanding of
mental states. They appear to lack the
innate component underlying this abil-
ity. This component, when it works nor-
mally, has the most far-reaching conse-
quences for higher-order conscious pro-
cesses. It underpins the special feature
of the human mind, the ability to reßect
on itself. Thus, the triad of impairments
in autismÑin communication, imagina-
tion and socializationÑis explained by
the failure of a single cognitive mecha-
nism. In everyday life, even very able
autistic individuals Þnd it hard to keep
in mind simultaneously a reality and the
fact that someone else may hold a mis-
conception of that reality. 

The automatic ability of normal peo-
ple to judge mental states enables us

to be, in a sense, mind readers. With
suÛcient experience we can form and
use a theory of mind that allows us to
speculate about psychological motives
for our behavior and to manipulate oth-
er peopleÕs opinions, beliefs and atti-
tudes. Autistic individuals lack the au-
tomatic ability to represent beliefs, and
therefore they also lack a theory of
mind. They cannot understand how be-
havior is caused by mental states or
how beliefs and attitudes can be ma-
nipulated. Hence, they Þnd it diÛcult
to understand deception. The psycho-
logical undercurrents of real life as well
as of literatureÑin short, all that gives
spice to social relationsÑfor them re-
main a closed book. ÒPeople talk to each
other with their eyes,Ó said one obser-
vant autistic youth. ÒWhat is it that they
are saying?Ó

Lacking a mechanism for a theory of
mind, autistic children develop quite
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SELF-ABSORPTION displayed by this autistic girl is a common feature of the disor-
der. In the motion picture Rain Man , self-absorption was the key trait of the cen-
tral character, an autistic adult, portrayed by actor Dustin HoÝman.
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diÝerently from normal ones. Most
children acquire more and more so-
phisticated social and communicative
skills as they develop other cognitive
abilities. For example, children learn to
be aware that there are faked and gen-
uine expressions of feeling. Similarly,
they become adept at that essential as-
pect of human communication, reading
between the lines. They learn how to
produce and understand humor and
irony. In sum, our ability to engage in
imaginative ideas, to interpret feelings
and to understand intentions beyond
the literal content of speech are all ac-
complishments that depend ultimately
on an innate cognitive mechanism. Au-
tistic children Þnd it diÛcult or impos-
sible to achieve any of these things. We
believe this is because the mechanism
is faulty.

T
his cognitive explanation of au-
tism is speciÞc. As a result, it en-
ables us to distinguish the types

of situations in which the autistic per-
son will and will not have problems. It
does not preclude the existence of spe-
cial assets and abilities that are inde-
pendent of the innate mechanism my
colleagues and I see as defective. Thus
it is that autistic individuals can achieve
social skills that do not involve an ex-
change between two minds. They can
learn many useful social routines, even
to the extent of sometimes camoußag-
ing their problems. The cognitive defi-

cit we hypothesize is also speciÞc
enough not to preclude high achieve-
ment by autistic people in such diverse
activities as musical performance, ar-
tistic drawing, mathematics and mem-
orization of facts. 

It remains to be seen how best 
to explain the coexistence of excellent
and abysmal performance by autistic
people on abilities that are normally
expected to go together. It is still un-
certain whether there may be addition-
al damage in emotions that prevents
some autistic children from being in-
terested in social stimuli. We have as
yet little idea what to make of the sin-
gle-minded, often obsessive, pursuit of
certain activities. With the autistic per-
son, it is as if a powerful integrating
forceÑthe eÝort to seek meaningÑ
were missing.

The old image of the child in the glass
shell is misleading in more ways than
one. It is incorrect to think that inside
the glass shell is a normal individual
waiting to emerge, nor is it true that
autism is a disorder of childhood only.
The motion picture Rain Man came at
the right time to suggest a new image
to a receptive public. Here we see Ray-
mond, a middle-aged man who is un-
worldly, egocentric in the extreme and
all too amenable to manipulation by
others. He is incapable of understanding
his brotherÕs double-dealing pursuits,
transparently obvious though they are
to the cinema audience. Through vari-

ous experiences it becomes possible for
the brother to learn from Raymond
and to forge an emotional bond with
him. This is not a farfetched story. We
can learn a great deal about ourselves
through the phenomenon of autism.

Yet the illness should not be roman-
ticized. We must see autism as a devas-
tating handicap without a cure. The au-
tistic child has a mind that is unlike-
ly to develop self-consciousness. But we
can now begin to identify the particular
types of social behavior and emotional
responsiveness of which autistic indi-
viduals are capable. Autistic people can
learn to express their needs and to an-
ticipate the behavior of others when 
it is regulated by external, observable
factors rather than by mental states.
They can form emotional attachments
to others. They often strive to please
and earnestly wish to be instructed in
the rules of person-to-person contact.
There is no doubt that within the stark
limitations a degree of satisfying socia-
bility can be achieved.

Autistic aloneness does not have to
mean loneliness. The chilling aloofness
experienced by many parents is not a
permanent feature of their growing
autistic child. In fact, it often gives way
to a preference for company. Just as it is
possible to engineer the environment
toward a blind personÕs needs or toward
people with other special needs, so the
environment can be adapted to an
autistic personÕs needs.

On the other hand, one must be re-
alistic about the degree of adaptation
that can be made by the limited per-
son. We can hope for some measure of
compensation and a modest ability to
cope with adversity. We cannot expect
autistic individuals to grow out of the
unreßecting mind they did not choose
to be born with. Autistic people in turn
can look for us to be more sympathet-
ic to their plight as we better under-
stand how their minds are diÝerent
from our own.
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SOCIAL CONTACT is sometimes achieved by autistic people, particularly in famil-
iar and well-structured situations. The autistic teenage boy in this photograph en-
joys music and is responding to it in a family setting as his father plays the guitar.
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T
he landlocked Chinese province
of Sichuan harbors one of the
technological wonders of world:

the Xinhai well. It is remarkable not just
for its ageÑ158 yearsÑand its depthÑ
1,001 meters; the Xinhai well repre-
sents the crowning achievement of an
industry that invented deep drilling
four centuries before Europeans devel-
oped the technology.

Almost 1,000 years ago the Sichuan-
ese made boreholes 100 meters deep
to reach sources of brine. Elaborate
systems were built for hoisting brine
from the ground and reÞning it into pre-
cious salt. The Sichuanese even struck
natural gas and found its Þrst commer-
cial use: fueling Þres to evaporate the
brine. Today deep drilling is praised as
one of ancient ChinaÕs greatest inno-
vationsÑcomparable to their invention
of paper, printing, gunpowder and
compasses. Indeed, the Chinese salt in-
dustry of the 19th century is, in some
ways, the precursor of modern petro-
leum production.

In 1983, when I was Þrst inspired to
study salt production in China, I found
little reliable information about the de-
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The Great Well of China
More than 150 years ago the Chinese drilled

one kilometer into the earth to extract brine for making salt. 
The well was the culmination of an 800-year-old technology

by Hans Ulrich Vogel

HANS ULRICH VOGEL is associate pro-
fessor of Chinese studies at the Uni-
versity of Heidelberg. After earning his
Ph.D. in Chinese history in 1983 from
the University of Zurich, he began re-
search on the history of the salt indus-
try in Sichuan Province.

WELLS DRILLED 100 meters or more
into the earth yielded brine and natural
gas for the ancient Chinese in the prov-
ince of Sichuan. Brine, which was boiled
down to make salt, was vital to the Sich-
uanese economy for more than 2,000
years. The illustration is an enhanced
reproduction of a scroll painted in the
1750s. To lift brine from the well , work-
ers used a bamboo tube suspended from
a rope. The brine was heated over a fire
fueled by natural gas.
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velopment of deep drilling. Most of the
available sources were 20th-century de-
scriptions of borehole wells, and some
were based on Sichuanese lore. In re-
cent years, Chinese scholars have un-
covered a large number of writings and
artifacts that provide clues about the
production and trade of salt in China.
As a result, publications dedicated to
the subject have sprung up all over Chi-
na. My colleagues and I can now chal-
lenge some of the tenacious legends
and provide an accurate history of the
spectacular Sichuan salt wells.

The salt industry was pivotal in the

economic and social history of China.
More than 2,100 years ago the rulers of
China Þrst endeavored to monopolize
salt production and trade throughout
the empire. By the 14th century the
Yuan dynasty raised as much as 80 per-
cent of its revenue through taxes on
the salt industry; the Ming, who ruled
China from 1368 to 1644, relied on salt
taxes for approximately 40 percent of
their income, and even the Qing Em-
pire, which endured until 1911, depend-
ed on salt for a tenth of its wealth.

The major source of salt for China
was brine from the sea, not from wells.

Production of sea salt contributed about
80 percent of the total output for most
of the past millennium. Yet wells were
essential to the economic welfare of the
Sichuanese, because for these inland
Chinese, making well salt was cheaper
than importing sea salt.

B
efore deep drilling was invented,
the Chinese dug shallow wells to
tap sources of brine. A relief im-

age carved on a tombstone from the
second century [see top illustration on

next page] is deÞnitive evidence that
the Chinese had developed techniques
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for hoisting brine from shaft wells. The
image shows laborers hoisting brine
from a hole in the ground.

Unfortunately, many of the details
about how shaft wells were used in an-
cient times are not known. For a good
description, historians must turn to the
writings of later centuries. In 1177, for

example, the supervisor of Sichuan, Hu
Yuanzhi, gave a particularly vivid ac-
count. According to this oÛcial, work-
ers began their search for brine by in-
specting the terrain of mountain val-
leys and then digging exploratory holes
to a depth of between 60 and 80 zhang
(one zhang equals about 3.6 meters). If

they were lucky enough to Þnd a salty
spring, they made an eÝort to reinforce
the sides of the hole by lining it with
stones. After the well was constructed,
workers lowered buÝalo-hide bags at-
tached to a rope to the bottom, where
the bags Þlled with brine. If 40 or more
men labored continuously to pull the
bags from the well, they could drain
most wells almost completely in about
12 hours. In the Þnal step of the pro-
cess, the brine was poured into ßat pans
and boiled over a Þre of wood and
grasses until only the salt remained.

Shaft wells were often very proÞt-
able, but after the development of deep
drilling and the emergence of borehole
wells, such wells slowly lost their eco-
nomic importance. Historical sources
suggest that deep drilling was invented
during the 11th century in the district
of Jingyan, which is about 130 kilo-
meters south of the Sichuan capital of
Chengdu. One of the Þrst to mention
the use of deep drilling was Wen TongÑ
a prefect who oversaw the Jingyan re-
gion. Around 1071 he wrote: Ò[Two de-
cades ago] the local populace began
constructing wells by drilling into the
ground and installing bamboo pipes.
These borehole wells are used to ex-
tract [brine] which is then boiled and
reÞned into salt. [The people of Jing-
yan] have become wholly skilled in this
method, and the number of practition-
ers has increased tremendously.Ó

T
he wells were owned by several
powerful families in Jingyan and
were operated by migrant labor-

ers. By making white salt cheaply, the
salters of Jingyan could compete with
the state-run shaft wells, which pro-
duced expensive, adulterated salt. Wen
Tong seems to have been worried that
this new, unregulated industry might
undermine the state monopoly. He also
expressed concern about establishing
law and order among the growing pop-
ulation of migrant workers. It is per-
haps for these reasons that he reported
that Jingyan was Òan important and
complicated oÛcial post sorely in need
of proper government.Ó During Wen
TongÕs lifetime, the state felt it neces-
sary to intervene in the entrepreneurial
activities of the Sichuanese, particular-
ly in the tea and salt industries. For a
decade or so, the state prohibited the
construction of borehole wells in most
parts of Sichuan. But when the advo-
cates of the interventionist policies lost
power in 1089, the emperorÕs adminis-
tration relaxed the ban.

Within a few decades the Sichuanese
began drilling for brine all across the
province. In 1132 oÛcials registered
more than 4,900 brine wells in Sichuan,
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SALT PRODUCTION in second-century China is depicted in this rubbing of a tomb-
stone. Workers hoisted brine from a shaft well (left) using a rope, animal-skin bags,
a pulley and a scaÝold. The brine was boiled over a hearth (right) to produce salt.

JINGYAN in Sichuan Province is the site at which deep drilling was invented 900
years ago. In the 18th century the center of the industry shifted to Zigong.
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most of them borehole wells. This rep-
resented a tremendous growth in the
entire salt industry; from the 10th to
the 12th century, the number of brine
wells had increased eightfold. The rea-
son the industry grew so rapidly is clear.
As the 11th-century scholar Su Shi
writes, ÒPeople never miss an opportu-
nity to make a proÞt.Ó

The ancient art of constructing bore-
hole wells is known to historians
through the writings of a few scholars
and oÛcials, notably Su Shi and Hu
Yuanzhi. Su Shi gave some technical in-
formation about the methods used
during the middle of the 11th century.
After the hole was drilled, workers hol-
lowed out thick bamboo stalks, con-
nected them end to end and inserted
them into the hole. The bamboo tubes
served as the walls of the well and kept
fresh groundwater from contaminating
the brine at the bottom of the well. By
Su ShiÕs account, the wells were as wide
as a drinking bowl and could reach
depths of 120 meters or more. To hoist
brine out of the well, the laborers used
a hollow bamboo stalk with a valve 
installed at one end. It is unclear from
Su ShiÕs description, however, how the
valve worked and how brine was cap-
tured in the bamboo. He does state un-
ambiguously that the amount of brine
brought up by each tube was several
dou (one dou equals about 6.6 liters).

In 1177 Hu Yuanzhi described some
of the diÛculties encountered in the op-
eration of the wells. The bamboo tubes
lining the well wore down and some-
times would become blocked by stones
and earth. Workers employed a variety
of instruments to remove the obstruc-
tions, but sometimes they spent weeks
or months trying to repair wells with-
out success.

H
istorical accounts from the 11th
and the 12th centuries do not
give much detail about deep-

drilling techniques. Indeed, it is very
diÛcult to Þgure out from these incom-
plete descriptions how wells were con-
structed and how brine was hoisted. To
obtain a better understanding of the
techniques developed in northern Sich-
uan during the 11th century, I examined
documents from later periods, searched
for archaeological evidence and con-
ducted Þeldwork. Using this informa-
tion, I have attempted to reconstruct the
early procedures for deep drilling, hoist-
ing and repair.

To select a suitable drilling site, the
Sichuanese could do little more than
inspect topological features. Naturally,
they often chose sites close to success-
ful wells. The drilling apparatus con-
sisted of an iron drill, weighing about

100 kilograms. The drill was suspend-
ed from a bamboo cable that was at-
tached to the short end of a lever a few
meters in length. A laborer would lift
the drill by standing on the long end of
the lever and would then jump oÝ, caus-
ing the drill to drop and smash into the
ground. After digging a wide hole to a
depth of about 50 meters, workers typ-
ically used a smaller drill to produce a
deeper, narrow hole. 

To remove excess dirt and water from
the hole, the Sichuanese used bamboo
in an innovative way. A bamboo stalk
consists of several sections, each of

which is hollow in the middle and sol-
id at the ends. If an opening is carved
into the top of each section, a series of
small buckets is created. Workers low-
ered such stalks to the bottom of the
hole and allowed water and earth to
ßow into the small buckets. They then
removed the stalk from the hole and
poured out the material. If the earth
was dry, they would pour water into
the hole until they created a slurry.
Bamboo pipes were installed in the up-
per wide section of the well but not in
the lower narrow part. The pipes, which
were 10 to 13 centimeters in diame-
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CHINESE CABLE DRILLING could reach
depths of hundreds of meters. A heavy
drill bit was lifted and dropped as a
worker stepped on and oÝ a lever. The
force of the falling bit crushed the rock
underneath it. A second worker turned
the drilling cable after every stroke to
achieve a round and perpendicular hole.
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ter, were connected together and were
made watertight.

Hoisting brine out of the well required
a bamboo tube with a one-way leather
valve at the lower end. The top of the
tube was tied to a bamboo cable, which
in turn was wound around a large drum.
To start, the tube was lowered to the
bottom of the well. The leather valve at
the end of the tube then opened as the
apparatus sunk into brine and would
close if the tube was lifted upward. By
moving the tube up and down rapid-
ly within the brine, an operator could
force the liquid up inside the hollow in-
terior and Þll it. The full tube was lifted
by winding the cable around the drum.
(In later periods a similar tube was
used during the drilling process to re-
move slurry.) After the tube was lifted
out of the well, it was held in the verti-
cal position by one of a variety of struc-
tures. The simplest of these was a ring
tied to the top of a pole; the upper end
of the tube was inserted through the
ring, which clamped down on it. A work-
er placed a container under the bot-
tom of the tube and then opened the
valve with a hook, allowing the brine to
empty out.

T
he design of Sichuan borehole
wells remained essentially the
same for nearly 500 years, possi-

bly because the governmentÕs strict
control over the salt industry stißed in-
novation. During the late 16th century,
however, the Sichuanese came up with
some innovations that allowed them to
drill as deep as 300 meters.

The most detailed depiction of that
period is An Illustrated Account of Well

Salt Production ( Yanjing tushuo), creat-
ed by Ma Ji in the 1580s. The text de-
scribes the salt wells of the Shehong
District in Northern Sichuan. Unfortu-
nately, the illustrations have been lost.
From Ma Ji and other sources, histori-
ans have learned about four major de-
velopments in borehole well technolo-
gy from the 16th century onward. First,
a stone-lined hole in the top soil was
constructed before the actual drilling
process was begun; the structure proba-
bly prevented the soft earth from clog-
ging the borehole during drilling. Sec-
ond, in some cases, the workers hitched
buÝaloes to the hoisting drum to pow-
er the apparatus. Third, the Sichuanese
discovered ways to utilize natural gas
that was escaping from the brine wells.
They developed remarkable types of gas
storage equipment and built gas stoves
for the purpose of evaporating brine.
Natural gas was not used widely, how-
ever, until much later.

Fourth and most interesting, the
Sichuanese developed a device known
as a Òjar,Ó which was Þrst used in the
16th century to help Þsh out drills that
got stuck in boreholes. The top of the
jar was connected to a heavy rod that
was itself attached to the end of the
drilling cable; the bottom of the jar was
coupled to a Þshing tool. The jar al-
lowed some play between the rod and
the Þshing tool so that one could move
upward or downward independent of
the motion of the other. To remove a
lost drill bit, laborers lowered the Þsh-

ing tool until it came to rest on top of
the drill. Then the drilling cable was
pulled up just enough so that the heavy
rod was lifted, but not the Þshing tool.
Next the drilling cable was released so
that the heavy rod smashed down on
top of the Þshing tool, Òjarring,Ó or ham-
mering, it downward into the drill bit.
In this way, the Þshing tool became
Þrmly attached to the drill. Finally, by
winding up the drilling cable, workers
could, with luck, lift out the drill and
everything else.

The Sichuan salt industry was dis-
rupted in the 1640s and 1650s as the
Qing armies waged several military cam-
paigns in an attempt to conquer China.
They succeeded and ruled for more
than 260 years. During that time, the
salt industry ßourished. In the middle
of the 18th century the northern Sich-
uanese in the districts of Shehong and
Pengxi produced most of the well salt
in China, but by the end of the centu-
ry they had diminished their supply of
fuel and their sources of brine. As pro-
duction and revenues dropped, the Sich-
uan government collected fewer taxes
and hence chose to reform the laws
that regulated the salt industry. In the
end, they decreased the overall tax bur-
den and encouraged the construction
of new wells.

Because of these events, the center of
salt production shifted southeastward
to Ziliujing, the site of the modern city
of Zigong. The salt industry in Ziliujing
prospered and captured a substantial
portion of the Chinese market. In par-
ticular, the region enjoyed a surge in
business during the Taiping Uprising of
1850Ð1864. Rebels blocked the trade
of sea salt to the Yangtze River valley.
The blockade left the well owners in the
position of being the largest suppliers
of salt in the region.

The Sichuanese of Ziliujing reÞned
the art of borehole drilling to create an
industry that was unmatched in Chi-
na or anywhere in the world. Using es-
sentially the same principles of drill-
ing, hoisting and maintenance that were
developed in the 11th century, they
pushed the technology to its limits. By
constructing many varieties of drilling
and Þshing tools and by increasing the
size of the drilling and hoisting ma-
chinery, they managed to tap rich de-
posits of brine and natural gas in deep
strata. Whereas in the 16th century the
Sichuanese drilled as deep as 300 me-
ters, their descendants achieved a depth
of about 500 meters, in the 18th cen-
tury, and nearly 800 meters, in the ear-
ly 19th. The famous Xinhai well, which
reached the astounding depth of one
kilometer, was constructed in 1835. In
contrast, during the 1820s European
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BAMBOO TUBES were used to hoist brine from deep wells. A valve that had been
installed at the bottom of the tube would open as the tube was pushed into the
brine and would close again as the tube was removed.
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workers drilled down 370 meters, and
in 1842 the German engineer C. G. Kind
built the deepest borehole well outside
of China; it measured only 535 meters.

The deep borehole wells of Ziliujing
had two major advantages over the
shallower wells in the area. First, where-
as the salinity of the brine was rarely
10 percent at depths less than 300 me-
ters, it rose to 18 percent at depths
greater than 800 meters. Second, a nat-
ural-gas well of the mid-18th century
typically yielded only enough gas for
one or two burners, but the deep, pros-
perous wells of the 19th century could
supply several hundred burners. As the
Sichuanese of Ziliujing continued to in-
crease the depth and number of wells,
they increased the production of salt
and natural gas considerably. Before the
1720s the annual output of the Sichuan
salt industry was about 35,000 tons, yet
by 1900 yearly production had grown
by a factor of nine.

A
lthough the salt industry in Sich-
uan was in many respects one
of the most sophisticated enter-

prises in China, it never succeeded in
dominating the Chinese salt industry. In
the middle of the 19th century the Sich-
uanese of Ziliujing were spending 3,000
kilograms of monetary silver to set up
each salt well, and their salt therefore
had diÛculty competing with that pro-
duced by less expensive techniques. The
wells were economical only in the re-
mote province of Sichuan, where drilling
for salt was cheaper than importing it.
Thus, Sichuan deep-drilling techniques
never spread to other provinces.

Although the Europeans apparent-
ly developed methods for deep drill-
ing independently of the Chinese, they
eventually discovered and adopted the
Sichuan technique, which was known
as Chinese rope drilling. The earliest
European description of Sichuan deep
drilling appears in Martino MartiniÕs No-

vus Atlas Sinensis, published in 1655.
MartiniÕs report was inaccurate in many
respects, however, and it was for the
most part ignored.

European engineers did not take a
great interest in Sichuan deep drill-
ing until the 1820s, when they learned
of the boreholes of Ziliujing through
the letters of a French missionary,
L.J.M. Imbert. The missionary gave 
a rather detailed report of how the
Sichuanese extracted brine and natu-
ral gas by drilling to depths of 800 me-
ters and moreÑa feat many Europe-

ans doubted anyone could accomplish.
Nevertheless, Europeans made many

attempts to emulate the Chinese cable
drilling and, in the 1840s, managed to
reach depths of 100 meters. The main
reason for their limited success was that
they used rope instead of the stronger
and more elastic bamboo cable. Euro-
pean and American engineers eventual-
ly improved on the Sichuan methods
by replacing the ropes with iron cables,
by incorporating jars into the drilling
line and by powering the apparatus with
steam engines. Despite these advances,
Europeans favored percussion drilling
with solid rods; Americans, on the other
hand, found the cable method very use-
ful, particularly in Pennsylvania and
California.

Historians are still Þlling in many of
the details about deep drilling and the

salt industry in ancient China. Ironi-
cally, in 1984 when Joseph Needham
asked me to revise a chapter on the
salt industry in China for his monu-
mental work Science and Civilisation in
China, I thought it would be a simple
and short project. As I uncovered a
vast amount of information, the chap-
ter turned into a book. Nine years later
I am just putting the Þnal touches on
the manuscript.
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XINHAI WELL, which reaches a depth of
one kilometer, was by far the deepest in
the world when it was drilled in 1835.

FURTHER READING
SALT AND CIVILIZATION. Samuel A. M.
Adshead. Macmillan, 1992.

SALT PRODUCTION TECHNIQUES IN AN-
CIENT CHINA: THE AOBO TU. Yoshida
Tora. Translated and revised by Hans
Ulrich Vogel. E. J. Brill, 1993.
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TRENDS IN BEHAVIORAL GENETICS

EUGENICS REVISITED
by John Horgan, senior writer
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Scientists are linking genes
to a host of complex human disorders

and traits, but just how valid—
and useful—are these findings?

H
ow to Tell If Your ChildÕs a Serial Killer!Ó That was the
sound bite with which the television show Donahue
sought to entice listeners February 25. On the pro-

gram, a psychiatrist from the Rochester, N.Y., area noted that
some men are born with not one Y chromosome but two.
Double-Y men, the psychiatrist said, are Òat special risk for
antisocial, violent behavior.Ó In fact, the psychiatrist had re-
cently studied such a man. Although he had grown up in a
ÒNorman RockwellÓ setting, as an adult he had strangled at
least 11 women and two children.

ÒIt is not hysterical or overstating it,Ó Phil Donahue told his
horriÞed audience, Òto say that we are moving toward the
time when, quite literally, just as we can anticipate. . .genetic
predispositions toward various physical diseases, we will
also be able to pinpoint mental disorders which include ag-
gression, antisocial behavior and the possibility of very seri-
ous criminal activity later on.Ó

Eugenics is back in fashion. The message that genetics can
explain, predict and even modify human behavior for the
betterment of society is promulgated not just on sensational-
istic talk shows but by our most prominent scientists. James
D. Watson, co-discoverer of the double-helix structure of DNA
and former head of the Human Genome Project, the massive
eÝort to map our entire genetic endowment, said recently,
ÒWe used to think that our fate was in our stars. Now we
know, in large part, that our fate is in our genes.Ó

Daniel E. Koshland, Jr., a biologist at the University of Cali-
fornia at Berkeley and editor of Science, the most inßuential
peer-reviewed journal in the U.S., has declared in an editorial
that the nature/nurture debate is Òbasically over,Ó since sci-
entists have shown that genes inßuence many aspects of hu-
man behavior. He has also contended that genetic research
may help eliminate societyÕs most intractable problems, in-
cluding drug abuse, homelessness and, yes, violent crime.

Some studies cited to back this claim are remarkably simi-
lar to those conducted over a century ago by scientists such
as Francis Galton, known as the father of eugenics. Just as
the British polymath studied identical twins in order to show
that Ònature prevails enormously over nurture,Ó so do mod-
ern researchers. But the primary reason behind the revival
of eugenics is the astonishing successes of biologists in map-
ping and manipulating the human genome. Over the past
decade, investigators have identiÞed genes underlying such

NATURE OR NURTURE? Identical twins Paula and Nina Sossen were
brought up together and share the same genes. Yet Paula (right), a grad-
uate student at the University of Michigan, is heterosexual ; Nina, a graph-
ic designer in Madison, Wis., is a lesbian.
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crippling diseases as cystic Þbrosis, mus-
cular dystrophy and, this past spring,
HuntingtonÕs disease. Given these ad-
vances, researchers say, it is only a mat-
ter of time before they can lay bare the
genetic foundation of much more com-
plex traits and disorders.

The political base for eugenics has
also become considerably broader in re-
cent years. Spokespersons for the men-
tally ill believe demonstrating the genet-
ic basis of disorders such as schizophre-
nia and manic depressionÑand even
alcoholism and drug addictionÑwill
lead not only to better diagnoses and
treatments but also to more compas-
sion toward suÝerers and their fami-
lies. Some homosexuals believe society
will become more tolerant toward them
if it can be shown that sexual orienta-
tion is an innate, biological condition
and not a matter of choice.

But critics contend that no good can
come of bad science. Far from moving
inexorably closer to its goals, they point
out, the Þeld of behavioral genetics is
mired in the same problems that have
always plagued it. Behavioral traits are
extraordinarily diÛcult to deÞne, and
practically every claim of a genetic ba-
sis can also be explained as an environ-
mental eÝect. ÒThis has been a huge
enterprise, and for the most part the

work has been done shoddily. Even
careful people get sucked into misin-
terpreting data,Ó says Jonathan Beck-
with, a geneticist at Harvard University.
He adds, ÒThere are social consequenc-
es to this.Ó

The skeptics also accuse the media
of having created an unrealistically op-
timistic view of the Þeld. Richard C.
Lewontin, a biologist at Harvard and a
prominent critic of behavioral genetics,
contends that the media generally give
much more prominent coverage to dra-
matic reportsÑsuch as the discovery
of an Òalcoholism geneÓÑthan to con-
tradictory results or retractions. ÒSkepti-
cism doesnÕt make the news,Ó Lewontin
says. ÒIt only makes the news when you
Þnd a gene.Ó The result is that spurious
Þndings often become accepted by the
public and even by so-called experts.

The claim that men with an extra Y
chromosome are predisposed toward
violence is a case in point. It stems
from a survey in the 1960s that found
more extra-Y men in prison than in the
general population. Some researchers
hypothesized that since the Y chromo-
some confers male attributes, men with
an extra Y become hyperaggressive Òsu-
permales.Ó Follow-up studies indicated
that while extra-Y men tend to be taller
than other men and score slightly low-

er on intelligence tests, they are oth-
erwise normal. The National Academy
of Sciences concluded in a report pub-
lished this year that there is no evidence
to support the link between the extra Y
chromosome and violent behavior.

Minnesota Twins

No research in behavioral genetics
has been more eagerly embraced by
the press than the identical-twin stud-
ies done at the University of Minneso-
ta. Thomas J. Bouchard, Jr., a psycholo-
gist, initiated them in the late 1970s,
and since then they have been featured
in the Washington Post, Newsweek, the
New York Times and other publications
worldwide as well as on television. Sci-

ence has favorably described the Min-
nesota teamÕs work in several news
stories and in 1990 published a major
article by the group.

The workers have studied more than
50 pairs of identical twins who were
separated shortly after birth and raised
in diÝerent households. The assump-
tion is that any diÝerences between
identical twins, who share all each oth-
erÕs genes, are caused by the environ-
ment; similarities are attributed to their
shared genes. The group estimates the
relative contribution of genes to a giv-
en trait in a term called Òheritability.Ó A
trait that stems entirely from genes,
such as eye color, is deÞned as 100 per-
cent heritable. Height is 90 percent her-
itable; that is, 90 percent of the variation
in height is accounted for by genetic
variation, and the other 10 percent is
accounted for by diet and other envi-
ronmental factors.

The Minnesota group has reported
Þnding a strong genetic contribution to
practically all the traits it has examined.
Whereas most previous studies have es-
timated the heritability of intelligence
(as deÞned by performance on intelli-
gence tests) as roughly 50 percent,
Bouchard and his colleagues arrived at
a Þgure of 70 percent. They have also
found a genetic component underlying
such culturally deÞned traits as reli-
giosity, political orientation (conserva-
tive versus liberal), job satisfaction, lei-
sure-time interests and proneness to
divorce. In fact, the group concluded in
Science, ÒOn multiple measures of per-
sonality and temperament. . .monozy-
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ÒEERIEÓ PARALLELS between identical
twins raised apartÑsuch as Jerry Levey
(left) and Mark Newman, who both be-
came ÞreÞghtersÑare said to support
genetic models of human behavior. Yet
skeptics say the signiÞcance of such co-
incidences has been exaggerated.
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gotic twins reared apart are about as
similar as are monozygotic twins reared
together.Ó (Identical twins are called
monozygotic because they stem from a
single fertilized egg, or zygote.)

The researchers have buttressed their
statistical Þndings with anecdotes about
Òeerie,Ó ÒbewitchingÓ and ÒremarkableÓ
parallels between reunited twins. One
case involved Oskar, who was raised as
a Nazi in Czechoslovakia, and Jack, who
was raised as a Jew in Trinidad. Both
were reportedly wearing shirts with
epaulets when they were reunited by the
Minnesota group in 1979. They also
both ßushed the toilet before as well as
after using it and enjoyed deliberately
sneezing to startle people in elevators.

Some other celebrated cases involved
two British women who wore seven rings
and named their Þrstborn sons Richard
Andrew and Andrew Richard; two men
who both had been named Jim, named
their pet dogs Toy, married women
named Linda, divorced them and re-
married women named Betty; and two
men who had become ÞreÞghters and
drank Budweiser beer.

Other twin researchers say the signif-
icance of these coincidences has been
greatly exaggerated. Richard J. Rose of
Indiana University, who is collaborating
on a study of 16,000 pairs of twins in
Finland, points out that Òif you bring
together strangers who were born on
the same day in the same country and
ask them to Þnd similarities between
them, you may Þnd a lot of seemingly
astounding coincidences.Ó

RoseÕs collaborator, Jaakko Kaprio of
the University of Helsinki, notes that the
Minnesota twin studies may also be bi-
ased by their selection method. Whereas
he and Rose gather data by combing
birth registries and sending question-
naires to those identiÞed as twins, the
Minnesota group relies heavily on me-
dia coverage to recruit new twins. The
twins then come to Minnesota for a
week of studyÑand, often, further pub-
licity. Twins who are Òinterested in pub-
licity and willing to support it,Ó Kaprio
says, may be atypical. This self-selec-
tion eÝect, he adds, may explain why
the Bouchard groupÕs estimates of her-
itability tend to be higher than those of
other studies.

One of the most outspoken critics of
the Minnesota twin studiesÑand indeed
all twin studies indicating high herita-
bility of behavioral traitsÑis Leon J. 
Kamin, a psychologist at Northeastern
University. In the 1970s Kamin helped
to expose inconsistencies and possible
fraud in studies of separated identical
twins conducted by the British psychol-
ogist Cyril Burt during the previous two
decades. BurtÕs conclusion that intelli-

gence was mostly inherited had inspired
various observers, notably Arthur R.
Jensen, a psychologist at the University
of California at Berkeley, to argue that
socioeconomic stratiÞcation in the U.S.
is largely a genetic phenomenon.

In his investigations of other twin
studies, Kamin has shown that identi-
cal twins supposedly raised apart are
often raised by members of their fami-
ly or by unrelated families in the same
neighborhood; some twins had exten-
sive contact with each other while grow-
ing up. Kamin suspects the same may
be true of some Minnesota twins. He
notes, for example, that some news ac-
counts suggested Oskar and Jack (the
Nazi and the Jew) and the two British
women wearing seven rings were re-
united for the Þrst time when they ar-
rived in Minnesota to be studied by
Bouchard. Actually, both pairs of twins
had met previously. Kamin has repeat-
edly asked the Minnesota group for de-
tailed case histories of its twins to de-
termine whether it has underestimated
contact and similarities in upbringing.
ÒTheyÕve never responded,Ó he says.

Kamin proposes that the Minnesota

twins have particularly strong motives
to downplay previous contacts and to
exaggerate their similarities. They might
want to please researchers, to attract
more attention from the media or even
to make money. In fact, some twins ac-
quired agents and were paid for appear-
ances on television. Jack and Oskar re-
cently sold their life story to a Þlm pro-
ducer in Los Angeles (who says Robert
Duvall is interested in the roles).

Even the Minnesota researchers cau-
tion against overinterpretation of their
work. They agree with their critics that
high heritability should not be equated
with inevitability, since the environment
can still drastically aÝect the expres-
sion of a gene. For example, the genetic
disease phenylketonuria, which causes
profound retardation, has a heritability
of 100 percent. Yet eliminating the ami-
no acid phenylalanine from the diet of
aÝected persons prevents retardation
from occurring.

Such warnings tend to be minimized
in media coverage, however. Writers of-
ten make the same inference that Kosh-
land did in an editorial in Science: ÒBet-
ter schools, a better environment, bet-
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CRIME: Family, twin and adoption studies have suggested a heritability of 0
to more than 50 percent for predisposition to crime. (Heritability represents
the degree to which a trait stems from genetic factors.) In the 1960s re-
searchers reported an association between an extra Y chromosome and vio-
lent crime in males. Follow-up studies found that association to be spurious.

MANIC DEPRESSION: Twin and family studies indicate heritability of 60 to
80 percent for susceptibility to manic depression. In 1987 two groups re-
ported locating different genes linked to manic depression, one in Amish
families and the other in Israeli families. Both reports have been retracted.

SCHIZOPHRENIA: Twin studies show heritability of 40 to 90 percent. In
1988 a group reported finding a gene linked to schizophrenia in British and
Icelandic families. Other studies documented no linkage, and the initial
claim has now been retracted.

ALCOHOLISM: Twin and adoption studies suggest heritability ranging from
0 to 60 percent. In 1990 a group claimed to link a gene—one that produces
a receptor for the neurotransmitter dopamine—with alcoholism. A recent re-
view of the evidence concluded it does not support a link.

INTELLIGENCE: Twin and adoption studies show a heritability of perfor-
mance on intelligence tests of 20 to 80 percent. One group recently un-
veiled preliminary evidence for genetic markers for high intelligence (an IQ
of 130 or higher). The study is unpublished.

HOMOSEXUALITY: In 1991 a researcher cited anatomic differences be-
tween the brains of heterosexual and homosexual males. Two recent twin
studies have found a heritability of roughly 50 percent for predisposition to
male or female homosexuality. These reports have been disputed. Another
group claims to have preliminary evidence of genes linked to male homo-
sexuality. The data have not been published.

Behavioral Genetics: A Lack-of-Progress Report
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ter counseling and better rehabilitation
will help some individuals but not all.Ó
The prime minister of Singapore appar-
ently reached the same conclusion. A
decade ago he cited popular accounts
of the Minnesota research in defending
policies that encouraged middle-class
Singaporeans to bear children and dis-
couraged childbearing by the poor.

Smart Genes

Twin studies, of course, do not indi-
cate which speciÞc genes contribute to
a trait. Early in the 1980s scientists be-
gan developing powerful ways to un-
earth that information. The techniques
stem from the fact that certain stretches
of human DNA, called polymorphisms,
vary in a predictable way. If a polymor-
phism is consistently inherited togeth-
er with a given traitÑblue eyes, for ex-
ampleÑthen geneticists assume it ei-
ther lies near a gene for that trait or
actually is the gene. A polymorphism
that merely lies near a gene is known
as a marker.

In so-called linkage studies, investi-
gators search for polymorphisms co-in-
herited with a trait in families unusual-
ly prone to the trait. In 1983 research-
ers used this method to Þnd a marker
linked to HuntingtonÕs disease, a crip-
pling neurological disorder that usually
strikes carriers in middle age and kills
them within 10 years. Since then, the
same technique has pinpointed genes
for cystic Þbrosis, muscular dystrophy
and other diseases. In association stud-
ies, researchers compare the relative
frequency of polymorphisms in two
unrelated populations, one with the trait
and one lacking it.

Workers are already using both meth-
ods to search for polymorphisms asso-
ciated with intelligence, deÞned as the
ability to score well on standardized in-
telligence tests. In 1991 Shelley D. Smith
of the Boys Town National Institute for
Communication Disorders in Children,
in Omaha, and David W. Fulker of the
University of Colorado identiÞed poly-
morphisms associated with dyslexia in a
linkage study of 19 families exhibiting
high incidence of the reading disorder.

Two years ago Robert Plomin, a psy-
chologist at Pennsylvania State Univer-
sity who has long been active in behav-
ioral genetics, received a $600,000 grant
from the National Institute of Child
Health and Human Development to
search for genes linked to high intelli-
gence. Plomin is using the association
method, which he says is more suited
than the linkage technique to identify-
ing genes whose contribution to a trait
is relatively small. Plomin is studying a
group of 64 schoolchildren 12 to 13

years old who fall into three groups:
those who score approximately 130,
100 and 80 on intelligence tests.

Plomin has examined some 25 poly-
morphisms in each of these three
groups, trying to determine whether
any occur with greater frequency in the
ÒbrightÓ children. The polymorphisms
have been linked to genes thought to
have neurological eÝects. He has un-
covered several markers that seem to
occur more often in the highest-scoring
children. He is now seeking to replicate
his results in another group of 60 chil-
dren; half score above 142 on intelli-
gence tests, and half score less than 74
(yet have no obvious organic deÞcien-
cies). Plomin presented his preliminary
Þndings at a meeting, titled ÒOrigins
and Development of High Ability,Ó held
in London in January.

At the same meeting, however, oth-
er workers oÝered evidence that intel-
ligence tests are actually poor predic-

tors of success in business, the arts or
even advanced academic programs. In-
deed, even Plomin seems ambivalent
about the value of his research. He sug-
gests that someday genetic informa-
tion on the cognitive abilities of chil-
dren might help teachers design les-
sons that are more suited to studentsÕ
innate strengths and weaknesses.

But he also calls his approach Òa Þsh-
ing expedition,Ó given that a large num-
ber of genes may contribute to intel-
ligence. He thinks the heritability of 
intelligence is not 70 percent, as the Min-
nesota twin researchers have claimed,
but 50 percent, which is the average
Þnding of other studies, and at best he
can only Þnd a gene that accounts for a
tiny part of variance in intelligence. ÒIf
you wanted to select on the basis of
this, it would be of no use whatsoever,Ó
he remarks. These cautions did not pre-
vent the Sunday Telegraph, a London
newspaper, from announcing that Plo-
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The HuntingtonÕs Disease Saga: A Cautionary Tale

he identification of the gene for Huntington’s disease, which was announced
in March, was hailed as one of the great success stories of modern genetics.

Yet it provides some rather sobering lessons for researchers seeking genes linked
to more complex human disorders and traits.

The story begins in the late 1970s, when workers developed novel techniques
for identifying polymorphisms, sections of the human genome that come in two
or more forms. Investigators realized that by finding polymorphisms linked—
always and exclusively—to diseases, they could determine which chromosome
the gene resides in. Researchers decided to test the polymorphism technique on
Huntington’s disease, a devastating neurological disorder that affects roughly
one in 10,000 people. Scientists had known for more than a century that Hunt-
ington’s was caused by a mutant, dominant gene. If one parent has the disease,
his or her offspring have a 50 percent chance of inheriting it.

One of the leaders of the Huntington’s effort was Nancy Wexler, a neuropsy-
chologist at Columbia University whose mother had died of the disease and
who therefore has a 50 percent chance of developing it herself. She and other
researchers focused on a poor Venezuelan village whose inhabitants had an un-
usually high incidence of the disease. In 1983, through what has now become
a legendary stroke of good fortune, they found a linkage with one of the first
polymorphisms they tested. The linkage indicated that the gene for Huntington’s
disease was somewhere on chromosome 4.

The finding led quickly to a test for determining whether offspring of carriers—
either in utero or already born—have inherited the gene itself. The test requires
an analysis of blood samples from several members of a family known to carry
the disease. Wexler herself has declined to say whether she has taken the test.

Researchers assumed that they would quickly identify the actual gene in
chromosome 4 that causes Huntington’s disease. Yet it took 10 years for six
teams of workers from 10 institutions to find the gene. It is a so-called expand-
ing gene, which for unknown reasons gains base pairs (the chemical “rungs”
binding two strands of DNA) every time it is transmitted. The greater the ex-
pansion of the gene, researchers say, the earlier the onset of the disease. The
search was complicated by the fact that workers had no physical clues about
the course of the disease to guide them. Indeed, Wexler and others emphasize
that they still have no idea how the gene actually causes the disease; treat-
ments or cures may be years or decades away.

The most immediate impact of the new discovery will be the development of a
better test for Huntington’s, one that requires blood only from the person at risk

T
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min had found Òevidence that geniuses
are born not made.Ó

Evan S. Balaban, a biologist at Har-
vard, thinks PlominÕs Þshing expedition
is doomed to fail. He grants that there
may well be a signiÞcant genetic compo-
nent to intelligence (while insisting that
studies by Bouchard and others have
not demonstrated one). But he doubts
whether investigators will ever uncov-
er any speciÞc genes related to high in-
telligence or Ògenius.Ó ÒIt is very rare to
Þnd genes that have a speciÞc eÝect,Ó
he says. ÒFor evolutionary reasons, this
just doesnÕt happen very often.Ó

The history of the search for mark-
ers associated with mental illness sup-
ports BalabanÕs view. Over the past few
decades, studies of twins, families and
adoptees have convinced most investi-
gators that schizophrenia and manic
depression are not caused by psycho-
social factorsÑsuch as the notorious
Òschizophrenogenic motherÓ postulated

by some Freudian psychiatristsÑbut 
by biological and genetic factors. After
observing the dramatic success of link-
age studies in the early 1980s, research-
ers immediately began using the tech-
nique to isolate polymorphic markers
for mental illness. The potential value
of such research was enormous, given
that schizophrenia and manic depres-
sion each aÝect roughly one percent of
the global population.

They seemed to have achieved their
Þrst great success in 1987. A group led
by Janice A. Egeland of the University of
Miami School of Medicine claimed it had
linked a genetic marker on chromosome
11 to manic depression in an Amish
population. That same year another
team, led by Miron Baron of Columbia
University, linked a marker on the X
chromosome to manic depression in
three Israeli families.

The media hailed these announce-
ments as major breakthroughs. Far less

attention was paid to the retractions
that followed. A more extensive analy-
sis of the Amish in 1989 by a group
from the National Institute of Mental
Health turned up no link between chro-
mosome 11 and manic depression. This
year BaronÕs team retracted its claim of
linkage with the X chromosome after
doing a new study of its Israeli families
with more sophisticated markers and
more extensive diagnoses.

Schizophrenic Results

Studies of schizophrenia have fol-
lowed a remarkably similar course. In
1988 a group headed by Hugh M. D.
Gurling of the University College, Lon-
don, Medical School announced in Na-

ture that it had found linkage in Iceland-
ic and British families between genetic
markers on chromosome 5 and schizo-
phrenia. In the same issue, however, re-
searchers led by Kenneth K. Kidd of
Yale University reported seeing no such
linkage in a Swedish family. Although
Gurling defended his result as legiti-
mate for several years, additional re-
search has convinced him that it was
probably a false positive. ÒThe new fam-
ilies showed no linkage at all,Ó he says.

These disappointments have high-
lighted the problems involved in us-
ing linkage to study mental illness. Neil
Risch, a geneticist at Yale, points out
that linkage analysis is ideal for study-
ing diseases, such as HuntingtonÕs, that
have distinct symptoms and are caused
by a single dominant gene. Some re-
searchers had hoped that at least cer-
tain subtypes of schizophrenia or manic
depression might be single-gene disor-
ders. Single-gene mutations are thought
to cause variants of breast cancer and
of AlzheimerÕs disease that run in fam-
ilies and are manifested much earlier
than usual. But such diseases are rare,
Risch says, because natural selection
quickly winnows them out of the popu-
lation, and no evidence exists for dis-
tinct subtypes of manic depression or
schizophrenia.

Indeed, all the available evidence
suggests that schizophrenia and manic
depression are caused by at least sev-
eral genesÑeach of which may exert
only a tiny inßuenceÑacting in concert
with environmental inßuences. Finding
such genes with linkage analysis may
not be impossible, Risch says, but it
will be considerably more diÛcult than
identifying genes that have a one-to-
one correspondence to a trait. The dif-
Þculty is compounded by the fact that
the diagnosis of mental illness is often
subjectiveÑall the more so when re-
searchers are relying on family records
or recollections.
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NANCY WEXLER helped to find the gene responsible for HuntingtonÕs disease by
studying a population in Venezuela that has been ravaged by the disorder.

and not other family members. By measuring the length of the mutant gene, the
test might also predict more accurately when carriers will show symptoms.

As difficult as it was to pinpoint the gene for Huntington’s, it will be almost
infinitely harder to discover genes for behavioral disorders, says Evan S. Bala-
ban, a biologist at Harvard University. Unlike Huntington’s disease, he notes, dis-
orders such as schizophrenia and alcoholism cannot be unambiguously di-
agnosed. Furthermore, they stem not from a single dominant gene but from
many genes acting in concert with environmental effects. If researchers do find
a statistical association between certain genes and a trait, Balaban says, that
knowledge may never be translated into useful therapies or tests. “What does it
mean to have a 10 percent increased risk of alcoholism?” he asks.
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Some experts now question wheth-
er genes play a signiÞcant role in men-
tal illness. ÒPersonally, I think we have
overestimated the genetic component
of schizophrenia,Ó says E. Fuller Torrey,
a psychiatrist at St. ElizabethÕs Hospital
in Washington, D.C. He argues that the
evidence supporting genetic models can
be explained by other biological factors,
such as a virus that strikes in utero. The
pattern of incidence of schizophrenia in
families often resembles that of other
viral diseases, such as polio. ÒGenes may
just create a susceptibility to the vi-
rus,Ó Torrey explains.

The Drink Link

Even Kidd, the Yale geneticist who
has devoted his career to searching for
genes linked to mental illness, acknowl-
edges that Òin a rigorous, technical, sci-
entiÞc sense, there is very little proof
that schizophrenia, manic depressionÓ
and other psychiatric disorders have a
genetic origin. ÒVirtually all the evidence
supports a genetic explanation, but
there are always other explanations,
even if they are convoluted.Ó

The evidence for a genetic basis for
alcoholism is even more tentative than
that for manic depression and schizo-
phrenia. Although some studies dis-
cern a genetic component, especially in
males, others have reached the oppo-
site conclusion. Gurling, the University
College investigator, found a decade ago
that identical twins were slightly more

likely to be discordant for alcoholism
than fraternal twins. The drinking hab-
its of some identical twins were strik-

ingly diÝerent. ÒIn some cases, one
drank a few bottles a day, and the oth-
er didnÕt drink at all,Ó Gurling says.

Nevertheless, in 1990 a group led by
Kenneth Blum of the University of Tex-
as Health Science Center at San Antonio
announced it had discovered a genetic
marker for alcoholism in an association
study comparing 35 alcoholics with a
control group of 35 nonalcoholics. A
page-one story in the New York Times

portrayed the research as a potential
watershed in the diagnosis and treat-
ment of alcoholism without mention-
ing the considerable skepticism aroused
among other researchers.

The Blum group claimed that its
marker, called the A1 allele, was associ-
ated with a gene, called the D2 gene,
that codes for a receptor for the neuro-
transmitter dopamine. Skeptics noted
that the A1 allele was actually some
10,000 base pairs from the dopamine-
receptor gene and was not linked to any
detectable variation in its expression.

Since the initial announcement by
Blum, three papers, including an addi-
tional one by BlumÕs group, have pre-
sented more evidence of an association
between the A1 allele and alcoholism.
Six groups have found no such evi-
dence (and received virtually no men-
tion in the popular media).

In April, Risch and Joel Gelernter of
Yale and David Goldman of the Nation-
al Institute on Alcohol Abuse and Alco-
holism analyzed all these studies on the
A1 allele in a paper in the Journal of the

American Medical Association. They not-
ed that if BlumÕs two studies are cast
aside, the balance of the results shows

no association between the D2 recep-
tor and alcoholism, either in the disor-
derÕs milder or most severe forms. ÒWe
therefore conclude that no physiolog-
ically signiÞcant associationÓ between
the A1 allele and alcoholism has been
proved, the group stated. ÒItÕs a dead
issue,Ó Risch says.

Gelernter and his colleagues point
out that association studies are prone
to spurious results if not properly con-
trolled. They suggest that the positive
Þndings of Blum and his colleagues may
have derived from a failure to control
for ethnic variation. The limited surveys
done so far have shown that the inci-
dence of the A1 allele varies wildly in
diÝerent ethnic groups, ranging from
10 percent in certain Jewish groups to
about 50 percent in Japanese.

Blum insists that the ethnic data, far
from undermining his case, support it,
since those groups with the highest prev-
alence of the A1 allele also exhibit the
highest rates of Òaddictive behavior.Ó He
contends that the only reason the Jap-
anese do not display higher rates of al-
coholism is that many also carry a gene
that prevents them from metabolizing
alcohol. ÒTheyÕre pretty compulsive,Ó ex-
plains Blum, who recently obtained a
patent for a genetic test for alcoholism.

These arguments have been rejected
even by Irving I. Gottesman of the Uni-
versity of Virginia, who is a strong de-
fender of genetic models of human be-
havior. He considers the papers cited by
Blum to support his case to be ambig-
uous and even contradictory. Some see
an association only with alcoholism
that leads to medical complications or
even death; others discern no associ-
ation with alcoholism but only with
Òpolysubstance abuse,Ó including ciga-
rette smoking. ÒI think it is by and large
garbage,Ó Gottesman says of the al-
leged A1-alcoholism link.

By far the most controversial area of
behavioral genetics is research on crime.
Last fall complaints by civil-rights lead-
ers and others led the National Insti-
tutes of Health to withdraw its funding
from a meeting entitled ÒGenetic Fac-
tors in Crime: Findings, Uses and Impli-
cations.Ó The conference brochure had
noted the Òapparent failure of environ-
mental approaches to crimeÓ and sug-
gested that genetic research might yield
methods for identifying and treating po-
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BRAIN OF SCHIZOPHRENIC (right) ap-
pears diÝerent from the brain of his
identical twin in these magnetic reso-
nance images. Such Þndings suggest
that factors that are biological but not
geneticÑsuch as virusesÑmay play a
signiÞcant role in mental illness.
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tential criminalsÑand particularly those
prone to violenceÑat an early age.

Critics contend that such investiga-
tions inevitably suggest that blacks are
predisposed to crime, given that blacks
in the U.S. are six times more likely
than whites to be arrested for a violent
crime. In fact, some prominent scien-

tists, notably Richard J. Herrnstein, a
psychologist at Harvard, have made
this assertion. Others reject this view
but insist biological research on attri-
butes linked to violent crime, such as
aggression, may still have some value.
ÒPeople who are unwilling to address
genetic and biochemical factors are

just putting their heads in the sand,Ó
says Goldman, the alcoholism expert. ÒIt
is not fair to say that just because there
have been geneticists who have had a
very narrow view of this in the past, we
shouldnÕt explore this now.Ó

In fact, investigations of the biology
of violent crime continue, albeit quiet-
ly. Workers at City of Hope Hospital in
Duarte, Calif., claim to have found an
association between the A1 alleleÑthe
alleged alcoholism markerÑand Òcrim-
inal aggression.Ó Last year a group led
by Markus J. P. Kruesi of the University
of Illinois at Chicago presented evidence
of an association between low levels of
the neurotransmitter serotonin and dis-
ruptive-behavior disorders in children.
Kruesi concedes there is no way to de-
termine whether the serotonin levels
are genetically inßuenced. In fact, the
serotonin levels might be an eÝectÑa
reaction to an environmental traumaÑ
rather than a cause. ÒThis might be a
scar marker,Ó he says.

One reason such research persists 
is that studies of families, twins and
adoptees have suggested a genetic com-
ponent to crime. Glenn D. Walters, a
psychologist at the Federal Correction-
al Institution in Schuylkill, Pa., recently
reviewed 38 of these studies, conduct-
ed from the 1930s to the present, in
the journal Criminology. His meta-anal-
ysis turned up a small genetic eÝect,
Òbut nothing to get excited about.Ó He
observes that Òa lot of the research has
not been very goodÓ and that the more
recent, better-designed studies tended
to turn up less evidence. ÒI donÕt think
we will Þnd any biological markers for
crime,Ó he says. ÒWe should put our re-
sources elsewhere.Ó

Gay Genes

The ostensible purpose of investiga-
tions of mental illness, alcoholism and
even crime is to reduce their incidence.
Scientists studying homosexuality have
a diÝerent goal: simply to test whether
homosexuality is innate, as many homo-
sexuals have long professed. That claim
was advanced by a report in Science in
1991 by Simon LeVay of the Salk Insti-
tute for Biological Studies in San Diego.
LeVay has acknowledged both that he
is gay and that he believes evidence of
biological diÝerences between homo-
sexuals and heterosexuals will encour-
age tolerance toward gays.

LeVay, who recently left the Salk In-
stitute to found the Institute of Gay
and Lesbian Education, focused on a
tiny neural structure in the hypothal-
amus, a region of the brain known to
control sexual response. He measured
this structure, called the interstitial nu-
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airly or not, modern genetics research is still haunted by the history of
eugenics. “It offers a lot of cautionary lessons,” says Daniel J. Kevles, a

historian at the California Institute of Technology, who wrote the 1985 book
In the Name of Eugenics. The British scientist Francis Galton, cousin to Charles
Darwin, first proposed that human society could be improved “through bet-
ter breeding” in 1865 in an article entitled “Hereditary Talent and Character.”
He coined the term “eugenics,” from the Greek for “good birth,” in 1883.

Galton’s proposal had broad appeal. The American sexual libertarian John
Humphrey Noyes bent eugenics into an ingenious argument for polygamy.
“While the good man will be limited by his conscience to what the law al-
lows,” Noyes said, “the bad man, free from moral check, will distribute his
seed beyond the legal limit.”

A more serious advocate was the biologist Charles B. Davenport, founder
of Cold Spring Harbor Laboratory and of the Eugenics Record Office, which
gathered information on thousands of American families for genetic re-
search. After demonstrating the heritability of eye, skin and hair color, Dav-
enport went on to “prove” the heritability of traits such as “pauperism,”
criminality and “feeble-mindedness.” In one monograph, published in 1919,
he asserted that the ability to be a naval officer is an inherited trait, com-
posed of subtraits for thalassophilia, or love of the sea, and hyperkineti-
cism, or wanderlust. Noting the paucity of female naval officers, Davenport
concluded that the trait is unique to males.

Beginning in the 1920s the American Eugenics Society, founded by Dav-
enport and others, sponsored “Fitter Families Contests” at state fairs around
the U.S. Just as cows and sheep were appraised by judges at the fairs, so
were human entrants (such as the family shown above at the 1925 Texas
State Fair). Less amusingly, eugenicists helped to persuade more than 20
U.S. states to authorize sterilization of men and women in prisons and
mental hospitals, and they urged the federal government to restrict the im-
migration of “undesirable” races.

No nation, of course, practiced eugenics as enthusiastically as Nazi Ger-
many, whose program culminated in “euthanasia” (“good death”) of the
mentally and physically disabled as well as Jews, Gypsies, Catholics and
others. As revelations of these atrocities spread after World War II, popular
support for eugenics programs waned in the U.S. and elsewhere.

F

ÒBetter BreedingÓ
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cleus, in autopsies of the brains of 
19 homosexual males, 16 heterosexual
males and six heterosexual women.
LeVay found that the interstitial nucle-
us was almost twice as large in the het-
erosexual males as in the homosexual
males or in the women. He postulated
that the interstitial nucleus Òis large in
individuals oriented toward womenÓÑ
whether male or female.

Of course, LeVayÕs Þnding only ad-
dresses anatomic diÝerences, not nec-
essarily genetic ones. Various other re-
searchers have tried to establish that
homosexuality is not just biological in
its originÑcaused, perhaps, by hormon-
al inßuences in uteroÑbut also genetic.
Some have sought evidence in experi-
ments with rats and other animals. A
group headed by Angela Pattatucci of
the National Cancer Institute is studying
a strain of male fruit ßiesÑwhich wags
have dubbed either ÒfruityÓ or Òfruit-
lessÓÑthat court other males.

In December 1991 J. Michael Bailey of
Northwestern University and Richard C.
Pillard of Boston University announced
they had uncovered evidence of a genet-
ic basis for male homosexuality in hu-
mans. They studied 161 gay men, each
of whom had at least one identical or
fraternal twin or adopted brother. The
researchers determined that 52 per-
cent of the identical twins were both
homosexual, as compared with 22 per-
cent of the fraternal twins and 11 per-
cent of the adopted brothers.

Bailey and Pillard derived similar re-
sults in a study of lesbians published
this year in the Archives of General Psy-

chiatry. They compared 147 gay wom-
en with identical or fraternal twins or
adopted sisters: 48 percent of the iden-
tical twins were both gay, versus 16 per-
cent of the fraternal twins (who share
only half each otherÕs genes) and 6 per-
cent of the adopted sisters. ÒBoth male
and female sexual orientation appeared
to be inßuenced by genetic factors,Ó Bai-
ley and Pillard concluded.

This conclusion has disturbed some
of Bailey and PillardÕs own subjects. ÒI
have major questions about the validi-
ty of some of the assumptions they are
making,Ó says Nina Sossen, a gay wom-
an living in Madison, Wis., whose iden-
tical twin is heterosexual. Her doubts
are shared by William Byne, a psychia-
trist at Columbia University. He notes
that in their study of male homosexu-
ality Bailey and Pillard found more con-
cordance between unrelated, adopted
brothers than related (but non-twin)
brothers. The high concordance of the
male and female identical twins, more-
over, may stem from the fact that such
twins are often dressed alike and treat-
ed alikeÑindeed, they are often mis-

taken for each otherÑby family mem-
bers as well as by others.

ÒThe increased concordance for ho-
mosexuality among the identical twins
could be entirely accounted for by the
increased similarity of their develop-
mental experiences,Ó Byne says. ÒIn my
opinion, the major Þnding of that study
is that 48 percent of identical twins who
were reared together were discordant
for sexual orientation.Ó

Byne also criticizes LeVayÕs conclu-
sion that homosexuality must be bio-
logicalÑalthough not necessarily genet-
icÑbecause the brains of male homo-
sexuals resemble the brains of women.
That assumption, Byne points out, rests
on still another assumption, that there
are signiÞcant anatomic diÝerences be-
tween heterosexual male and female
brains. But to date, there have been no
replicable studies showing such sexu-
al dimorphism.

Byne notes that he has been suspect-
ed of having an antigay motive. Two re-
viewers of an article he recently wrote
criticizing homosexuality research ac-
cused him of having a Òright-wing agen-
da,Ó he says. He has also been contact-
ed by conservative groups hoping he
will speak out against the admittance
of homosexuals to the military. He em-
phasizes that he supports gay rights
and thinks homosexuality, whatever its
cause, is not a Òchoice.Ó He adds that
genetic models of behavior are just as
likely to foment bigotry as to quell it.

ÒHierarchy of WorthlessnessÓ

Despite the skepticism of Byne and
others, at least one group, led by Dean
Hamer of the National Cancer Institute,
is searching not merely for anatomic or
biochemical diÝerences in homosexu-
als but for genetic markers. Hamer has
done a linkage study of numerous small
families, each of which has at least two
gay brothers. He says his study has
turned up some tentative Þndings, and
he plans to submit his results soon.
HamerÕs colleague Pattatucci is plan-
ning a similar study of lesbians.

What purpose will be served by pin-
pointing genes linked to homosexuali-
ty? In an information sheet for prospec-
tive participants in his study, Hamer
expresses the hope that his research
may Òimprove understanding between
people with diÝerent sexual orienta-
tions.Ó He adds, ÒThis study is not aimed
at developing methods to alter either
heterosexual or homosexual orientation,
and the results of the study will not al-
low sexual orientation to be determined
by a blood test or amniocentesis.Ó

Yet even Pillard, who is gay and ap-
plauds HamerÕs work, admits to some

concern over the potential uses of a 
genetic marker for homosexuality. He
notes that some parents might choose
to abort embryos carrying such a mark-
er. Male and female homosexuals might
then retaliate, he says, by conceiving
children and aborting fetuses that
lacked such a gene.

Balaban, the Harvard biologist, thinks
the possible dangers of such researchÑ
assuming it is successfulÑoutweigh any
beneÞts. Indeed, he sees behavioral ge-
netics as a Òhierarchy of worthless-
ness,Ó with twin studies at the bottom
and linkage studies of mental illness at
the top. The best researchers can hope
for is to Þnd, say, a gene associated with
a slightly elevated risk of schizophrenia.
Such information is more likely to lead
to discrimination by insurance compa-
nies and employers than to therapeutic
beneÞts, Balaban warns.

His colleague Lewontin agrees. In the
1970s, he recalls, insurance companies
began requiring black customers to take
tests for sickle cell anemia, a genetic
disease that primarily aÝects blacks.
Those who refused to take the test or
who tested positive were denied cover-
age. ÒI feel that this research is a sub-
stitute for what is really hardÑÞnding
out how to change social conditions,Ó
Lewontin remarks. ÒI think itÕs the
wrong direction for research, given that
we have a Þnite amount of resources.Ó

Paul R. Billings, a geneticist at the
California PaciÞc Medical Center, shares
some of these concerns. He agrees that
twin studies seem to be inherently
ambiguous, and he urges researchers
seeking markers for homosexuality to
consider what a conservative govern-
mentÑled by Patrick Buchanan, for ex-
ampleÑmight allow to be done with
such information. But he believes some
aspects of behavioral genetics, partic-
ularly searches for genes underlying
mental illness, are worth pursuing.

In an article published in the British
journal Social Science and Medicine last
year, Billings and two other scientists
offered some constructive criticism for
the Þeld. Researchers engaged in asso-
ciation and linkage studies should es-
tablish Òstrict criteria as to what would
constitute meaningful data.Ó Both scien-
tists and the press should emphasize
the limitations of such studies, Òespe-
cially when the mechanism of how a
gene acts on a behavior is not known.Ó
Billings and his colleagues strive to end
their article on a positive note. ÒDespite
the shortcomings of other studies,Ó they
say, Òthere is relatively good evidence
for a site on the X chromosome which
is associated with [manic depression]
in some families.Ó This Þnding was re-
tracted earlier this year.
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SCIENCE AND BUSINESS

A
nationÕs identity is tied as much
to its food as to its ßag. So a
note of irony sounded through

the tragedy precipitated this past win-
ter by the consumption of that icon of
youthful Americana, the hamburger.
Hundreds of people who had eaten at a
fast-food chain in Washington and other
states contracted a gastrointestinal ill-
ness caused by a bacterium, Escherich-

ia coli 0157:H7Ñtwo died.
The outbreak, one of the Þrst cri-

ses for the Clinton administration, un-
derlined the serious deÞciencies in the
current system of food inspection. And
it demonstrated how harmful microbes,
not residues of hazardous chemicals
and pesticides, pose the greatest threat
to the nationÕs food supply. ÒIf you
rank the publicÕs safety concerns and
those of the experts, theyÕre just back-
wards from each other,Ó says Robert L.
Buchanan, a research leader for the U.S.
Department of AgricultureÕs Agricul-
tural Research Service. 

E. coli 0157: H7 is a variant of the
normal gut bacteria that was awarded
the status of human pathogen by the
Centers for Disease Control only in
1982, when it caused outbreaks of gas-
trointestinal illness in Michigan and
Oregon. The afßiction ranges in sever-
ity. The bacterium may produce no
symptoms at one end of the spectrum.
Or it may cause bloody diarrhea with
complications resulting in kidney fail-
ure and death. It can also be transmit-
ted through human contact. Two other
individuals who died in the recent out-
break did not eat any hamburger but
are believed to have contracted the dis-
ease from secondary infections. 

The virulent ÒH7Ó joins an expanding
list of bugs that trigger illness. The Na-
tional Academy of SciencesÕs Institute
of Medicine reported last year that the
number of known pathogens carried in
food tripled during the past 20 years,
in part because of improved methods of
identiÞcation. Eliminating microbes on
the farm or in a meat plant requires
seeking out not just E. coli but Listeria,

Salmonella, Campylobacter and a slew
of other microorganisms.

That is exactly what the USDA says it

wants to do. Less than two months after
the outbreak, its Food Safety and In-
spection Service issued a plan that set
out the ambitious goal of instituting a
Òscience-basedÓ system of meat inspec-
tion. This Pathogen Reduction Program
pledges eÝorts to help eradicate micro-
bial contamination from Òfarm to table.Ó
It would go beyond the present proce-
dure of inspecting each and every car-
cass for disease at the slaughterhouse
by look, feel and smellÑa system set
up in 1906 after Upton Sinclair detailed
abuses in meat-packing plants in Chica-
go. Despite far-reaching goals, the plan
is short on speciÞcs. The USDA has yet
to delineate the role of its 7,500 meat
and poultry inspectors.

Neither this plan nor other USDA

documents make clear whether the de-
partment favors retraining inspectors
as food technologists who, instead of
inspecting every carcass, would focus
on microbial testing and use statistical
methods to target meat-production op-

erations that pose the highest risk. Pre-
vious eÝorts to streamline and mod-
ernize inspectorsÕ jobs led to charges by
some inspectors that the department
was trying to undercut their authority
and institute de facto deregulation.

Although the inspectorsÕ jobs remain
to be clariÞed, the new plan does en-
dorse a risk-analysis technique that was
used by Pillsbury during the 1960s to
help the National Aeronautics and Space
Administration ensure that astronautsÕ
food was kept safe. It tries to zero in on
the points in meat production where
pathogens can enter.

Updating the systemÑÞnding the crit-
ical checkpointsÑwill be tedious be-
cause no one is certain how microor-
ganisms propagate along the produc-
tion chain and how many are needed
to cause human illness. In the case of
E. coli , researchers are still trying to
identify the animals that harbor the or-
ganism and the reasons they may be
colonized by the bacterium, which does
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TRADITIONAL MEAT INSPECTION requires that a carcass be examined by look,
feel and smell. The USDA now has a program to reduce invisible pathogens in meat.

Red-Banner Burger
Toward food inspection
that assures safety
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not appear to aÝect the animalsÕ health.
ÒWe know almost nothing about it on
the farm,Ó says Dale D. Hancock, a vet-
erinary epidemiologist at Washington
State University, who tracked the bug
for the USDA in livestock, detecting it in
only 25 of 7,000 calves in 28 states.

A better understanding of E. coli

0157: H7 and other harmful microbes
may bring about measures that can 
be adopted on the farm. They include
changes in the way livestock are raised,
the novel step of vaccinating animals
for a human disease and feeding them
with bacteria that will keep the malign
E. coli from establishing itself in the in-
testinal tract, a practice known as com-
petitive exclusion.

But the research needed to implement
such a farm-based food safety program
has not thrived. Six universities that
formed the Food Animal Production
Medicine Consortium have amassed
only $800,000 in funding over four
years. ÒIt is minuscule,Ó concedes Ben-
nie I. Osburn, a professor of animal
pathology at the University of California
at Davis and a consortium director.

Scientists, regulators and industrial
food scientists want diagnostic tests for
the slaughterhouse or food processor
that would, in a matter of seconds, con-
Þrm the presence of the 20 or so most
wanted microbes at levels as low as
one bacterium per 25 grams of meat.
(It now takes up to a week to culture
enough of E. coli 0157: H7 bacteria to
get meaningful test results.) Naturally,
such tests should also cost just a few
pennies. That dream will remain in the
imagination of food scientists for some
time to come.

A number of ideas are under consid-
eration. In March, Organon Teknika, a
unit of Akzo, the Netherlands-based
conglomerate, released an immunoas-
say that uses a monoclonal antibody 
to target E. coli 0157: H7. The test still
takes a day. For nearly instantaneous re-
sults, several companies are working on
applying techniques that use enzymes
to amplify nucleic acids rapidly from E.
coli 0157:H7 and other microbesÑthe
polymerase chain reaction is one. To-
day these methods have trouble distin-
guishing between dead and live cells,
which can produce false positive results.

Even with fast, inexpensive tests, mi-
crobial evaluation will probably be no
more than a statistical check. To damp-
en any heightened expectations, the
Food Safety and Inspection Service has
warned that examining 20 percent of
beef for the most dangerous pathogens
could cost $58 billion.

Enter what is euphemistically known
as the meat pasteurizer: irradiation. A
Florida company, bearing the perhaps

unfortunate name of Vindicator, has
been training a beam of gamma rays
on fruits and vegetables. The same fa-
cility is preparing to zap chickens, a
process that received Þnal regulatory
approval last year.

The E. coli incident may mean that
red meat is next in line. The Pathogen
Reduction Program calls for assessing
the eÝectiveness of irradiation, which
could result in a petition to the Food
and Drug Administration to endorse
the process. The USDAÕs Food Safety Re-
search Unit in Philadelphia published a
study in the April issue of the Journal

of Applied Environmental Microbiology

showing that irradiation could eÝec-
tively control E. coli 0157:H7 in meats. 

At midyear, the American Meat Insti-
tute expects Þrst results of its study on
production-sized lots of irradiated meat.
James Marsden, vice president of scien-
tiÞc and technical aÝairs for the industry
group, said he attended a meeting earlier
this year at which Agriculture Secretary
Mike Espy told a group of meat execu-
tives that irradiation would be mandated
unless other means of controlling micro-
bial contamination could be found. No
single method of retarding pathogensÑ
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Is That Shirt Ascorbic Acid?

s any three-year-old will show you, wearing food is more fun than eating it.
That was not quite what Michael W. Davidson, a biophysicist from the Na-

tional High Magnetic Field Laboratory at Florida State University, had in mind in
the mid-1980s. Back then he was using photomicrography to see how DNA
crystals organize themselves in such places as sperm heads and bacteria.

Now Davidson finds his colorful and unusual images—of medicines, hor-
mones, superconductors and pesticides, to name a few—the focus of a mini-
industry. Vitamins and other images from Davidson’s laboratory will be smeared
on T-shirts, neckties and other body wear and will be available this summer—
without the laundry bill. The scientific images have already begun to work their
way onto other mass-market items, among them greeting cards, gift wrapping
and even a New Age album cover. 

The graphics are the result of improved film emulsions and camera technology
coupled to various kinds of microscope techniques. The primary technique Da-
vidson relies on is optically polarized light micrography, in which, he explains,
“the polarized light goes through, and the crystals bend the light.” The degree of
refraction and hence the resulting colors depend on the molecular orientation
and the thickness of the crystal. The method is ideal for many biological mole-
cules, including the AIDS drug zidovudine (AZT) (top left, opposite page).

For samples too thick to transmit light, Davidson uses the reflected differen-
tial interference contrast method. This technique calls for the apparatus to split
the illumination into two components. One beam bounces off the sample and

MICROSCOPIST-TURNED-ARTIST Michael W. Davidson of Florida State Univer-
sity models a T-shirt splashed with vitamin K.
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for example, washing meat with organ-
ic rinses such as acetic acidÑis as ef-
fective as irradiation, Marsden says.

Consumer acceptance of irradiation 
is still an imponderable. Food safety
groups believe more assurances are
needed on such matters as vitamin loss,
chemicals formed by the irradiation of
food and the types of regulatory pro-
cedures that should be put in place to
protect workers from radioisotopes.

Espy, a former congressman, will
have to act as arbiter on many of these
issues. He took an active part in re-
sponding to the E. coli crisis, which oc-

curred about the time he became head
of the department. The administration
wants to hire 160 new inspectors to Þll
more than a quarter of the 550 vacan-
cies. Espy also met with a group of whis-
tle-blowing inspectors, who detailed
complaints about the whittling away of
their authority.

For the moment, the nearly 100-year-
old inspection system will remain in
place, and all-American hamburger lov-
ers may have to settle for culinary ad-
vice endorsed by those as far apart on
the spectrum as the American Meat In-
stitute and Jeremy Rifkin, the consum-

er advocate and biotechnology critic.
ÒThe days of rare hamburgers are over,Ó
Rifkin railed in February, as he an-
nounced a suit being Þled against the
USDA to get a stern warning label in-
side packages of ground meat.

The USDA, for its part, is considering a
rule to mandate handling and cooking
instructions on the package. But its
seal of approval may remain, despite
the possible presence of microbial con-
tamination. Let the diner beware. Hav-
ing it your way may mean the choice of
a hamburger well done or just plain
burned. ÑGary Stix
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then recombines with the other. The
beams interfere to produce, with the
appropriate filters and prisms, a color-
ful, three-dimensional effect, such as
that of the high-temperature supercon-
ductor yttrium-barium–copper oxide
silk-screened onto an alumina substrate
(top right).

Davidson can now use his imaging
technique to create surreal artwork he
calls microscapes. For instance, his “Nu-
clear Sunrise” photograph (bottom) is
made from multiple exposures of differ-
ent compounds. The desert foreground
is ascorbic acid, the morning sky is
stretched polyethylene and the stars
(mostly obscured by the polyethylene)
are small spheres of polybenzyl-L-gluta-
mate. The rising sun is an image of the
microscope diaphragm, slightly out of
focus. Two of his microscapes have won
Davidson grand prizes in photomicros-
copy competitions sponsored by Polar-
oid, and New Age musician Richard
Burmer is using one for the cover of an
upcoming album.

Artistic recognition rarely translates
into untold wealth, but it helps with the
laboratory overhead. “About a year ago
we decided to make some money on
things that aren’t ordinarily funded,”
says Davidson, who estimates that he
sent out portfolios to more than 300
companies. His shotgun approach paid
off. Amber Lotus, a paper products com-
pany in Oakland, Calif., already mar-
kets calendars, gift wrap and greeting
cards with Davidson’s motifs. In late
July, Danskin, an apparel firm based 
in New York City, expects to introduce
T-shirts and exercise wear featuring im-
ages of vitamins. Davidson has signed
licensing agreements with several oth-
er firms as well. Florida State gets the
proceeds, so “the people in the labora-
tory are really happy,” Davidson notes. 
“We never expected it to get to this 
point.”                                   —Philip Yam M
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A
t one end of a horseshoe-shaped
bunker at Wright-Patterson Air
Force Base in Dayton, Ohio, sev-

en B-52 bomber engines churn the air
into a 500-knot wind. Downstream,
ducts guide the exhaust into a three-
story tower, where it washes over the
fuselage of an F-15, making the air-
plane behave as if it were ßying. In fact,
the Þghter jet is a sitting duck for engi-
neers Þring incendiary rounds from So-
viet-built MiG cannons at its fuel tank.
The researchers hope the aircraftÕs Þre-
control system will detect the explosion
and quench it within three milliseconds.
More often than not, they dodge great
balls of Þre.

After all, not many chemicals can ac-
complish such a feat of ÞreÞghting.
Fewer still are nontoxic, lightweight,
highly compressible, noncorrosive, non-
conductive, chemically stable, and leave
no residue to foul jet engines. During
the 1940s, when U.S. Army researchers
found that the halogenated chemicals
known as halons Þt this bill, they under-
standably stopped looking for others.

Now the search is on again. Un-
fortunately, the very ingredients that
make halons such eÝective ÞreÞght-
ing agentsÑchlorine and bromineÑalso
catalyze the destruction of stratospher-
ic ozone. Last November at the fourth
meeting of the Montreal Protocol mem-
bers in Copenhagen, environmental
ministers of 87 countries agreed to halt
halon production by the end of 1993;
Du Pont, the largest halon producer,
has already dropped its line. As of next
January, the 284 million pounds of
halon currently Þlling an estimated 10
million Þre extinguishers in airplanes,
tanks, submarines and computer rooms
will have to last forever.

Faced with an imminent deadline,
the Department of Defense put the air
forceÕs Wright Laboratory in charge of
Þnding and testing replacements. The
military, now one year into a three-year,
$16-million research program with the
National Institute of Standards and
Technology, does not expect to have
prototype replacement systems before
1998. The two laboratories are screen-
ing a dozen chemicals, from which they
hope to cull three for full-scale testing
on WrightÕs gunnery range. But they are
not likely to complete the task before
the ban takes eÝect.

J. Michael Bennett, head of the halon
replacement program, doubts that a
simple, drop-in substitute will be found.

What is more, he concedes that because
most of WrightÕs 12 candidates are par-
ticularly bad greenhouse gases, likely
to spend millennia in the upper atmo-
sphere trapping solar radiation, none
may be a long-term solution. 

So BennettÕs team is also looking at
less traditional means of Þre suppres-
sion. They have found that sodium 
bicarbonate (baking soda) puts out
some engine Þres quickly and safely
when it is ground Þnely and mixed
with a desiccant. And the air force is
pursuing development contracts for
two new types of extinguisher. One sys-
tem detonates an explosive in water to
produce a supersonic fog that quench-
es a Þre by cooling it. In anotherÑÒthe
most promising replacement yet,Ó Ben-
nett admitsÑa solid propellant (the
same one used to inßate air bags in au-
tomobiles) ßoods the Þre with nitrogen
or carbon dioxide, suÝocating it.

Perhaps the best way to preserve the
dwindling supply of halon is to reduce
false alarms. Wright Lab is evaluating
new detectors, produced by Donmar in
Newport Beach, Calif., that employ ro-
bot-vision technology to distinguish a
Þre from a ßash. Current photodetec-
tor-based systems discharge at the Þrst
sign of light, regardless of its source.

No one is yet willing to claim they
have a solution, however, and the situ-
ation will likely worsen before it im-
proves. To discourage hoarding, the U.S.
increased the tax on halon to more than
$40 per pound. The price of recycled
halon, though tax-exempt, is also expect-
ed to rise sharply. Even so, the airlines
and the military see a sellerÕs market

ahead. They loathe the idea of retroÞt-
ting planes to use a replacementÑeverÑ
but acknowledge they have no idea how
much recycled halon will be available.

Plenty, says the Environmental Pro-
tection Agency. ÒEvery airline owns in
its computer reservation facilities more
halon than it could possibly use over
the next several decades,Ó maintains
Stephen O. Andersen of the EPAÕs strato-
spheric ozone division. Indeed, indus-
try reports estimate that three out of ev-
ery four halon systems were installed
in computer rooms. As relatively cheap
and expendable desktop computer net-
works have replaced expensive main-
frames, the need for such systems has
all but disappeared.

The military and the aviation indus-
try have recently created banks of recy-
cled halon in the hope of draining
enough from these rich veins to tide
them over until a replacement is found.
But they do have a loophole when sup-
plies dry up. The Montreal Protocol al-
lows continued production of halon for
Òessential uses,Ó such as in tanks, sub-
marines and control rooms in nuclear
power plants, when no alternativesÑ
including recycled halonÑexist.

But the path to an essential-use ex-
emption is an option of last resort, de-
liberately fraught with bureaucratic pit-
falls. In the meantime, halon users will
likely line up at the halon banks, pray
for the government to deliver a break-
through replacement and wring their
hands next spring while the Montreal
Protocol signatories reconsider the wis-
dom of permitting the unrestricted use
of recycled halon. ÑW. Wayt Gibbs
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Extinguished
A champion ÞreÞghter
goes down for the count

FIRE EXTINGUISHER that didnÕt. The military tests replacements for halonÑwidely
used to put out engine Þres but banned as of January 1994Ñon its gunnery range.
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I
am Doctor Brahms, Johannes
Brahms.Ó The voice, raspy but intelli-
gible, comes from the speakers of

Ronald R. CoifmanÕs desktop computer.
It is soon followed by an excruciating
cacophony of hiss, pops, static and
tones distorted to the limits of percep-
tion. ÒThat was indeed Johannes Brahms
playing his First Hungarian Dance,Ó says
Coifman, a professor of mathematics
at Yale University. But the performance,
recorded in 1889 on a wax cylinder do-
nated by Thomas Edison (and since
lost) and then rerecorded from a static-
ridden radio broadcast of a 78-RPM
record made from the cylinder, is ut-
terly unlistenable.

Or was, at least, until Coifman used a
powerful and increasingly important
mathematical tool known as adapted
waveform analysis to strip out selec-
tively the random noise in the record-
ing while preserving the highly struc-
tured music beneath. With a click of his
mouse, Coifman plays the cleansed
version. Although not all the notes are
correct in time or pitchÑthe original
wax cylinder had melted a bit by the
time it was copiedÑthe noise is nearly
eliminated. Yale musicologist Jonathan
Berger and graduate student Charles
Nichols are now dissecting the record-
ing to determine whether the syncopa-
tion in it is caused by distortion or
whether Brahms had a particularly jaz-
zy style at the keyboard.

Adapted waveform analysis has been
catching on as a deluxe model of so-
called wavelet analysis, itself a recent
reÞnement of Fourier analysis. Where-
as FourierÕs technique uses a panoply
of inÞnitely long sine and cosine waves
to describe a sound or an image, wave-
let analysis takes a single pulse of a par-
ticular shapeÑa waveletÑas its build-
ing block. Adapted waveform analysis
draws from an entire library of pulse
shapes. ÒItÕs just like a musical score,Ó
Coifman explains, Òexcept that the notes
are mathematical coeÛcients and the in-
struments are fundamental waveforms.
The goal is to simplify the notation.Ó

While adapted waveform analysis is
gaining currency in the academic com-
munity, wavelets have already entered
the commercial realm. Coifman found-
ed Fast Mathematical Algorithms &
Hardware, which is working with Mar-
tin Marietta to improve the ability of
military radar systems to distinguish be-
tween, say, an ambulance and a tank.
M. Victor Wickerhauser of Washington

SCIENTIFIC AMERICAN June 1993       137

Making Wavelets
New math resurrects Brahms
and compacts computer data
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University is developing techniques
that use wavelets to pinpoint tumors in
cloudy mammograms. Various groups
are pursuing other medical applications
for wavelet analysis, such as fetal heart
monitoring, ultrasound image enhance-
ment and electrocardiogram analysis.

But the big payoÝ for wavelets, if it
comes, will likely be in data compres-
sion. Howard L. ResnikoÝ, a former Har-
vard University mathematics professor
and co-founder of Thinking Machines,
formed Aware in Cambridge, Mass., to
capitalize on the ability of wavelets to
condense information eÛciently by rep-
resenting it in terms of common pat-
terns. Aware has put its wavelet com-
pression techniques on a chip, and its
sound and image compression software
has been well received. ÒOur wavelet-
based audio compression will be oÝered
on all new Silicon Graphics worksta-
tions,Ó ResnikoÝ beams, and he points
to a recent government study that gives
AwareÕs image compression top marks
for quality over its competitors.

Wavelet compression seems particu-
larly well suited for transmitted data
because it spreads information around:
images, for example, are divided into

levels of detail rather than into rows
and columns. Thus, like a hologram,
each part of an image contains informa-
tion about other parts. This makes com-
munication over noisy channels more
reliable, ResnikoÝ points out. ÒIt also
allows progressive transmission, grad-
ually bringing an image into focus as
more information arrives,Ó adds Ingrid
Daubechies of AT&T Bell Laboratories,
one of the vanguard in wavelet math-
ematics. ÒThis is useful when you are
scanning through a library of images.Ó

ResnikoÝ thinks that property may be
lucrative as well as useful. Now that the
Federal Communications Commission
has allocated a portion of the spectrum
for digital radio, Aware is positioning it-
self to provide the compression that
must be used to make digital broadcasts
economical. The company is also trying
to capture the attention of the tele-
phone companies that were recently
awarded Òvideo dial toneÓ rights by the
government. Aware believes wavelet
compression may be just what they
need to force enough data through a
pair of twisted copper wires to deliver
movies to homes. Wavelets may yet
make waves. ÑW. Wayt Gibbs

ndustrial and academic researchers have wondered for years whether
mechanical structures no bigger than healthy-sized bacteria would ever

become more than laboratory playthings. They may now get a chance to
find out. Beginning in late March an advanced semiconductor design and
fabrication facility based in North Carolina began delivering its first batch of
motors, resonators, grippers and mechanical drives to 15 separate clients
ranging from a defense contractor to a high school class. 

MCNC, formerly the Microelectronics Center of North Carolina, was set up
13 years ago with funds from the state as a nonprofit organization to devel-
op advanced semiconductor technology. Last year the Defense Advanced
Research Projects Agency, which was recently stripped of the word “De-
fense” in its title, decided to support the center in its micromechanics en-
deavor. MCNC is now open for business for a biannual production run.

Every May and December, MCNC will accept design specifications from
each of its clients for one or more centimeter-size chips. The center makes
the devices using the lithography and etching techniques borrowed from
chip manufacturers. A thin wafer of silicon is “diced” into 50 chips, each of
which contains dozens of minute components. Micromechanical elements
have been considered as mechanical pumps that can deliver tiny doses of
drugs, as sensing devices that can trigger an automobile air bag or as posi-
tioning elements for disk drives.

The center’s micromechanics program is intended to encourage the kind
of design creativity from small entrepreneurs that would be lost without ac-
cess to expensive chip-manufacturing equipment and expertise. Larger
companies can also use the facility to test prototypes. Besides manufactur-
ing, the program will help clients design micromachines as well as combine
them with electronic devices; it will also develop standard “libraries” of mi-
cromechanical components.

“For $500, you can play,” says Karen W. Markus, an MCNC program man-
ager. MCNC may become the first mail-order house for motors and grippers
with dimensions measured in millionths of a meter.                           —Gary Stix

Micromachine Line
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L
ugging around the Encyclopaedia

Britannica might soon become as
easy as carrying loose change.

That is one promise of a new class of
photorefractive polymers developed by
investigators from the IBM Almaden
Research Center. They recently an-
nounced that vast amounts of informa-
tion can be stored in the form of two-
dimensional holograms in inexpensive
plastics.

The photorefractive eÝect was dis-
covered in certain inorganic crystals
more than 25 years ago. Unlike glass
and other ordinary materials used for,
say, lenses, the index of refraction of
these substances changes when they
are illuminated. That property suggest-
ed several applications, such as storing
data, recovering distorted images and
recognizing patterns. Yet despite two
decades of work there are no wide-
spread, practical uses. ÒThe crystals are
a pain in the neck,Ó says Jack Feinberg, a
physicist at the University of Southern
California. ÒThey are too expensive, too
hard to grow, too variable.Ó 

The problems of crystals led a few re-
search groups to tackle an alternativeÑ
polymers. Polymers have several advan-
tages: they can be made into many use-
ful shapes, such as rods and thin Þlms;
they have electrical properties that are
much easier to tailor; and they are
much less expensive. The big break
came in 1991, when W. E. Moerner and
his IBM colleagues made the Þrst pho-
torefractive polymer and demonstrated
that it could store data as hologramsÑ
one of the long-standing promises of
photorefractivity. Since then, several re-
searchers, including Jay S. Schildkraut of
Eastman Kodak and Nasser Peygham-
barian and his co-workers at the Univer-
sity of Arizona, have reported advances
in creating other polymers that have
photorefractive properties.

The photorefractive eÝect begins
when two laser beams cross paths in
the appropriate substance. The inter-
ference produces the classic pattern of
alternating dark and light areas. Elec-
trons from donor atoms in the dark ar-
eas travel to the light areas, where they
are trapped by acceptor atoms. The mi-
gration of electrons produces a strong
internal electric Þeld that alters the
structure and hence the optical proper-
ties of the crystal. 

The compounds can store informa-
tion because the changes in the materi-
al follow the spatially varying light-

and-dark pattern established by the 
interfering beams. A weak, uniform
beam sent through the substance reads
the data. The process is similar to that
used to form ordinary holograms, in
which two laser beams produce an in-
terference pattern that is recorded per-
manently on Þlm and is read later by 
illumination.

But holograms in photorefractive sub-
stances have an important edge. Be-
cause the optical properties result from
electrical rather than chemical chang-
es, they are erasable. A strong enough,
uniform beam will move the electrons
back to their original locations and
ready the material for another round 
of writing.

The early holograms produced in pho-
torefractive polymers were not espe-
cially bright. But at the American Phys-
ical Society meeting held in Seattle this
past March, Moerner announced that
the team has created a new photore-

fractive polymer based on a compound
called poly(N-vinylcarbazole). Properly
doped, this material yields holograms
that are 100 times brighter than the ear-
lier onesÑand that rival those formed
in photorefractive crystals. 

The polymers are also the Þrst to
show Ònet gain,Ó which results from a
property of many photorefractive ma-
terials referred to as beam coupling:
when two laser beams cross, one beam
can steal light intensity from the other.
The robber beamÑas well as any infor-
mation imposed on itÑbecomes am-
pliÞed. Net gain results when the cou-
pling gain exceeds the unavoidable loss-
es that occur when light passes through
the material. ÒThat was the diÛcult and
more important breakthrough,Ó Moern-
er says. ÒThatÕs when the material starts
getting useful.Ó 

Made thick, the IBM polymers can
store several holograms in the same
volume; one simply changes the angle

of the laser beam. Moerner and his col-
league Scott M. Silence were able to re-
cord Þve complex holograms in a disk
one millimeter wide and 125 microns
thick. A practical holographic storage
system, extrapolated from this achieve-
ment, would be able to record several
billion bits in about 225 cubic millime-
ters. In hard-copy units, that is the en-
tire Encyclopaedia Britannica in a pen-
ny. The density is not quite so high as
some other optical data storage tech-
niques, such as those that rely on Þne-
needle tips to read and write infor-
mation. But what makes the holograph-
ic storage exciting are its access time
and the speed with which it could pro-
cess data.

Indeed, random-access time for the
polymer memories could be incredibly
swiftÑfrom 100 to 1,000 times faster
than the retrieval time from magnetic
media. Unlike disk drives, which must
rotate to the disk to read the informa-
tion, holographic storage would rely
only on the changing trajectories of
moving photons. Because photons are
massless, the devices would not be
slowed by inertial delay, as are magnet-
ic drives. Current beam deßectors take
only a microsecond to divert light. Be-
cause the holograms are two-dimen-
sional arrays of data, Òall the bits come
out at the same time,Ó Moerner explains.

DonÕt throw away your hard drives
just yet; there are several hurdles fac-
ing workers. One potential limitation 
of all hologram schemes is the eÝect of
the read beamÑeach read causes the
hologram to fade slightly. To combat
fading, Moerner points out that the
computer system would have to spend
some time refreshing the data. Storage
time is also an open question. No one
really knows how long a polymer can
retain information.

The polymers have a long way to go
to demonstrate truly wide-ranging pho-
torefractive properties. ÒCrystals can
still do things polymers canÕt,Ó Fein-
berg notes. ÒItÕs the diÝerence between
a Volkswagen and an airplane.Ó The
main problem is size. The IBM poly-
mers were about an order of magni-
tude too thin to generate the total gain
of the much larger photorefractive
crystals. Furthermore, polymers need
an external electric Þeld, called a pol-
ing Þeld, in order to function. 

Still, Òphotorefractive polymers are
rather new,Ó Peyghambarian remarks.
ÒThere are going to be more groups
working in this area,Ó and that may lead
to applications soon. Indeed, Moern-
er believes within Þve years something
should come of photorefractive poly-
mers. Perhaps the future really is in
plastics. ÑPhilip Yam
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ÒPlastics, Benjamin. . .Ó
Photorefractive polymers make
a big gain in data storage

HOLOGRAM in a photorefractive poly-
mer stores a pattern of bits laid out in
the shape of a familiar corporate logo.
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I
t was the best of times, it was the
worst of times. Earlier this year the
nationÕs economic pulse takers an-

nounced that the U.S. gross national
product had chalked up yet another
quarter of solid growth. Yet at the same
time, more of its citizens received food
stamps than ever before. A naive ob-
server might well have been confused.

Do widely quoted indicators such as
GNP, unemployment rate and consum-
er price index actually say something
about the average personÕs Þnancial
well-being? If not, on what statistics
should policymakers be basing their
decisions? Some economistsÑOrley C.
Ashenfelter of Princeton University, for
oneÑconsider the question ÒancientÓ
and of little import; others, namely
Amartya Sen of Harvard University,
think the U.S. should take its eyes oÝ
money-based numbers and focus in-
stead on such measures as mortality,
illiteracy, crime and homelessness.

No one really disputes the notion that
gross economic statistics are inaccurate
and potentially misleading, says Chris-
tina D. Romer of the University of Cali-
fornia at Berkeley. But as long as they
continue to be inaccurate in the same
way, she explains, that is almost as good
as being right.

For example, people have complained
for decades that the unemployment rate
does not include those discouraged
workers who have given up looking for
jobs, thus understating the number ac-
tually out of work. Nevertheless, current
Þgures can still usefully be compared
with past data Òunless you have a story
where this recession has more discour-
aged workers than usual,Ó she says. (As
it turns out, there may be just such a
story. Romer notes that the present ex-
pansion is remarkable for being a large-
ly ÒjoblessÓ recovery, in which compa-
nies increase output by raising produc-
tivity rather than hiring more workers.)

Over the course of a few months or
even a year, maintains Victor R. Fuchs
of Stanford University, the standard
economic aggregates are Òall perfect-
ly good.Ó The numbers of discouraged
workersÑor, rather, the buying pat-
terns that underpin the consumer price
index or the industrial weighting fac-
tors that help to determine the oÛcial
GNPÑdo not change that quickly. But

over the course of a generation or so,
he asserts, changes in the way the na-
tionÕs business is structured may make
past and present data incompatible.

One prime example of such incom-
patibility is the data used to measure
overall U.S. productivity. Statisticians ad-
just them for inßation by normalizing
the price of various inputs (raw materi-
als, energy, labor and so on) to a base
year, in this case 1987. Although some

kind of adjustment is necessary, points
out Robert J. Gordon of Northwestern
University, the normalization process
badly distorts the numbers because
while the price of most things has gone
up, the price of some, such as comput-
ers and electronic equipment, has plum-
meted. Manufacturing productivity, he
contends, has been understated by
about one percentage point for each
year before 1987 (when computers cost
far more) and overstated by the same
amount for years since then (when com-
puters cost signiÞcantly less).

In addition to distorting indicia, how-
ever, the changing structure of the econ-
omy can make certain kinds of statistics
fundamentally misleading. ÒFrom World
War II through the 1970s,Ó comments
Greg J. Duncan of the University of Mich-
igan, Òaverage income did justice to both
the bottom and the top of the distribu-
tion.Ó When average income rose, it was
a sign that both the poor and the rich
were doing better ; when it fell, the rich
and the poor alike were doing worse.

But in the 1980s, Duncan observes, in-
equality increased, and so income statis-
tics reßected the experience of a dwin-
dling proportion of citizens. The fact
that median income stagnated gave lit-
tle sign that the top Þfth of the popula-
tion enjoyed modest but signiÞcant in-
creases in income while the bottom
Þfth suÝered a sharp drop. ÒThe medi-
an misses everything,Ó he says.

Paying more attention to the distri-
bution of income would be easier if the

numbers were more readily available,
Duncan argues. But whereas ÒstandardÓ
indicators such as GNP, consumer price
index and unemployment come out on
a regular, timely basis, Þgures on in-
come distribution or the number of peo-
ple receiving public assistance are cal-
culated less often and issued by diÝer-
ent agencies after delays that range
from months to nearly a year.

Gordon suggests that the U.S. might
consider consolidating all its numbers
operations in a central statistics oÛce,
as do Canada, France and some other
nations. In a recent survey, he notes,
economists ranked the quality of Cana-
dian information gathering highest in
the industrialized world and that of the
U.S. seventh.

The dissatisfaction with the quality
and scope of currently available num-
bers, however, does not fully address
the question of whether any set of pure-
ly monetary Þgures will be adequate for
judging economic health. Fuchs cites his
boyhood in a middle-class neighbor-
hood in the Bronx during the 1930s: ÒA
few years ago I took my children and
grandchildren back to where I had lived,
and it was horribleÑstores boarded up,
buildings defaced.Ó Yet in terms of in-
ßation-adjusted income, todayÕs Bronx
residents are better oÝ. It is factors
such as health, vulnerability to crime
and quality of education that make the
diÝerence, Fuchs asserts.

Indeed, in recent years the World
Bank, set up to help poorer nations be-
come more like the industrialized
world, has mostly abandoned its stead-
fast reliance on Þnancial growth as the
goal of development. The World Bank
Ònow sees its objective as poverty reduc-
tion,Ó states Martin Ravallion, a princi-
pal economist in the bankÕs policy re-
search department. ÒWe have explicitly
rejected GNP per capitaÓ as a measure
of progress, he says.

What measures is the World Bank us-
ing? According to Ravallion, develop-
ment planners are looking at Òwhat
people can actually do and beÓÑwheth-
er they are properly fed, clothed and
housed, whether they can read and have
access to medical careÑrather than how
much money the national accounts de-
clare they have. It is perhaps para-
doxical that economists are now say-
ing that Òmoney isnÕt everything,Ó but
the results of their new focus may be
instructive. ÑPaul Wallich
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As long as statistics
are wrong consistently,
thatÕs almost as good
as being right.

Are Economy Watchers Chasing a Mirage?
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MATHEMATICAL RECREATIONS  by Ian Stewart

S
ilas Golding was Þnishing his
Þrst day of work as a tennis-ball
packer for the Sportsware Ship-

ping Shop. ÒBilly Jo, could you pass me
another seven cans?Ó he asked. ÒAnd
while youÕre at it, how about some
shrink-wrap Þlm?Ó

ÒJust let me wrap these basketballs,Ó
Billy Jo Rottweiler said. After cutting a
piece of Þlm, she handed him seven
tennis-ball cans and the roll of Þlm.

Silas covered his workbench with a
long sheet of Þlm, placed the cans on
top, side by side, and then folded the
sheet over, wrapping the cans as care-
fully as a parent diapers a baby. Then
he put the entire package in a machine,
which shrunk the Þlm around the cans.
The plastic Þtted snugly around the
edges of the bundle, but some spaces
remained in the middle. Silas casually
picked up the package, and its con-

tents spilled onto the ßoor. The crash
startled everyone in the shop.

ÒGolding! YouÕve done that a hundred
times today,Ó the supervisor yelled.

ÒSorry, sir.Ó
ÒWould you like to work here tomor-

row, you uncoordinated sloth?Ó
ÒYes, sir.Ó
ÒThen I suggest you Þnd a way to

wrap the cans properly. Why not try
binding them up in a more compact
bundle?Ó

ÒBut Billy Jo packs her basketballs 
in a lineÑlike a string of sausages,Ó Si-
las protested. ÒAnd she stretches the
wrapping tightly just as I do, so that
there arenÕt any dents or anything.
That is, the packs are always convex 
in shape.Ó

ÒYeah, but my packs donÕt fall
apart,Ó Billy Jo interjected.

ÒSo, why doesnÕt it work with cylin-
drical cans?Ó the supervisor asked.

ÒWell, sir,Ó Billy Jo continued, ÒI can
see that if the total volume of the
packÑincluding any air spacesÑis as
small as possible, then the pack wonÕt
collapse. Because if it did, you could
shrink it even further, and you canÕt, so
to speak. So weÕve got to think about
packs whose volumeÑincluding every-
thing inside the wrapper, air and allÑis
as small as possible but is still convex.Ó

ÒI can see that the surface area of the
bundle is a lot bigger when the cans
are arranged in a line,Ó the supervisor
said. ÒOf course, thatÕs determined by

how long the strip of wrapping Þlm
must be. But IÕm not so sure about the
volume.Ó

ÒSuppose,Ó said Billy Jo, Òthe cans
have a radius of length 1, to keep the
calculation simple. If you look down on
the top, then in essence youÕre just
packing a lot of circles together and
wrapping an elastic band round them.
The volume of your pack is proportion-
al to the area inside the band; the sur-
face area of your wrapping is propor-
tional to the length of the band, assum-
ing you donÕt cover the ends when you
wrap the cans up.Ó

ÒRight.Ó
ÒSo we can Þnd the area inside the

band and the length of the band. ItÕs a
lot easier to think in two dimensions.
Now, if you put seven circles in a line
and wrap a band round to get a tight
Þt with convex edges, the total perime-
ter is 2p + 24 = 30.283.Ó

ÒWhy?Ó
ÒEach straight side has length 12Ñsix

diameters of the circlesÑand then there
are two semicircles, each of length p.Ó

ÒOkay.Ó
ÒBut if you arrange six circles in 

a hexagon and place one in the cen-
ter, the perimeter becomes 12 + 2p =
18.283. ItÕs a similar argument: there
are six straight sides whose lengths are
equal to a diameter and six arcs, each
making up one sixth of a circle.Ó

ÒI can see that, Rottweiler.Ó
ÒSo the perimeter for the hexagonal

arrangement is only a bit more than
half the length of the sausage. ThatÕs
why SilasÕs packs keep collapsing: if
the cans are moved a little bit, the
wrapping gets loose.Ó

ÒBut all youÕve done is calculate the
perimeter, Rottweiler. What about the
volumes?Ó

ÒI should be able to use the same kind
of method, sir. If you arrange the cans
in a sausage, the total area inside the
bundle can be split up as six squares
with sides of length 2 plus two semicir-
cles with radii of length 1; so thatÕs
24 + p = 27.141. On the other hand, if
you arrange the cans in a hexagonal
group, itÕs kind of tricky to work out
the volume. There are lots of funny
bits with curved edges.Ó

ÒIsnÕt there a formula for things like
that, Rottweiler?Ó

ÒNot in any textbooks I know of. IÕll
have to Þgure it out.Ó She grabbed a
pencil and some scrap paper. ÒHmm.

A Bundling Fool Beats the Wrap
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SEVEN CYLINDERS can be wrapped together in a bundle or a row. Which of these
packages has the smaller volume, and which is less likely to fall apart?
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Seems to me IÕve got to work out the
areas of two kinds of shapeÑapart
from circles. There are Ôcenter holes,Õ
with three curved sides, and Ôedge
holes,Õ with two curved sides and one
straight [see illustration at right ]. A cen-
tral hole is really an equilateral trian-
gle minus three 60-degree sectors of 
a circle. The equilateral triangle has
sides of length 2; therefore, its height
is √3, and its area is half the base times
the height, which is ( 1 Ú 2 ) × 2 × √3 = √3.
The three sectors together form a
semicircle of area p Ú 2. So a central hole
has an area √3 Ð p Ú 2 = 0.161. Similar-
ly, two edge holes plus two semicir-
cles make a 2 by 2 square with area 4.
Consequently, one edge hole plus one
semicircle has an area half that, name-
ly, 2. So an edge hole has an area
2 Ð p Ú 2 = 0.429.

ÒFinally, a hexagonal bundle of seven
circles has an area made up from seven
circles, six central holes and six edge
holes. That comes to

7p+ 6(√3 Ð p Ú 2) + 6(2 Ð p Ú 2) = 25.533.

Which is smaller than 27.141. See?
ThatÕs why SilasÕs sausages collapse.
He should make hexagons instead.Ó

ÒFine,Ó Silas said. ÒBut I donÕt see why
it doesnÕt work the same way with

spheres. Surely if you pack your basket-
balls into a tight group, the total vol-
ume, wrapping and all, will be smaller
than if theyÕre arranged in a line.Ó

ÒNot necessarily. ItÕs a complicated
problem, and itÕs genuinely three-di-
mensional. I donÕt see how to arrange
seven spheres in a tight group without
there being an awful lot of wasted
space inside the wrapper. For my ar-
rangementÑthat is, with all the balls in
a lineÑthe area of the wrapper is 28p,
and the volume inside it is 40 p Ú 3. But itÕs
not so easy to work out the math for
other arrangements. Still, my packs
donÕt fall apart. So thatÕs experimental
evidence IÕm right.Ó

ÒThat is all very well,Ó the supervisor
declared, Òbut you often have to tie
bundles with a lot more than seven
cans in them. What shape will those
have to be to minimize the volume in-
side the packaging, Golding?Ó

ÒSort ofÑlike the hexagon, sir, but
bigger,Ó Silas said.

ÒLike the hexagon, sir, but bigger,Ó the
supervisor whined, mimicking Silas.
ÒYou call that a good answer, Golding?Ó

ÒNo, sir.Ó
ÒAnd as for you, Rottweiler, you

donÕt seem to have a handle on the
spheres problem. You can calculate the
volume only for the sausage shape,

and then you assume it has the small-
est volume.Ó

She hung her head apologetically.
ÒI want you both to spend some time

in the company library, digging up any
useful information you can. IÕm sure
somebody must have studied the prob-
lem before. No point in reinventing the
wheel, is there?Ó

ÒYes, sir,Ó Billy Jo and Silas chimed in
unison. ÒWe mean, no, sir.Ó

The next morning the supervisor
found Billy Jo and Silas asleep in the 
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THREE CIRCLES packed one next to the
other leave a space that is equal to the
area of the triangle minus half the area
of one of the circles. On the other hand,
the space between two circles and an
edge is half the area of the square mi-
nus half the area of one of the circles.

GROEMER PACKINGS (top row) enclose the circles in the
smallest possible area. The bundles in the bottom row are not

Groemer packings, and in each of those cases, the circles can
be packed into a smaller region.
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library, their heads resting on open
books. ÒGood morning. Find anything,
you two?Ó

ÒYes, sir. Quite a lot, actually, sir,Ó
Billy Jo said, waking abruptly.

ÒWell, then.Ó
ÒSir, the basic problem is to Þnd ar-

rangements of n-dimensional spheres
in n-dimensional space that minimize
the n-dimensional ÔvolumeÕ of their con-
vex hull. Er, the convex hull is the
smallest convex surface that contains
all the spheres. In two dimensions,
weÕre packing circles in the plane and
trying to minimize the area of the con-
vex hull; thatÕs like packing SilasÕs
cylindrical cans. In three dimensions,
weÕre packing spheres, like my bas-
ketballs, and trying to minimize the
volume.Ó

ÒGo on.Ó
ÒIn two dimensions, the best arrange-

ments are known to be Ôas hexagonal
as possible.Õ Ó

ÒI thought youÕd found a precise an-
swer, Rottweiler.Ó

ÒUh, well, sir, itÕs a bit tricky. I have 
to explain about Groemer packings.
TheyÕre honeycomblike packings that
form hexagonsÑnot necessarily reg-
ular hexagons, but the sides have to 
be parallel in pairs. Oh, and some
ÔsidesÕ may not occur at allÑI mean,
you could have pentagons and trian-
gles and things like that [see bottom il-

lustration on preceding page]. TheyÕre
named after Helmut Groemer of Ore-
gon State University, who proved a fun-
damental theorem about them in 1960.
It relates the area inside the convex
hull of a circle-packing to the number
of circles inside it and its perimeter.
Namely, for n circles and perimeter p,

the total area of the convex hull is 
at least

2 √3(n Ð 1) + p (1 Ð √3 Ú 2) + p(√3 Ð 1).

Moreover, the area is equal to this ex-
pression if and only if the packing is a
Groemer packing.Ó

ÒAnd?Ó
ÒStarting from this estimate, Gerd

Wegner of Dortmund University pretty
much solved the entire problem in
1986. He showed that the convex hull
of a set of n equal circles is minimal
when they are arranged in a Groemer
packing whose sides are as close to be-
ing equal as possibleÑat least provid-
ed n is less than or equal to 120. The
theorem is also true if n is a Ôhexagonal
numberÕ of the form 3k2 + 3k + 1, when
there is a Groemer packing forming a
perfect regular hexagon.Ó

ÒBut there are still some unsolved
cases?Ó

ÒYes, but then the gap between the

best-known results and the best that
possibly could be achieved is very
small.Ó

The supervisor shook his head. ÒNot
as precise as I had hoped, Rottweiler.Ó

ÒNo, sir,Ó Golding said, leaping to her
assistance. ÒBut we never have to wrap
more than 120 cans in one pack.Ó

ÒTrue, but irrelevant to the theoreti-
cal problem,Ó the supervisor replied.

ÒThe strange thing is that in three di-
mensions, the answer is quite diÝer-
entÑat least, for a smallish number of
balls.Ó

ÒA smallish number?Ó the supervisor
asked quizzically.

ÒAnything up to and including 56,
sir,Ó Billy Jo added hastily. ÒFor that
many spheres, the arrangement whose
convex hull has the smallest volume is
a sausageÑall the balls in a straight
line. After that, though, the minimal ar-
rangements get much more compact
and rotund.Ó

ÒRotund, you say?Ó
ÒLess intuitive still is what hap-

pens in spaces of four or more dimen-
sions,Ó Rottweiler explained, ignoring
her bossÕs banter.

ÒI donÕt think we make four-di-
mensional sports gear,Ó the supervisor
quipped.

ÒIn any case, sir, as you just said, itÕs
the theoretical point that matters.Ó

ÒTrue. But what do you mean by
four-dimensional space?Ó

ÒWell, two-dimensional space can be
deÞned using two numbers as coor-
dinates, (x,y ), and three-dimensional
space is every set of three numbers
(x,y,z ). Clearly, four-dimensional space
is every set of four numbers (w,x,y,z ),
and n-dimensional space is every set of
n numbers (x1, . . . ,x n ). ThatÕs it, really.Ó

ÒAnd a sphere in n dimensions?Ó
ÒThatÕs the set of points that lie with-

in a distance of, say, one unit from a
chosen point, the center. And of course
you have to deÞne the n-dimensional
analogue of volume, but thatÕs not too
hard.Ó

ÒI see.Ó
ÒAnyway, for four dimensions, the ar-

rangement of four-dimensional spheres
whose convex hull has the least volume
is a sausage for any number of balls up
to about 50,000. ItÕs not a sausage for
100,000 balls. So the best packing in-
volves very long, thin strings of balls
until you get an awful lot of them.Ó

ÒHow many exactly?Ó
ÒSomewhere between 50,000 and

100,000, sir. Nobody knows the precise
value at which sausages cease to be the
best. But the really fascinating change
comes at Þve dimensions. At least,
thatÕs the conjecture. You might imag-
ine that in Þve dimensions sausages

are best for, say, up to 50 billion balls,
but then something more rotund has a
convex hull of smaller volume; for six
dimensions, the same kind of thing
holds up to 29 zillion balls, and so on.
But in 1975 Laszlo Fejes T�th formu-
lated what is now called the sausage
conjecture. It states that for Þve or more
dimensions, the arrangement of balls
whose convex hull has minimal volume
is always a sausage, however large the
number of balls may be.Ó

ÒGood heavens,Ó the supervisor ex-
claimed, genuinely surprised. 

ÒWhatÕs so special about Þve dimen-
sions?Ó Silas asked.

ÒDo bear in mind itÕs only a conjec-
ture,Ó Billy Jo pointed out. ÒBut the heu-
ristic evidence is quite strong. The ba-
sic idea is that as the number of space
dimensions increases, it gets harder
and harder to Þll space eÛciently with
spheres. The gaps are multidimension-
al and become quite big. If you make
the wrapping poke out along too many
dimensions of the space, you leave a
lot of gaps, which makes the volume
quite large. Whereas if you conÞne the
spheres to a single direction, in a sau-
sage, you cut down the wasted volume
so much that it all works. T�th estimat-
ed the dimension at which the num-
bers for this argument work out, and
the breaking point seems to be dimen-
sion Þve.

ÒIt could all be rubbish, of courseÑ
nobody knows for certain. But it sure
would be interesting to Þnd out.Ó

The supervisor tried hard not to 
look impressed. ÒVery well, you two,Ó
he said. ÒGood work. But nowÑback to
your workbenches. YouÕve got a lot of
packs to wrap.Ó

Silas spent the next hour wrapping
56 basketballs in a single sheet of plas-
tic Þlm. He was so proud of his accom-
plishment that he called over the su-
pervisor to take a look.

ÒPretty amazing,Ó the supervisor
cheered.

Silas carefully lifted the package over
his head in triumph, but the package
bent and broke from its own weight.
Fifty-six basketballs bounced around
the room.
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BOOK REVIEWS by Philip Morrison

A Brief for Science

DREAMS OF A FINAL THEORY, by Steven
Weinberg. Pantheon Books, 1992 ($25).

T
his conÞdent account of a grand
intellectual aspiration of our
times is the work of a celebrated

theorist who is as accomplished as
anyÑarticulate, cultivatedÑand more
candid than most. He writes explicitly
for the general reader as Òa working
physicist,Ó who here uses not so much
as one equal sign. His gaze centers on
large issues from philosophy and the
history of ideas, both the topical and
the enduring. In a way, he has Þled a so-
phisticated if sometimes impatient brief
for science against philosophy, against
sociology andÑnot without a certain
tristesseÑagainst religion as well.

ÒThe word ÔwhyÕ is notoriously slip-
pery,Ó he concedes. Yet the book opens
with a few chapters around the nature
and growing importance of whys with-
in physics. To explain to a child that an
apple falls to earth Òbecause of gravityÓ
is to say no more than that the event 
is common enough to elicit a learned
word. But the account now given by
gravitational physics is rich beyond
mere certiÞcation. We see why a toy bal-
loon also rises because of gravity, why
grasshoppers and horses
alike jump a few feet high,
why the tides ebb and ßow
under the moon, why aster-
oids are chunky but Jupiter
round and (perhaps) why
our cosmos must be Þlled
by matter yet unseen.

It is that unbroken, con-
vergent, lengthy chain of
connection that singles out
the explanatory principles
of physics. Reductionism,
the claim that there is a hier-
archy of sciences, deserves
its two cheers. Some scienc-
es hold priority, though not
mainly because they gen-
erate wholes from smaller
parts. EinsteinÕs space-time
did not arise from the study
of parts but from new 
principles of profound uni-
versality. Yet three cheers
for the reductionist stance
would be too many, for
even within physics we
know of principles, such as

the laws of thermodynamics, that gov-
ern change whatever the inner nature
of the system. But their use is enriched
by microscopic understanding and fol-
lows from certain grand symmetries 
of the world of particles and Þelds. Of
course, all regularities, say, of macro-
economics, are not easily implied by
particle physics, but they cannot con-
tradict the bounds physics sets on hu-
man behavior, as the subtleties of DNA
cannot contradict the quantum nature
of molecular structures. 

Chaos and chemistry alike are not in
practice reducible to physics alone;
emergent insights may be novel, but
what they cannot be is autonomous.
The aim of science is to connect. ÒThe
reason we give the impression that we
think that particle physics is more fun-
damental than other branches. . . is be-
cause it is.Ó Its ubiquity brings it closer
to the Òpoint of convergence of all our
arrows of explanation.Ó Let no congress-
person rejoice; this is no basis for allo-
cating research funds. Fundamental
physics does not claim a Þrst right to
the public purse, but neither can its
character be justly ignored.

Quantum theory, the subtle and di-
verse feedback loops that join experi-
ment to theory, and even the aesthetic
criterion for theories are examined

closely, in a manner that will help
thoughtful nonmathematical readers.
There is a fascinating chronicle of Wein-
bergÕs own experience with an experi-
mental contradiction to what we now
know as the standard electroweak the-
ory. It seemed at Þrst that the theory
could be made Òjust a little bit uglier
and get it to agree.Ó They tried hard;
nothing worked. The naturalness, the
formal inevitability, of the theory, was
Þrmly built in. In the event, the con-
ßicting experiments were repeated bet-
ter elsewhere, and the disagreement
went away. By now a tide of diverse ex-
perimental results has shown just what
was forecast by the natural theory. The
relation between theory and experiment
is more art than uniformity; wishful Þt
is always a danger, but so is a prema-
ture contradiction.

The metaphysics of Descartes made
good sense; how could forces be trans-
mitted without some ßuid medium?
NewtonÕs rash violation of that good
sense was quantitative, hence greatly
fruitful. By now it has been properly
embedded within a far richer model of
space and time than the 17th-centu-
ry philosophers could dream up. Posi-
tivism won young Einstein, but soon
enough he came to hold that Òevery 
theory. . .contains unobservable quanti-

ties.Ó Philosophy is help and 
hindrance alike, though 
at least the philosophers
mean well by science.

A more hostile attack has
lately come from an inßu-
ential school of sociologists
who assert that the results
of physics are construct-
ed by mere social conven-
tion. Of course, science is a
social process, negotiated,
historical and contingent.
But something important
works really well, or it is
laid aside. Quarks or their
equivalents are there with-
in, not constructed any
more than were the moons
of Jupiter or the forces of
gravity. Mountaineers, too,
volubly negotiate equip-
ment, route and schedule.
Some teams succeed; some
fail. Yet would anyone Ògive
a book about mountain
climbing the title Construct-

ing Everest?Ó
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The form of a Þnal theory of forces
and matter and change can be outlined
from shadows we now see on the cave
wall. ÒA fair fraction of todayÕs young
theoretical physicists are working on
string theory.Ó It is subtle and abstract
beyond any theory of the past. Strings
are tiny, one-dimensional rips in smooth
space, enormously rich in energy, vi-
bratory but without internal substruc-
ture. The promise comes from ability to
parallel the broad picture of our more
workaday views by intrinsic vibrations
and, above all, from the hints of repre-
senting weak gravitation among the oth-
er forcesÑprovided a choice is made
that Þxes both the weakness of gravity
and the unprecedented mass-energy of
the string. 

One deep symmetry is essential to ad-
mit quantum behavior, and it can pos-
sess a large number of less general sym-
metries, suited to describe all the un-
changing quantities (charge, energy and
so on) that we know and many more.
Enthusiasm was higher a few years ago
when there seemed to be few such for-
mulations; now we face thousands of
candidate theories. Alike they under-
standably share freedom from the prob-
lem of todayÕs particle theories, the in-
Þnities that arise from requiring that
physical particles have no extension in
space, for strings are not points.

How could any theory be Þnal? ÒIn
my view, our best hope. . . is to show
that the Þnal theory. . . is logically iso-
lated.Ó That is, its requirements are so
rigid that any signiÞcant change in
form generates absurdities. Weinberg
does not write idly; he himself tried
cleverly to modify quantum mechanics
to avoid certain much criticized fea-
tures, to Þnd that even small changes
destroyed the tested inner consistency.
The experience has marked him. If in-
deed we gain a Þnal theory of all parti-
cles, so that we know why there are
quarks and leptons, why there are three
families of them, why all forces are 
of common mathematical form, why
change conserves some properties and
not others, science will certainly not be
over. It is much broader than that. The
rational will have made a real gain, but
something old and mighty will have
faded. Scientists of the future will envy
us a little, that quest still before us. 

Down in the rolling lands of Ellis
County, Tex., we are building among
the cottonwoods an ambitious particle
accelerator. It has a good chance, not at
all of leading us to those remote strings,
but of testing the most likely extensions
of theory beyond our patently incom-
plete but otherwise unßawed Òstandard
model.Ó The billion dollars a year is 
debated again and again, never on

grounds of Þnding the uncertain Higgs
boson but for economic advantages to
one or another. Federal dollars, as we
read daily, are more freely spent on
aims far less noble. Yet we are upon
hard times, and the Superconducting
Super Collider remains uncertain be-
yond this year. Watching the drill
pierce the chalk of Ellis County, Wein-
berg writes: ÒPerhaps I was under the
spell of . . .Victorian optimism, but I
could not believe that. . . in our time the
search for the Þnal laws of nature
would be abandoned.Ó

A rare chapter on religion is coura-
geous, even generous. It ends with the
eloquent rhetoric of the Venerable Bede,
who compared our short life on the
earth to that of the sparrow that ßies
by chance from wintry night into the
KingÕs bright banquet hall for ßeeting
comfort, then soon out again. ÒIt is an
almost irresistible temptation to believe
with Bede.. .that there must be some-
thing for us outside the banqueting hall.
The honor of resisting this temptation is
only a thin substitute for the consola-
tions of religion, but it is not entirely
without satisfactions of its own.Ó

This splendid book is as good read-
ing about physics and physicists as
this reviewer can name. Although its
arguments could hardly prevail at ev-
ery point of the long ramparts they de-
fend, they are everywhere clear, honest
and brilliantly instructive.

Our Wild Cousins

CHIMPANZEE MATERIAL CULTURE: IM-
PLICATIONS FOR HUMAN EVOLUTION,
by W. C. McGrew. Cambridge Univer-
sity Press, 1992 ($79.95; paperbound,
$27.95).

A
mong all living species the near-
est of kin to humans is the chim-
panzee. When we seek the ori-

gins of our humanity, those wild cous-
ins, who match us up to all but a small
fraction of the entire genetic message,
have much to teach; their observable
ways oÝer a touchstone for the shift-
ing, shaky theories of the protohuman
past. The author has been drawn by
the chimps for 20 years, four of those
years spent in the Þeld in Africa. Mc-
Grew is an engaging, candid naturalist,
no prehistorian but rather Òimprint-
ed.. . in the natural and not the social
sciences,Ó analytic, manifestly Òcommit-
ted to dataÓ as the test of theory. While
he freely cites the remarkable achieve-
ments of captive apes, those domesti-
cated creatures remain auxiliary to
what happens Òin the real world.Ó 

It was in 1960 that Jane Goodall Þrst

found tool use and toolmaking in a
natural population of nonhuman pri-
mates. GoodallÕs big pool of insightful
observations from the Gombe forest in
Tanzania is now 30 years deep. Yet only
10 other Þeld studies of chimpanzees
have persisted at least once around the
seasons. There is a major ecological
point here. We humans live over a wide
spectrum of climates. Some ÒclassicÓ
hunter-gatherers such as the Kalahari
San live in arid lands, places with 15 or
20 inches of seasonal rainfall a year,
whereas African pygmies hunt and
gather in rain forest with 60 splashy
inches. The savanna dwellers of Tanza-
niaÕs Olduvai Gorge 2.2 million years
back enjoyed some 30 inches of sea-
sonal annual rain. 

It is something of a surprise to learn
that chimpanzees, too, manage well in
a wide variety of climates, from the
rain forest of the Guinea coast with 10
feet of rain a year, to the Zaire wood-
lands, where moderate rainfall matches
that in Olduvai long ago. The familiar
argument that apes stayed arboreal in
the dense forests while our forebears
began to walk the open lands of the sa-
vanna gets no support from these chim-
panzee facts. Neither chimpanzee nor
human foragers have remained in the
climate of their origin; desert and rain
forest are probably rather novel set-
tings for us both. 

The most important goal of chimpan-
zee tool use is food; their most elab-
orate tool kit is one for taking honey
and larvae from the wild beehive, a full
meal worth some stings. Chimps in the
Gambia rob a hive in a hollow tree with
a set of four special tools, all made on
the spot of sticks or twigs: a stout chis-
el to start an opening in the thick, out-
er seal, a Þner chisel to enlarge it, a
sharp bodkin to puncture the nest wall
within and a long ßexible dipstick to
draw out the sweet reward. Such oxi-
dizable, organic artifacts will not leave
much of a mark after a million years. 

One picture shows a wild chimpan-
zee wielding hammer and anvil made
of stone, both of them found objects,
to crack open hard-shelled oil palm
nuts. The cracking kit used by humans
nearby looks very much the same. Oth-
er chimpanzee populations live among
plentiful oil palm crops yet never eat
that rich food. Is that a sign of culture
diÝerences, as it would be interpreted
among human populations? 

Chimpanzees make and employ
tools of plant material or unworked
stone for much hard work, crushing
roots, smashing bone. But Òonly hu-
mans use guided missiles. . .set untend-
ed. . .snare traps. . .use poisons. . . [or]
dogs as hunting companions.Ó No chim-
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panzee tool makes use of a sharp edge,
nor is one much needed, for the prey
the chimps take are too small to de-
mand real butchery. That inventory is
securely hominid. Containers would be
of the greatest value to these ape for-
agers of small food items, such as nuts
or larvae. Chimpanzees in captivity
readily use containers; a chimp depict-
ed here is ably Þlling an empty coconut
shell with water from a leaky tap. Yet
no container has been seen with chim-
panzees in the wild. Maybe the chim-
panzees in the forests of West Africa,
where nut cracking is essential to the
diet, do use containers. ÒIn the right. . .
circumstances,Ó chimps should be ca-
pable of making Oldowan-like tools and
more, even to variations of style.

Does Promethean Þre part us sharply
from the apes? In captivity, both chim-
panzees and orangutans can tend and
handle Þre. (Some of those chimps were
introduced to the bad habit of smoking.)
We need to watch the chimps of the sa-
vannas while bushÞres sweep across
their range. We need to test captive
chimpanzees for spontaneous uses of
Þre. On cold nights would they sleep
near Þres? Would they roast tough
pods, stoke a Þre when the audiotaped
roar of the lion was heard, fan dying
embers or light one Þre from another?

This book is as fascinating for its
methodology and its questions as for
the remarkable observations it gathers.
Overall it strengthens, in spite of itself,
the popular bias of our times: hominid
culture grew not from routine tool use
but out of new software abilities based
on new neural hardware. It is the com-
binatorial richness of blossoming lan-
guage that will be hardest to sift out of
the ash layers of the Rift.

The Solar System and Beyond

THE PLANETS: A GUIDED TOUR OF OUR

SOLAR SYSTEM THROUGH THE EYES OF

AMERICAÕS SPACE PROBES, by Nigel Hen-
best. Viking, 1992 ($35). THE ANDROM-
EDA GALAXY, by Paul Hodge. Kluwer
Academic Publishers, 1992 ($79).

O
ur planet is only one among a
short list, our galaxy one among
a myriad of peers. We can grasp

our own state better by understanding
our neighbors, too. Both these books
carry out the Copernican task at two
wholly diÝerent levels of exposition
and on sharply diÝering scales of phys-
ical size.

The Planets, by a British science writ-
er of proven talent, is a deft work. Its
big pages oÝer us a brief, entirely non-
technical text, absent all graphs (and of

course without equations). What most
catches the eye is plain in the subtitle:
100 colorful photographs (50 more in
black-and-white), radioed pixel by pixel
from many distant Òhardy unmanned
craftÓ over the years, Mariners to Giotto.

Some of the images are classics, such
as the view of the rock-paved surface
of Venus or of the sulfurous yellow-
orange globe Io. Many images are fresh
and wonderful: a Soviet shot of tiny,
rocky Phobos dark against the very
edge of its red planet, the underside of
SaturnÕs rings, the subcontinent of In-
dia overspread by the wide, dark stain
of the Deccan basalt. Captions and tex-
tual explanations are as simply put as
they are telling. The present sterility of
Mars, for instance, is made understand-
able; the lack of oxygen and hence of
an ozone shield against solar ultravio-
let has made its mineral surface into a
Þerce oxidant, corrosive to all organic
compounds.

Our planetary neighborhood is laugh-
ably provincial on galaxian scale. Every
autumn a dark northern sky discloses
even to unaided eyes the candle ßame
that is our nearest neighbor among all
spiral galaxies, the galaxy in the con-
stellation Andromeda. Wide recogni-
tion that this object is akin to the Milky
WayÑa second huge, rotating pool of
tens of billions of stars, with all their
precursors, congeners, rarities, patterns,
even wastesÑis a 20th-century feat,
owing much to Mount Wilson Observa-
tory, especially to Edwin Hubble and
Walter Baade. 

Paul Hodge has himself studied this
galaxy, directly in the sky and in the re-
ports of other watchers, for more than
30 years. His book is an up-to-date
guide to the big place. Such a guide has
to treat the entire furniture of a galaxy.
To that end, the author has collected
and compared maps, graphs, tables of
data and images over the entire spec-
trum to assemble a case study of extra-
solar astronomy. He recounts not only
what we know but how we know it and
how well. Such a monograph demands
a good deal from its readers by its very
variety, even though it spares us the
dense mathematical analysis. In some
15 chaptersÑa few others, full of inter-
est, are mainly historicalÑwe see the
details of a great star city two million
light-years away.

No optical telescope can see through
the layer of dust in which we live to the
center of the Milky Way, 100 times near-
er to us than the Andromeda galaxy.
Our neighbor is almost in the clear; we
trade the loss of detail for new per-
spective and clear view. The spindle
shape of Andromeda makes plain that
its spinning and near-circular disk is
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not seen face-on but tilted pretty close
to our line of sight. We can hardly rem-
edy this chance defect of our cosmic
location.

In 1885 a famous new star shone out
nearly as bright as the entire galaxy
long before its new category, that of
supernova, was recognized. Now we
know 100 or so remnants of past su-
pernova there, to compare with those
here at home. No second supernova
has appeared in Andromeda, nor have
we picked up any pulsing relic so far-
away. Counterparts abound there to all
kinds of variable stars familiar in the
Milky Way, to hundreds of novas and to
Cepheids and eclipsing binaries. There
are many open star clusters brighter
than our Pleiades, and hundreds of
globular clusters, star clouds like Ori-
on, a thousand ionized diÝuse nebulae,
dust clouds and lanes, planetary nebu-
lae, x-ray sources, radio emission from
giant molecular clouds, swirling neu-
tral hydrogen and cosmic-ray electrons
circulating in weak interstellar magnet-
ic Þelds. 

An extraordinary pair of maps com-
pares the spiral arms in an outer part of
Andromeda with a similar pattern in the
Milky Way. In Andromeda the arms are
much more widely spaced; they have a
smaller pitch angle, and between the
arms there is less stellar background.
We still hope to trace out the spiral
arms in full, an unÞnished aim both
here and there; we see a warp in the
disk, but little sign of a central bar. The
galaxy extends in visible light wider
than our own by around 50 percent but
gives birth to new stars at a tenth the
rate of our galaxy, except that within
one dense ring of stars the fertility is
comparable. The tiny, star-packed nu-
cleus hides a condensed, quite massive
object within, but one even less active
than the similar, enigmatic center of
our own galaxy. 

Strangest of all is what we do not
see. The internal mass judged from
star motions at the extreme borders of
Andromeda is perhaps twice what the
Milky Way shows. But the simple ener-
getics of the two big galaxies moving
toward each other implies that the
pair, if gravitationally bound over that
distance of 15 diameters, must share a
total mass tens of times greater than
all the mass we detect from the mo-
tions of visible stars. Massive, unseen
halos of dark matter are present. That
was clearly grasped almost 20 years
ago. Unseen matter dominates cosmic
gravity not only faraway but here in
our little group of galaxies as well. One
riddle more: Have other stargazers there
ever peered out in wonder at their
neighbor, the Milky Way?
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F
or 50 years, federal science policy
has been rooted in cold war per-
ceptions born of a world in which

the U.S. had only one true military rival
and no true economic rivals. This poli-
cy has created the most active, innova-
tive and expensive research system in
history, the envy of our allies and ad-
versaries alike. Now it is clear to many
in the science policy community that
public support for research and devel-
opment must respond to a changed per-
ception of realityÑa Òparadigm shiftÓÑ
that requires us to reconsider the role
of science in our society.

As the military imperative fades, we
begin to see that we share a planet on
which we confront overpopulation, envi-
ronmental degradation, economic stag-
nation and injustice, as well as ethnic
and religious division. But this unity in
adversity has yet to lead to a compara-
ble unity in vision about how to cope
with the global challenges of a postÐ
cold war world.

Those who have tried to deÞne the
nature of this paradigm shift ( I count
myself in this group) have quickly
learned that scientists are profoundly
unsettled by the prospect of change in
the system that has nurtured them
since World War II. As policymakers try
to draft a blueprint for science that con-
forms with new global realities, many
in the scientiÞc community view this
eÝort as a thinly veiled attempt to sub-
stitute the judgment of politicians for
that of scientists in selecting the re-
search agenda of the future. Those sci-
entists seem genuinely unaware that
political priorities have always dictated
the general allocation of research fund-
ing: our priorities have been in place
for so long that many assume them to
be immutable.

I am deeply concerned that a serious
misperception of current changes may
prevent scientists from participating
eÝectively in the ßuid and evolving
process of refocusing our national sci-
entiÞc and technical resources. My the-
sis is that scientists must be part of the
reshaping that is taking place; they
must accept President Bill ClintonÕs
challenge to Òmake change our friend.Ó
But scientists cannot be involved un-
less they understand both the histori-
cal factors that have shaped research

funding in the past and the political 
reality that underlies federally funded
research.

Public support of science is a rela-
tively recent phenomenon, which be-
came signiÞcant in the mid-19th centu-
ry when the federal government provid-
ed for land-grant institutions of higher
education in every state and for the sup-
port of research in agriculture. In the
years leading up to World War I, the
government began to support research
in such other practical areas as stan-
dards of weights and measures, geod-
esy and surveying, and aviation.

World War II and the cold war repre-
sented a paradigm shift that increased
the amount and changed the nature of
federal support for science. Budgets
for research grew, as did the size of the
system. The great bulk of the increase
went into development of weaponry
and control of the space environment.
The success of science in enhancing
our national security led to a mystical
faith that continued support for sci-
ence would help solve a range of other
problems and lead to a heaven here on
earth. Now that World War II and the
cold war are over, national security has
many new dimensions. And the Ameri-
can people have a feeling that heaven
is not yet at hand. In fact, many feel
that they were happier in the good old
days and that as a nation we are losing
out to our international competitors.

T
he science policy that satisÞed the
needs of the cold war must now
be transformed to respond to a

diÝerent world. There is an emerging
consensus that national security needs
to be redeÞned to encompass a strong
and growing economy; a healthier envi-
ronment; a reduction of the global ten-
sions caused by economic disparities
and ethnic, cultural and religious con-
ßicts; and adaptive institutional struc-
tures (bureaucracies) able to respond to
human needs promptly and eÛciently.

I anticipate that our changing view of
national security will lead to a variety
of alterations in the federally funded
research system. Clearly, the balance
between civilian and military R&D ex-
penditure must go from the current
40:60 ratio to at least about 50:50, as
it was through most of the 1960s and

1970s. This balance would shift $15
billion or more from military to civilian
R&D over the next few years, if the to-
tal expenditure remains at its current
level. Much of the reduction on the mil-
itary side will come in the area of ad-
vanced development of major weapons
systems, while basic and applied mil-
itary research will probably remain
about the same.

On the civilian side, support for uni-
versity investigators from the Nation-
al Science Foundation, the National In-
stitutes of Health and other civilian
granting agencies may increase. There
will continue to be a trend toward fund-
ing interdisciplinary teams working on
large, complex questions. Likewise, a
greater emphasis will be placed on the
contributions of the social and behav-
ioral sciences to solving these problems.
The role of the federal laboratories may
shift substantially: they will be encour-
aged to assist both private industry and
universities with research tasks. They
may also be called on to help improve
the quality of science education.

Most of the research-funding agen-
cies are reexamining their focus and
priorities in the light of the paradigm I
am describing. Increasingly, policymak-
ers, such as members of CongressÑ
who are charged by the public and the
Constitution to secure the public wel-
fare and safetyÑwill not act to fund
programs they perceive as unrelated to
the evolving security goals of the na-
tion. Nor will they accept on faith alone
the statements of scientists that their
research is intrinsically worthwhile and
necessary to confront the challenges I
have listed.

The scientiÞc community must help
reconcile these political standards with
its own standards of excellence and in-
tellectual autonomy. Such scientiÞc tra-
ditions cannot be perceived as conßict-
ing with, or superseding, the test of po-
litical and economic necessity, nor can
they be justiÞed through appeals to
myth and privilege. Generous public
support for a vibrant research system
will be achieved only through the open
and realistic articulation of the poten-
tial for science to contribute to a new
national security in the 21st century.

GEORGE E. BROWN, JR., congress-

man from California, is chairman of
the House Committee on Science, Space

and Technology.

ESSAY by George E. Brown, Jr.
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