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YOU'VE READ WHAT THE EXPERTS
NOW READ WHAT THEY RE SAY

L

FRONT: Audi 4000, $7,685" BACK: Audi 5000, $9,725" (Fully-equipped Audi 5000"S,'$11,360")
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HAVE SAID ABOUT THE AUDI 5000,

A

INGABOUT

HE AUDI 4000

and dealer delivery charges additional. Metallic paint, additional

For some months now, there have been reports from
the Continent about an exciting new car — “the Audi
50005 scrappy kid brother— designed by the same
team of engineers that created the 5000.

In the February issue of Road & Track there appeared
an advance road-test report on this new car, written by R
& Ts “Letter from Europe” columnist (whose credentials
as a driver include the winning of the LeMans 24-hour
classic some years ago).

Here is what this gentleman had to say about the new
Audi 4000—or the Audi 80, as it is called in Europe—
after “a quick run through Germany, Switzerland, Italy
and France and over several passes in the Alps, as well as
over some 250 miles of motorways where the Audi
cruised at around 90-100 mph...”

-3000-

"...a brilliant piece of engineering..."

—

“...when | tried the car on the 'colonial tracks of a rival
manufacturer's proving ground ... there wasn't the
slightest squeak or rattle. The light weight is obtained
by proper stressing of the various components of the
shell and systematical weight saving where it can be
done without harm to comfort, quality and strength.
This is a game at which Ferdinand Piéch, who leads the
Audi developmental team, was unbeatable when he de-
signed racing cars from 1965 to 1972, and he certainly
hasn't lost his touch

—3000—

“...by far the best car announced in the past year. In
fact it's the best full-size European car under two liters.
(—March “Letter from Europe” column, R & T))

—QI0—

Test drive the new Audi 4000, and find out why the
Europeans are so impressed with it. For nearest
Porsche+Audi dealer, call this toll-free number: (800)
447-4700. (In lllinois, (800) 322-4400.) He can also

supply you with information on leasing and overseas
delivery.

PORSCHE+AUDI

Nothing Even Comes Close
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[f it comes from Saronno, it must
R be love.

For our little town is where it
all began, 450 years ago. When
Amaretto, the drink of love, was
first created.

Which is why, here in
Saronno, we do not fool around
with love. We still make our ex-
traordinary Amaretto as we have
for centuries. We allow the
flavor to develop slowly, until it
is soft and subtle and mysterious.
We do not rush things along, we
take our time. When it comes to
making love, that is the only way.

You can experience the re-
sults straight up or on the rocks
or in a delightful mixed drink. It
is truly said that with love, any-
thing goes.

But be sure that what you
are drinking is the original —
AmarettodiSaronno. For if it
comes from Saronno, it is the
real thing. If it doesn’t come from
Saronno, who knows what it is?

For free food and drink recipe books, write:
Dept. 09, Foreign Vintages, Inc., 333 Jericho ;
Tumpike, ]ericho, New York 11753. Ligueur 56 proof. Imported by Foreign Vintages, Inc., Jericho, New York. ©1978.

Amaretto di Saronno: The Original.
From the Village of Love.

o
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Why this one-of-a-kind invention
didn’t end up as
the only one of its kind.

Every new invention needs
another new invention —the one that
can mass-produce it at an affordable
cost.

For example, Bell Labs invented
a process for making the glass rods

- from which hair-thin fibers used in
lightwave communications can be
drawn. The fibers have far greater
capacity than conventional copper
wires, so they’ll help keep costs
down. In fact, they’ve been carrying
voice, data, and video signals under
city streets for about two years in a
Bell System demonstration.

But standard lightwave systems
will require miles of the fiber, pro-
duced at low cost and to specifications
nothing short of microscopic.

That’s where Western Electric’s
Engineering Research Center
comes in.

A l.!n_lq_l_l_; (_:ente} -

The Center is devoted exclu-
sively to manufacturing research.
Here, a highly trained team of
scientists and engineers probe funda-
mental questions about materials
and processes. They provide Western
Electric factories with pre-tested,

proven ways to manufacture products
based on the latest technology
coming out of the laboratory.

For example, while Bell Labs
scientists were inventing new glass
fibers, Western Electric engineers
and scientists were tackling the manu-
facturing problems involved.

The fibers had to be drawn from
molten glass at high speeds, with
less than a 1% dewviation in diameter.

Buthow do you control a “thread”
of glass being spun at rates up to
15 feet per second?

Scientists and engineers at the
Center discovered that laser light
beamed onto the fiber cast a
characteristic pattern.

By correlating the pattern to the
fiber’s diameter, they were able to
build a monitoring system into the
fiber drawing machinery. It
measures the fiber 1000 times per
second, automatically adjusting
production to keep the diameter
constant.

The system works so well that
in all the miles of fiber produced by
Western Electric, the diameter varies
by no more than 30-millionths of an
inch.

'_I'_h_é"Kéy to"t_h_e_ Future

In the Bell System, technology
is the key to keeping costs down. It
is the key to constantly improving
your phone service.

And Western Electric’s Engi-
neering Research Center is an essen-
tial link between the ideas of the
laboratory and the realities of the
factory.

Soyour Bell Telephone Company
can make the best one-of-a-kind
inventions a part of your phone
service.

Keeping your communications

system the best in the
world.

Western Electric
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Between the covers
of a book

THE

BRAIN

A SCIENTIFIC AMERICAN Book |

If you think this single-topic
issue of Scientific American
would make a fine book . . .
we agree with you.

This December, The Brain
will be a Scientific American
book, with the complete text of
all the articles, the full color of
the illustrations, and the
convenience and permanence
a book affords.

As a Scientific American
book, The Brain fills a number
of needs:

O For permanent keeping
in your personal or
professional library

O As a gift, a handsome
volume on a topic of
interest to everyone

O For courses in psychology
or biology, an attractive
and accessible text or
supplement

The Brain will be available
December 1, at your bookstore
or direct from the publisher,
W. H. Freeman and Company.

1979, 142 pages (approx.),

160 illustrations (approx.),
hardbound: 1150-8 $12.00 (tent.);
softbound: 1151-6 $5.95 (tent.)

W. H. Freeman and Company
660 Market Street, San Francisco, CA 94104

THE COVER

The picture on the cover is a computer-generated display of the normal human
brain. The surface of the cerebral cortex is dark blue, that of the cerebellum
purple and that of the brain stem light blue (or yellow where other structures
are not superposed on it). Here the front of the brain is rotated slightly toward
the viewer. The display was created by a group in the laboratory of Robert B.
Livingston at the University of California at San Diego. It is based on images
of the cut surface of a brain sliced in a giant microtome. Images of the surface
made at regular intervals were traced into a computer memory and displayed
as a three-dimensional object on an Evans and Sutherland picture system.

THE ILLUSTRATIONS

Cover photograph courtesy of Robert B. Livingston
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That Sinclair TV shown above is small—the
smallest TV in the world.

And when it was first introduced last year, it
made history. So did its high price — $395.

Our company never sold the unit for two
reasons: 1) It was being promoted as a pocket
TV and we felt it would not fit in most pockets
and 2) We felt $395 was too high a price for the
unit regardless of its quality, size and features.

But we were wrong. Thousands of them
were sold and it was selected as one of the
most exciting new products of the year.

WE BOUGHT ONE

A few months ago we purchased a Sinclair
TV and discovered another feature we didn’t
like. The unit included a 220-volt converter for
European operation. This meant that every
American who bought the set had to pay extra
for the converter even though very few
Americans would be taking their TV to Europe.

So we came up with an idea. We went to
England and purchased thousands of sets
directly from the factory without the converter.
We were also able to save money by elimina-
ting the normal mark ups by importers, whole-
salers and distributors.

We can now offer you the unit for only
$249.95 and if you want the 220-volt converter,
your cost is only $19.95 extra.

LESS THAN WHOLESALE

JS&A would be offering the exact same
Sinclair TV at a price less than Sinclair’s actual
wholesale price in the United States and we
would still make enough profit to pay for the
cost of this advertisement.

There is one feature we liked very much
about the set. Its rechargeable batteries are
built into the unit. Larger portable TV's offer
$60 optional rechargeable battery packs that
must be purchased separately. Ours is built in
and included in the price.

The Sinclair TV comes complete with an
American AC adapter and charger, ear
phones, carrying case, rechargeable batteries
and a built-in antenna for both VHF and UHF. It

LOG

1 L] L]
e 23456
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M) Micro TV
Breakthrough

0123456788 =

MISSING ADAPTER

Remember the $400 Sinclair Micro TV? Here’s the
story on the greatest TV value ever.

also comes with a cigarette lighter power
converter, so you can watch all your favorite
TV channels from your boat, plane, motor
home or car without even using your batteries.

PHOTOGRAPHIC QUALITY

We were well aware of Sinclair's advanced
electronics and quality features. But what we
found particularly exciting was its picture tube.
Even though the 2" (measured diagonally)
tube is small, the TV's resolution resembles
that of a clear sharp photograph. You can even
read small telephone numbers when they're
flashed on the screen.

The Sinclair unit is offered in this advertise-
ment with the same accessories available in
the $395 system with the exception of the
220-volt power converter.

The Sinclair is also convenient. You can
take it on trips and entertain your children
while you fly or drive. You can keep it on your
desk at work and monitor the latest news or
stock market reports. And you can view the
soap operas as you work around the house.
We even took ours to the ball game to watch
those instant replays.

BIG POCKETS
But don’t expect to carry it in your pocket—it
won't fit unless you have big pockets. The unit
measures 19" x 4" x 64" and weighs just 28
ounces whichincludes the built-in batteries.

© 1979 SCIENTIFIC AMERICAN, INC

The TV is serviced in the United States by
Sinclair’s service-by-mail facility. If service is
ever required during its one-year limited war-
ranty, just slip it in its handy mailer and send it
to them for repair. Your solid-state unit should
operate for years without a problem, but if it
ever needs repair, it's good to know that ser-
vice is an important part of our program.

For $249.95, the Sinclair Micro TV is worth
your test. Order one from JS&A. Take it with
you on a trip, bring it to your office, or carry it
with you around the house. See how clear and
sharp the picture is and how closely it resem-
bles a black and white photograph. Then
decide if you want to keep it. If not, no problem.
Simply return your TV within 30 days for a
prompt and courteous refund. We just want
you to prove to yourself, the miracle of space-
age electronics before you decide.

AMERICA’S LARGEST

Sinclair Radionics is one of England's
largest electronics manufacturers and JS&A is
America’s largest single source of space-age
products —further assurance that your modest
investment is well protected even though the
unit is offered at such a bargain price.

To order your Sinclair Micro TV, simply send
your check for $249.95 plus $3.00 postage
and handling (lllinois residents, please add 5%
sales tax) to the address shown below or credit
card buyers may call our toll-free number
below. But please act quickly.

The Sinclair TV is an outstanding product
that was priced too high. If you felt like we did
and you waited, your timing is perfect. Order a
Sinclair Micro TV at no obligation, today.

0 PRODUCTS
o) THAT
o WTHINK

Dept.SA One JS&A Plaza
Northbrook, Ill. 60062 (312) 564-7000
Call TOLL-FREE ........ 800 323-6400
Inlllincis Call . .......... (312) 564-7000

©JS&A Group, Inc.,1979
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LETTERS

The article “Standard and Daylight-
saving Time,” by Ian R. Bartky and
Elizabeth Harrison [SCIENTIFIC AMERI-
CAN, May], prompts a former Navy nav-
igator to offer two questions and two
footnotes in gratitude for a most inter-
esting account.

Before the time-zone system of 1883
and before the general use of the Morse
telegraph (about 1850) how did commu-
nities arrive at local mean time? Since
they had no direct way of determining
Naval Observatory mean time and since
the passage of the real sun over one’s
meridian does vary from the time of
passage of the imaginary mean sun ac-
cording to a relatively complex relation
(the equation of time), how did they set
their clocks?

My second question relates to the
statement in the article that “the peri-
od from January 1, 1919, to March 28,
1920, is one of only two periods when
everyone in the U.S. kept the same clock
time.” Surely the authors do not mean
that when people in San Francisco were
starting lunch and proper Bostonians
were starting tea their respective clocks
both read 2:00 p.M.?

The first footnote I should like to offer
is this. For many years I had admired

Editorial correspondence should be addressed to The
Editors, SCIENTIFIC AMERICAN, 415 Madison Avenue,
New York, N.Y. 10017. Manuscripts are submitted at
the author’s risk and will not be returned unless accom-
panied by postage.

Advertising correspondence should be addressed to C.
John Kirby, Advertising Director, SCIENTIFIC AMERI-
CAN, 415 Madison Avenue, New York, N.Y. 10017.

Offprint correspondence and orders should be ad-
dressed to W. H. Freeman and Company, 660 Market
Street, San Francisco, Calif. 94104. For each offprint
ordered please enclose 40 cents.

Subscription correspondence should be addressed to
Subscription Manager, SCIENTIFIC AMERICAN, 415
Madison Avenue, New York, N.Y. 10017. For change
of address, notify us at least four weeks in advance.
Send both old and new addresses and enclose an ad-
dress imprint from a recent issue. (Date of last issue on
your subscription is shown at upper right-hand corner of
each month’s mailing label.)

Name

New Address

Old Address

the accuracy of even a cheap electric
clock compared with the most expensive
pendulum-regulated or balance-wheel-
regulated clock. The electric clock is, of
course, driven by a synchronous motor
locked onto the 60-hertz frequency of
U.S. alternating current. Moreover, all
the generators in a given generating grid
are locked together in step. This does
not explain, however, how they are all
prevented from drifting slowly ahead of
or behind perfect frequency—how they
are maintained year after year very
close to exact (or mean sun) time.

Finally I found an electrical engineer
who told me that in each generating
plant there is a pendulum-regulated
clock that fine-tunes the speed of the al-
ternators to exactly 60 hertz before they
are put on line. That clock in turn is
checked at frequent intervals with the
radio time signals controlled by the Na-
val Observatory and is speeded up or
slowed down slightly to keep it on time.
Anyone who had to rely on an electric
clock in Mexico 20 years ago will realize
the value of this service.

The second footnote relates to the
meeting of Prime Minister Churchill
and President Roosevelt at Argentia in
Newfoundland during World War IIL
Both came by ship, and the ships were
accompanied by numerous escorts. It
was agreed that the British fleet, as the
host, should be scheduled to enter the
harbor first. When the American flag-
ship arrived, however, the harbor was
empty. It was decided that the entire
American task force should steam for
an hour out to sea and an hour back.
When the task force returned, the Brit-
ish had anchored. The staff navigator
then found his error. He had forgotten
that during the war the British were liv-
ing not merely on daylight-saving time
but on double summer time: two hours
later than Greenwich mean time. He
was presumably transferred to com-
mand of an LCI (landing craft, infantry)
in Alaska.

HUGH R. CATHERWOOD

Denver, Colo.

Sirs:

Mr. Catherwood’s first question—
How did people set their clocks before
telegraph signals were available?—re-
fers to the period from, say, 1850 back
to 1650. Before that time clocks were so
inaccurate they did not have minute
hands, and later many clocks were fre-
quently referenced to some central time-
keeper such as the U.S. Naval Observa-
tory. Otherwise clocks would be set (and
checked) by the sun. One would deter-
mine when it was “noon by the sun”
from a sundial, consult a table to find
out how much “noon by the clock” dif-

© 1979 SCIENTIFIC AMERICAN, INC

fered from the sundial on that day and
adjust the clock accordingly. Many such
tables, called equation-of-time tables,
were available.

Mr. Catherwood’s second question
refers to our statement regarding ‘“one
of only two periods when everyone in
the U.S. kept the same clock time.” We
should have said “kept the same system
of clock time.”

Mr. Catherwood’s first footnote calls
for some elaboration. The large power-
grid interties in the U.S. require very
close control of the generators’ frequen-
cies. A few places in the country (such as
Canton, Ohio, and Bonneville, Ore.)
have the overall responsibility for con-
trol. The 60-kilohertz transmission from
the National Bureau of Standards radio
station WWVB is monitored, and com-
parisons are made between “NBS time”
and “power-system time” from the gen-
erators. Directives are sent to each grid
member so that the frequency of the sys-
tem can be advanced or retarded in uni-
son. Electric companies have various
ways of making the necessary changes.
They too utilize the time signals from
the NBS. Obviously the time is lost
when there are power outages, but they
are so infrequent that electric clocks
serve widely as the primary timekeeper
in the home. Still, some of us hedge with
a battery-driven quartz-crystal alarm
clock. .

Mr. Catherwood’s second footnote is
a delightful story, and we do not like to
spoil it. Apparently, however, it did not
happen, at least on that occasion. Ac-
cording to the ships’ logs, copies of
which were generously made available
to us by a Navy historian, President
Roosevelt arrived in Newfoundland on
Thursday, August 7, two full days be-
fore the battleship carrying Prime Min-
ister Churchill arrived. This 1941 meet-
ing, conducted under “a veil of secrecy”
over a 13-day period when the President
“dropped from sight in Washington”
(the quotes are from the 1942 Britannica
Book of the Year), was the only one
where Roosevelt and Churchill met near
Argentia, Newfoundland. Perhaps over
a period of time this historic meeting
was confused with an incident such as
the one Mr. Catherwood describes.

Confusions of events and times occur
all too easily, and there is an instance in
our article. Sunrises, noons and sunsets
in this country are later than those in
Greenwich. This means that the times at
our standard meridians are exactly five,
six, seven, and eight hours behind the
time at the Greenwich meridian, not lat-
er, as we wrote.

IAN R. BARTKY
EL1ZABETH HARRISON

Bethesda, Md.



The hands, Lamar Hunt. The watch, Rolex. W
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The Rolex crown.
. For the innovators
- of our time.

Lamar Hunt.

Founder of the American
Football League.
Co-founder of World
Championship Tennis.
Member of the Pro
Football Hall Of Fame.

A dynamic sports
entrepreneur.

Rolex.
Dynamic innovator in
watchmaking.

Mr. Hunt's Rolex is the Rolex Day-Date Oyster
Perpetual Superlative Chronometer, self-
winding, handcrafted from a solid block of 18kt.
yellow gold, pressure proof to 165 feet, with

# matching hidden clasp President bracelet.
Also available in 18kt. white gold and platinum.

For brochure, write Rolex Watch U.S.A.,
Inc., Dept. 116, Rolex Building, 665 Fifth
Avenue, New York, New York 10022.

Geneva - Bombay - Brussels - Buenos Aires -
Caracas + Cologne * Dublin - Hong Kong -
Johannesburg - London - Madrid - Mexico City
Milan - New York - Paris - Sao Paulo -
Singapore - Sydney - Tokyo - Toronto
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50 AND 100
YEARS AGO

SCIENTIFIC AMERICAN

SEPTEMBER, 1929: “So long and so
speciously has the term ‘white coal’ been
conjured with that the man in the street
has been deluded into believing the wa-
ter-power conjurer can continue indefi-
nitely to draw cheap electricity from our
water-power resources. For the man
who simply pays to see the bag of tricks
the conjurer can extract from the hat
as many live rabbits as he desires. It is
significant, however, that in the Pacific
Coast states the trend is toward steam
generation, although in that region there
is sufficient undeveloped water power to
supply the region’s electricity demand
for many decades to come. Why? Be-
cause, as Thomas Edison recently said,
electric power can now be generated
more cheaply by steam than by water.
In industrialized America the man who
pays the bill, the man who is called on
to elect a politician on the basis of his
white-coal development promises, and
the investor, large or small—all are vi-
tally concerned in this problem of gener-
ating electric power. It is time for them
to have the facts.”

“A new tank invented by J. Walter
Christie, automotive engineer, has been
tested at Fort George G. Meade in
Maryland before a group of military ex-
perts. The performance of this new war
machine, which carries a crew of three
men, was so amazing that it elicited ex-
pressions of astonishment. Over rough
terrain the new tank made a speed of 42
miles per hour, and with its treads re-
moved it made a speed of 62 miles per
hour on a concrete highway.”

“American exports of aircraft and air-
craft engines are steadily growing. The
principal markets are Canada, Peru,
Chile and Soviet Russia. South America
is a particularly attractive territory for
the American manufacturer, and now
that the Curtiss interests have formed a
company to operate in China we may
expect large exports across the Pacific.
In the early days after the war Europe
practically barred American products
from the rest of the world, mainly be-
cause labor costs in Europe were so
much lower. But as the industry attains
a production basis the superiority of
American production methods begins to
assert itself.”

“What is probably the most signifi-
cant recent development in the entire
realm of industrial chemistry was re-
cently announced by the Standard Oil
Company of New Jersey: a revolution-

10

ary process for the production of gaso-
line from petroleum. By ordinary distil-
lation a gallon of crude oil can be made
to yield a certain amount of gasoline.
This maximum yield would not produce
nearly enough gasoline to take care of
the present demand, and the motoring
public is indebted to Dr. William M.
Burton, who some years ago developed
the ‘cracking’ process, whereby the yield
of motor fuel from crude was greatly
increased by breaking down more of
the higher hydrocarbons in petroleum
to gasoline. Now, however, comes an
entirely new process, whereby all the
crude oil is converted into gasoline by
hydrogenation. Whereas ‘cracking’ is a
destructive process, hydrogenation is a
constructive reaction, actually building
up gasoline from atoms of carbon and
hydrogen.”

“Within the year Chicago and Phila-
delphia are to have the first American
planetariums. From the day of the open-
ing of these two mechanical marvels
public interest in planetariums is certain
to reach a new level all over the nation.
At present the only way to see a plane-
tarium is to go to Europe, particularly
Germany, where they were invented and
developed and where they are made.
Fifteen German cities now have plane-
tariums. So do Vienna, Rome and Mos-
cow. People old and young stand nightly
in long queues waiting for the perform-
ance to begin.”

SEPTEMBER, 1879: “The steady
progress of the yellow fever epidemic in
Memphis has been less startling than
last year, but for all that it has been sure
and fatal. From 20 to 30 new cases daily
in a town as depopulated as Memphis
now is, and where of those so many are
protected by previous attacks, is indica-
tive of a potent and concentrated infec-
tion. It has been very properly decided
to continue perfecting the system of the
isolation of Memphis, under the rules
of the National Board of Health, which
have already given such good results,
and to use every possible means to in-
duce the Negroes, who constitute the
main source of danger in Memphis, to
move into camps and thus deprive the
fever of material to work on.”

“In the Krupp cast-steel manufactory
at Essen there are 1,648 furnaces, 77
steam hammers, the largest weighing 50
tons, 18 trains of rolls and 1,063 ma-
chine tools. When all existing facilities
are employed, the works can produce in
24 hours 2,700 rails, 350 tires, 150 loco-
motive and car axles, 180 car wheels and
1,000 railroad springs. In one month
there can be produced 304 field guns
and guns of larger caliber. The mines
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attached to the works embrace four for
coal and 562 for iron ore, including iron
mines near Bilbao in Spain.”

“MM. Kundt and Réntgen have com-
municated to the Munich Academy
their results on the rotation of the plane
of polarization of light by electro-mag-
netism in a vapor. They have proved the
fact of such rotation, which Faraday
failed in demonstrating, at least in the
vapor of sulphide of carbon. This sub-
stance was chosen for experiment be-
cause it shows strong electro-magnetic
rotation in the liquid state and because
its vapor has great tension, even at mod-
erate temperatures. An iron tube, closed
at the ends by thick glass plates, was
enclosed in an outer tin tube through
which steam at 100° Cent. could be
passed. The outer tube was surrounded
by six large coils, each consisting of 400
turns of thick wire, through which a cur-
rent from 64 large Bunsen elements was
passed. Sulphide of carbon vapor was
heated, and at the temperature of boil-
ing water the vapor became transparent.
A beam of polarized light was passed
through the tube and analyzed by Nic-
ol’s prism. On the current’s being sent, a
distinct brightening of the field was ob-
served, which increased if after rotating
the prism afresh to darkness the current
was reversed.”

“A very popular and enjoyable paper
at the recent meeting of the American
Association for the Advancement of
Science was Mr. Wm. T. Hornaday’s on
the Orang-Outangs of Borneo. Touch-
ing on the possible human relationships
of the orangs, Mr. Hornaday said: ‘Let
such a one who is prejudiced against
Darwinian views go to the forests of
Borneo. Let him there watch from day
to day the strangely human form in all
its various phases of existence. Let him
see it climb, walk, build its nest, eat and
drink, and fight like human “roughs.”
Let him see the female suckle her young
and carry it astride her hip precisely as
do the Cooly women of Hindostan. Let
him witness their humanlike emotions
of affection, satisfaction, pain and child-
ish rage—let him see all this, and then he
may feel how much more patent has
been this lesson than all he has read in
pages of abstract ratiocination.””

“M. de Lesseps would have made a
good actor if he had not been a success-
ful engineer. He has been making a tour
of France, visiting the commercial cities
and lecturing on his new scheme of the
Panama Canal. He takes with him his
little daughter Tottotte, and she goes to
the public meetings at which her father
speaks. When she becomes drowsy, M.
de Lesseps points to her and says: ‘That
little girl will fire the first mine when we
come to quarry the canal.’ Then Mlle
Tottotte awakes, and the crowd enthusi-
astically cheers.”
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It also holds the worlds finest whisky.

Crown Roval from Seagram. Diamonds from Harry Winston, Inc.
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MOTOROLA HELPED BRING

His name isn't important.

His story is.

He was simply walk-
ing back to his office
when the pain hit him.

In less than
three minutes,
an ambu-
lance with
two para-
medics arrived.

But as they began
to work, arrhythmia—
erratic, wildly un-
controlled heartbeat—
setin.

Then his heart
stopped altogether.

A MIRACLE
OF ELECTRONICS.

Fortunately, the ambulance
was equipped with a Motorola
APCOR Coronary Observation
unit.

It put the paramedics in
immediate touch with an
emergency physician at the
hospital miles away.

Not just by voice com-
munication; that doesn't give
a doctor all the information he
needs.

But at the very same
instant, by Motorola telemetry,
an electrocardiogram of the
activity of the man's heart
was being transmitted.

A miracle of
electronics—

microelectronics—was about
to show what it could do.

TECHNOLOGY DOES
THE TALKING.

A lot of things were
happening at once.
The medical
assistants at the scene
were talking to the
emergency room at
the hospital.
And the Motorola
APCOR was also talk-
ing to the doctor in
alanguage only a

stand—by trans-
mitting the
patient's EKG.
The doctor
could then treat
the patient
almost as
if he were
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doctor could under-

on the spot.

In a few minutes, the
man's heart began to beat.
He was once again on his way
to being alive, in every sense
of the word.

MICROCIRCUITS
MAKE IT HAPPEN.

APCOR is made possible by
Motorola microcircuits, tiny
information processors that
transmit both electronic




THIS MAN BACK TO LIFE.

Microcircuitry is also at
the heart of the many
other kinds of two-way com-
munications
equipment
we make.

But com-
munications
equipment is A microcomputer,
only part of  goun ree
what contrib-
utes to our nearly two billion
dollars a year in sales.

MAKING ELECTRONICS
HISTORY.

Thanks to Motorola micro-
electronics, we create all
kinds of remarkable
systems that
Vi would

rle
P

signals and the human voice.

have been inconceivable not
long ago.

A system to help power
companies handle peak loads
without danger of blackouts.

An electronic carengine
management system that can
save gasoline.

Even a communications
system to help probe Mars.

But then, we've come a
long way from the time we
first made history by putting
radios into cars (we went on
to put alternators and elec-
tronic ignitions into them) and
later put

popular-

TV sets into homes (they're a
product we don't make here
at all anymore).

Today, Motorola is one of
the world's largest manufac-
turers dedicated exclusively to
electronics, as well as one of
its foremost designers of cus-
tom and standard semi-
conductors.

Many of the things we
make are changing people’s
lives.

Others are actually saving
them.

priced @ MOTOROLA

Making electronics history

since 1928.

APCOR, Motorola and ® are registered
trademarks of Motorola, Inc.
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For further -nimmdllon write Public Affairs’
Ottice, Corpordte Otfices. Motorola. 1o
1203 E- Alganguin Road, Schaumburg. linots 60196
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WANTED:

New Products
and
Technologies

HEALTH CARE:

[J Pharmaceuticals

(] Diagnostics

[] Devices

] Other Rx and
non-Rx products

TOILETRIES:

[J Oral hygiene

[] Skin care

(] Hair care

] Other toiletries,
grooming aids

Do you own a product or innovation
that you’d like to sell, license or other-
wise make money on?

Then you should know about this
search we are conducting on behalf of
major marketers in the U.S., Europe
and Japan.

These marketers want new products
in the above categories—plus ways to
improve existing brands. When they get
our search report, entitled the New
Product Source Book, they will note
which products interest them. Then they
will contact you directly to discuss
license or acquisition.

You pay us nothing, now or ever.
Participation by you is entirely free.
Write now for official submission pro-
cedure, plus a statement of our creden-
tials. Send nothing confidential, please.
Wait and read the procedure. (You may
send issued patents, if you wish.) Don’t
miss out—write us now.

PRODUCT RESOURCES
INTERNATIONAL, INC.
Attention: C.A. Stone
90 Park Ave., N.Y,N.Y. 10016
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THE AUTHORS

DAVID H. HUBEL (“The Brain”)
is George Packer Berry Professor of
Neurobiology at the Harvard Medical
School. Born in Windsor, Ont., he re-
ceived his B.Sc. and M.D. degrees at
McGill University. He then studied clin-
ical neurology for three years at the
Montreal Neurological Institute, com-
ing to the U.S. in 1954 for a year’s resi-
dency in neurology at the Johns Hop-
kins Hospital. The following year he
began neurophysiological research at
the Walter Reed Army Institute of Re-
search in Washington, and in 1958 he
joined the physiology faculty of the
Johns Hopkins School of Medicine. He
moved to the Harvard Medical School
in 1960.

CHARLES F. STEVENS (“The Neu-
ron”) is professor of physiology at the
Yale University School of Medicine. He
did his undergraduate work in experi-
mental psychology at Harvard Univer-
sity and obtained his M.D. at.the Yale
School of Medicine and his Ph.D. in bio-
physics from Rockefeller University in
1964. From 1963 through 1975 he was
on the physiology and biophysics fac-
ulty of the University of Washington
School of Medicine, taking a sabbatical
leave during the 1969-70 academic year
at the Lorentz Institute for Theoretical
Physics at the University of Leiden.

ERIC R. KANDEL (“Small Systems
of Neurons”) is professor of physiology
and psychiatry and director of the Di-
vision of Neurobiology and Behavior
at the Columbia University College of
Physicians and Surgeons. He was born
in Vienna and came to the U.S. in 1939.
He was graduated from Harvard Col-
lege in 1952 and received his M.D. at the
New York University School of Medi-
cine in 1956. After a year of internship
at Montefiore Hospital in New York he
spent three years as a postdoctoral fel-
low at the National Institute of Mental
Health, working on a cellular study of
the hippocampus, a part of the mamma-
lian brain thought to play a role in mem-
ory. He was a resident in psychiatry at
the Massachusetts Mental Health Cen-
ter and the Harvard Medical School
from 1960 to 1962 and again from 1963
to 1964. In the intervening year he was
a National Institutes of Health special
fellow at the Institute Marey in Paris.
There, seeking to work on a simple or-
ganism in which it might be possible to
study the neural mechanisms of behav-
ior and learning more directly than is
possible with complex organisms, he be-
gan to do research with Ladislav Tauc
on the nervous system of the marine
snail Aplysia. Kandel has continued to
work with Aplysia since then. In 1965 he
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returned to the New York University
School of Medicine to develop a neu-
robiology group, and in 1974 he moved
to Columbia.

WALLE J. H NAUTA and MI-
CHAEL FEIRTAG (“The Organiza-
tion of the Brain”) have collaborated for
more than four years on a textbook of
neuroanatomy. Nauta is Institute Pro-
fessor in the department of psychology
at the Massachusetts Institute of Tech-
nology and staff neuroanatomist at
McLean Hospital in Belmont, Mass.
Born in Indonesia, he was educated at
the University of Leiden and the Uni-
versity of Utrecht, where he obtained
his M.D. in 1942 and his Ph.D. in anato-
my and neurophysiology in 1945. After
teaching at the universities of Utrecht,
Leiden and Zurich he worked from 1951
to 1964 as a neurophysiologist at the
Walter Reed Army Institute of Re-
search in Washington and taught for
part of that time in the department of
anatomy at the University of Maryland.
In 1964 he joined the M.LT. faculty.
Nauta has received the Research Career
Award of the National Institute of Men-
tal Health and the Karl Spencer Lashley
Award for research in neurobiology
of the American Philosophical Society.
Feirtag is an editor of Technology Review,
a magazine published by M.L.T.

W. MAXWELL COWAN (“The De-
velopment of the Brain”) is Edison Pro-
fessor of Neurobiology and head of the
department of anatomy at the Washing-
ton University School of Medicine. A
native of South Africa, he received his
undergraduate education at the Uni-
versity of the Witwatersrand. In 1953
he went to the University of Oxford to
obtair his Ph.D. and complete his medi-
cal training, and from 1958 until 1966
he was a fellow of Pembroke College.
In 1966 he emigrated to the U.S. and
taught at the University of Wisconsin;
after two years he moved to Washington
University. Much of Cowan’s scientific
work has been on the organization of the
limbic system and the development of
the visual system.

LESLIE L. IVERSEN (“The Chemis-
try of the Brain”) is director of the Med-
ical Research Council Pharmacology
Unit at Cambridge in England. He did
his undergraduate work at Trinity Col-
lege of the University of Cambridge and
went on to receive his Ph.D. in biochem-
istry and pharmacology in 1964. The
following year he came to the U.S. on a
postdoctoral fellowship in the laborato-
ries of Julius Axelrod at the National
Institute of Mental Health and of Steven
Kuffler at the Harvard Medical School.



"I3 YEARS AGO | BOUGHT
THIS VOLVO BECAUSE IT
WAS ADVERTISED AS THE
IYEARCAR?. ..~
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13 years ago, William Stiles, an expert in American
Indian history and artifacts, discovered the treasure you
see here: a 1966 Volvo.

He bought it because ads of the time said Volvos were
so durable they lasted an average of 11 years in Sweden.

As Mr. Stiles recalls: “One ad said that a Volvo was so
tough, you could ‘Drive it like you hate it’ I did exactly that.
In my field work I’ve driven this car 295,000 hard miles,  §
much of it through former Indian territory. It’s held up
even better than promised. Driving it like I hated it made
me loveit”

Expressions of love are not uncommon among Volvo
owners. In fact, 9 out of 10 people who have bought new
Volvos are happy.

So if you’re unhappy with your current car, do what
M. Stiles once did after reading one of VOLVO
our ads. Buy one of our cars. A car you can believe in.
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There are some marvelous benefits
ahead for mankind. But along with
every benefit will come a whole new
set of problems.

Championis a forward-looking forest
products company.We plant seeds for a
living. Seeds that take up to 50 years to
become mature trees.Therefore, we
think a lot about the future of the forest.
And, of the people who will be around to
buy our products in the years to come.

So, during the comingyear,in
magazine ads like this, we will be dis-
cussing some of the potential cultural
and sociological impact of future
technology and change on our gener-
ation, and the generations to come—to
help you make intelligent choices.

You might say, we’re planting seeds
of thought for tomorrow.

The Futureis
coming.

Areyouready?

In1926,the man whose invention ultimately

led to the development of the TV tube said:
“...commercially and financially I consider

[television] an impossibility, a development of
which we need waste little time dreaming”

And in 1945, a famous American naval
officer said: “That is the biggest fool thing
we've ever done...the latomicl bomb will never
go off, and I speak as an expert on explosives”

And in 1948, a respected science magazine
said: “Landing and moving around the moon
offers so many serious problems for human
beings that it may take science another two
hundred years to lick them”

Obviously, no matter what you may hear
to the contrary, the future is coming. And soon.

And with it will come incredible change in
our lives and in the lives of our children and
grandchildren. This ever-compacting future,
with its vast and incredible technological
innovation raises some perplexing questions
that are important to address now, so as to
avoid what futurist author Alvin Toffler calls

“future shock?”
As a company whose entire being is based

on the tree, a renewable resource that takes
from 25 to 50 years to mature, we have always
been particularly concerned about the pros-
pects of future generations of forests and of
future generations of people. (It is a sobering
thought that not many of us in the company
will be alive when the forests we are preparing
for the future right now are ready for
harvesting.)

To state it simply, as one of our top execu-
tives said recently in a speech, “Out of enlight-
ened self-interest, Champion is a company
with its roots planted firmly in the future”

So it seems only natural for us to raise
some of the problems and opportunities that
futurists foresee for the coming generations.
And to discuss some of the choices that will
have to be made.

In the future, in magazine pages like this,
we will be looking at issues like Access to Life
Extension, the Social Implications of Changing
Family Forms, the Effects of Over-Crowding,
Communications and Culture in the Future,
Social Values and Market Economics, Environ-
mental Planning and Resource Allocation,
Growth and Alternatives to Growth, and other
issues that will impact the generations to come.

And as futurists foresee new problems, we
will bring them to these pages too.

If you believe that the world of tomorrow
should not be left to chance, send for a free
copy of a brochure about the critical issues we
face in the future and a bibliography for
further reading. Write:

Champion International Corporation,

Box 200, Stamford, Connecticut 06921.

Champion, a forest products company
with its roots planted firmly in the future.

We are in the forest products business. We plant
trees and harvesttrees. We make wood and paper. And we
make things out of wood and paper.

Because we make our living from the forest,
our success depends, in one way or another, on the future

These are our operating divisions that are

planning for the future:
CHAMPION TIMBERLANDS
CHAMPION BUILDING PRODUCTS
CHAMPION PAPERS

‘ CHAMPION PACKAGING (HOERNER WALDORF)

o

Champion International Corporation

Planting seeds for the future
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Your most important possession

didn't come with an owner’s manual.

Think of your
brain as the most
complex, sophisticated

and powerful computer on
earth. Then think of this: it
never came with operating
instructions. Everything we
do with it is through trial
and error.

Enter Peter Russell, lead-
ing psychologist and a founder
of the Learning Methods
Group. In The Brain Book he
shows with startling clarity
the recent and significant
breakthroughs in mind-mem-
ory research. Then he goes on
to demonstrate the techniques
and activities you can do to
improve your memory, maxi-
mize your powers of concen-
tration, boost your problem

solving abilities,
and increase your
reading speed and com-

prehension. In short, how to

get the most from your brain.

The Brain Book: the most
vital “owner's manual” you'll
ever need.

“A joy...one of the most read-
able and useful books about
the brain that | have seen.’
—Bob Samples, author of
The Metaphoric Mind

“Well-written. . solidly
grounded in psychological
and laboratory studies.. .full
of guidelines for anyone
seeking to tap more of the
brain’s innate potential.”
—Publishers Weekly

$12.95

260 Madison Ave , New York 10016 HAWTHORN BOOKS
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He then returned to England to become
a research fellow in the department of
pharmacology at Cambridge. In 1967 he
was elected a Locke Research Fellow
of the Royal Society, and in 1971 he
became director of the Neurochemical
Pharmacology Unit. Iversen is chief ed-
itor of the Journal of Neurochemistry and
president of the European Neuroscience
Association.

DAVID H. HUBEL (see first column)
and TORSTEN N. WIESEL (“Brain
Mechanisms of Vision”) have collabo-
rated on studies of the mammalian vi-
sual system for nearly 20 years. Wiesel
is Robert Winthrop Professor and chair-
man of the department of neurobiology
at the Harvard Medical School. Born in
Sweden, he obtained his M.D. in 1954 at
the Karolinska Institute in Stockholm.
After a year as an instructor of physiolo-
gy there he came to the U.S. to join the
faculty of the Johns Hopkins University
School of Medicine. He moved to the
Harvard Medical School in 1959.

EDWARD V. EVARTS (“Brain
Mechanisms of Movement”) is chief of
the Laboratory of Neurophysiology of
the National Institute of Mental Health.
He obtained his M.D. at the Harvard
Medical School in 1948 and received
clinical training in psychiatry and neu-
rology at Peter Bent Brigham Hospital
in Boston, the National Hospital in Lon-
don and the Payne Whitney Clinic in
New York. During a year of research
with Karl Spencer Lashley at the Yer-
kes Laboratories of Primate Biology in
Florida he became interested in brain
science. In 1953 Evarts began his re-
search at the National Institutes of
Health, where he combined the behav-
ioral techniques he had learned at Yer-
kes with techniques for recording the
activity of single neurons in the brain
of freely moving monkeys. Since then
he has expanded the technique of study-
ing brain activity during volitional
movement to explore higher brain func-
tions such as attention, memory and mo-
tivation.

NORMAN GESCHWIND (“Spe-
cializations of the Human Brain”) is
James Jackson Putnam Professor of
Neurology at the Harvard Medical
School and director of the Neurological
Unit at Beth Israel Hospital in Boston.
He is also professor in the department of
psychology and in the School of Health
Sciences and Technology at the Massa-
chusetts Institute of Technology. He ob-
tained his bachelor’s degree from Har-
vard College and his M.D. at the Har-
vard Medical School and then received
postgraduate training in Boston and
London. Geschwind’s research has fo-
cused on the relation between the anato-
my of the brain and behavior, including
the cerebral organization of language,



Imagine you've just
flown into Japan's
Tokyo Airport. You
head for the Duty Free
shop, hoping to pick up
a Seiko alarm chrono-
graph at substantial
savings. Approaching
the showcase, you
realize the model shown
is one you've never
seen. It's the new Solar
alarm chronograph,
just released and not
yet available in the
States. And because
the shop is duty free,
the $295 gold model is
marked down to
only $220.The
$250 stainless
model is only
$190.

Smiling at
your good for-
tune, you charge one to
your credit card. It's a hand-
some, useful addition to your
life. And at that price, an
excellent investment.

Batteries never lasted
this long.

It's got the latest solar
cell battery, which gives you
up to ten years of battery life.
Even the nightlight battery
gets up to 5 years without a
change. The alarm is a
handy wake-up or appoint-
ment reminder. The stop-
watch times up to 12 hours
to 1/10 second, and gives
splits, 1-2 finishes, and
time-outs. The day of the
week is always displayed,
and date and month appear
on command. Unusually well
finished in solid stainless steel
case and band, it features
a hard mineral glass face
crystal. The distinctive front-

THE NEW SOLAR SEIKII
ATA DUTY FREE PRICE.

mounted speaker grills are a
Seiko exclusive, making it
immediately recognizable.

Stay home, and still save.
Rather than flying to
Japan, pick up your phone

and dial toll-free to - — »

The Sharper Image.
You'll be able to
order the new
Seiko Solar (list $295) at the
same low price, only $220
in gold, or $190 in stainless.
You'll save about $75 either
way. You can't get a better
price, even at the shop in
the Tokyo Airport. Not only
will you save a tidy sum,
you'll be among the first to
own a timepiece that's guar-
anteed to start conversations.
One small snag.

Even at this low price,
you'll get a tull year of lim-

coverage. This coverage is
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provided by a prompt
U.S. service-by-mail
facility. About all you'll
be giving up is the con-
venience of walk-in
warranty repairs at
Seiko service centers
during the first year. Of
course, repairs are
rarely needed, ever.
The solid state com-
ponents never need
service, and after twelve
months, you can use

| any Seiko service facility.

" Please order now.
This watch is so

new most stores don't
have it yet. And

quite frankly,
our supply is
very limited. By
ordering today,
without obliga-
tion, you'll be
sure of receiving the newest
Seiko at an unusually low
price. If it's not everything
you expected, you are wel-
come to send it back within

2 weeks of receipt for a
prompt and
courteous refund.

Get ten years from a battery. But please order
Save $75 with a phone call.

now to avoid
disappointment.

ORDER NOW TOLL-FREE.

Credit card holders
may use our toll-free
number. Or send check
for $220 for Gold plus
$13.20 sales tax in Cali-
fornia (for Stainless, $120
plus $11.40). Add $2.50
for delivery.

(800) 227-3436
In California (800) 622-0733

* THE SHARPER IMAGE

ited parts and labor warranty

260 California St., Dept. 071
San Francisco, CA 94111
(415) 788-4747

1979 The Sharper Image



When
industry
cooks up

something
hot,

Plenco

heat-
resistant

phenolics
keep their
cool.

“In our original drawings we speci-
fied Plenco 400 Brown heat-resis-
tant phenolic as the compound for
use in molding the base of our drip
coffee-maker. We wanted and got
very good molding characteristics,
fast cure and good finish and
appearance’’

20

“In our corn popper hot air, not oil,
explodes the kernels. The high heat
resistance of Plenco 466 A.F.
Brown phenolic was chosen for the
molded chute and for an internal
unit. Plus it gave us ease in mold-
ing, strength

and good

appearance’’ ,

“Our deep fryer takes rapid heat-
up. The fryer baserequired a mold-
ing material suitable for operations
at high temperatures and your
brown heat-resistant Plenco 485
phenolic compound gave it to us.
Its brown color was chosen for
aesthetic reasons’’

WE'VE GOT YOUR "NUMBER"
more than likely, whether or not
the factor of heat is your main con-
cern and whatever your particular
molding application may be. Here
is our number—(414) 458-2121.
Call and let us introduce you to
Plenco selections, Plenco experi-
ence, Plenco service.

PLENCO

THERMOSET PLASTICS

PLASTICS ENGINEERING COMPANY
Sheboygan, WI 53081
Through Plenco research...a wide range of ready-
made or custom-formulated phenolic, melamine-
phenolic, alkyd and polyester thermoset molding
compounds, and industrial resins.
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aphasias, emotional changes resulting
from brain lesions, the evolution of lan-
guage and the functional asymmetry of
the brain.

SEYMOUR S. KETY (“Disorders of
the Human Brain”) is professor of psy-
chiatry at the Harvard Medical School
and director of the Laboratories for
Psychiatric Research at the Mailman
Research Center and McLean Hospital
in Belmont, Mass. He was educated at
the University of Pennsylvania, where
he obtained his bachelor’s degree in
1936 and his M.D. in 1940. After a Na-
tional Research Council fellowship at
the Massachusetts General Hospital he
returned to the University of Pennsylva-
nia School of Medicine, where he spent
eight years in the department of phar-
macology and physiology. In 1942 he
developed the citrate treatment for lead
poisoning (a forerunner of current ther-
apies) and in 1945 he developed a tech-
nique for measuring cerebral blood flow
in man, which he subsequently applied
to studies of the circulation and metabo-
lism of the brain in health and disease.
In 1951 he became the first scientific di-
rector of the National Institute of Men-
tal Health and of the National Institute
of Neurological Diseases and Stroke,
and in 1956 he became chief of the Lab-
oratory of Clinical Science at the Na-
tional Institute of Mental Health. He
joined the Harvard Medical School fac-
ulty in 1967. Much of Kety’s research
has dealt with the role of biological
mechanisms in mental illness and the
importance of genetic factors in the
etiology of schizophrenia.

F. H. C. CRICK (“Thinking about the
Brain”) is Kieckhefer Distinguished Re-
search Professor at the Salk Institute for
Biological Studies in La Jolla, Calif. He
did his undergraduate work in physics at
University College London, but his doc-
toral work was interrupted in 1939 by
the outbreak of World War II. Through-
out the war he worked in the British Ad-
miralty on the development of magnetic
and acoustic mines. In 1947 he left the
admiralty to study biology at the Uni-
versity of Cambridge, joining the Medi-
cal Research Council Unit that was then
housed in the Cavendish Laboratory.
He met James D. Watson in 1951, and
their scientific collaboration led two
years later to the proposal of the double-
helix structure for the DNA molecule
and a scheme for its replication. Crick
received his Ph.D. in 1954 for his re-
search on the X-ray diffraction of poly-
peptides and proteins. Over the next
several years he collaborated with Syd-
ney Brenner on genetic and biochemical
studies that gave new insights into the
mechanisms of protein synthesis and the
genetic code. In 1962 he, Watson and
M. H. F. Wilkins shared the Nobel prize
in physiology and medicine.



Save energy, cut fuel bills...automatically!

New Automatic Set-Back Thermostat
Saves up to 30% on Your Fuel Bill!

eInstalls easily with a
screwdriver

eExact wire-for-wire
replacement for con-
ventional thermostats

¢Sliding controls —no
complicated keyboard

*Digital readout of time
and temperature

eQuartz crystal ac-
curacy, solid state
reliability

Now space-age technology can be put to
work right in your home to save money
on your heating and cooling bills and to
save energy—with the computerized
Sensor Automatic Thermostat.

There never was a better time for the
Sensor Set-Back Thermostat. Whether
your heating system uses natural gas,
oil, electricity, or any other fuel source,
this unique set-back thermostat will
save you money.

Beyond the benefit of savings for you is
the important national emergency of
shortened fuel supplies. In the tradi-
tional American way of solving our own
problems, the Sensor Automatic Ther-
mostat provides us all an opportunity to
do our part. If every home in the U.S. in-
stalled a set-back thermostat, the
energy crisis could practically disappear.

Total last winter’s fuel bills and
calculate what your savings will be in
your region of the country. See how fast
the unit will pay for itself!

Energy Savings With Setback in Major Cities
Percent Savings

Night Setback Dual Setback
(Night + Day)
5°F 10°F 5°F 10°F
City Setback Setback Setback Setback
Atlanta 1% 15% 20% 27%
Boston 7 1 15 22
Chicago 7 1 14 21
Cleveland 7 10 14 21
Dalias 1 15 20 28
Denver 7 " 15 22
Los Angeles 12 16 22 30
Minneapolis 5 9 1 18
New York City 8 12 16 23
Omaha 7 1 13 20
Pittsburgh 7 " 15 22
St. Louis 8 12 16 23
San Francisco 10 14 19 26
Seattle 8 12 17 24
Washington,D.C. 9 13 18 25

United States Department of Energy

Easy to install, easy to operate
It can be installed by the novice do-it-
yourselfer—with a screwdriver! Simply
remove your old thermostat and replace
it with the new unit, using existing wiring
and working right at the wall.

The outstanding operating feature of the
Sensor Thermostat is the sliding switch
setting controls. No complicated digital
keyboard or dials—simply slide the
levers to the desired temperature as you
would on your current thermostat.
Select the times to fit your household
schedule and that’s all there is to it.
Anyone can program the unit the first
time around in a few seconds.

For the family with working wife and
school-age children, set week days for
7am. 9a.m. 4:30 p.m. 11p.m.
72° 72°
62° 60° 62°
comfort in the morning when you awake,
savings during the day when no one is
home, and back to your desired warmth
when everyone returns for the evening.

7:30a.m. 11:30 p.m.
1 72° J
62° 62°

Week ends can be programmed to main-
tain regular temperature throughout the
day when someone is home.

Once you program the Sensor Ther-
mostat there’s no bother with daily ad-
justments. Yet, it boasts great flexibility
for re-scheduling any day without having
to re-program the entire unit.

In addition to saving fuel costs at your
primary residence, the Sensor Ther-
mostat is ideal for a small office or shop,
week-end cabin, ski lodge, apartment in
town—anyplace that you want to heat or
cool for comfort when you are there and
for economy when you are not.

With the “day skipper" feature, a simple

ontemporar

790 Maple Lane, Bensenville, lllinois 60106

Marketing, Inc.
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from $ 11995

ePays foritselfin just
a fewmonths

eEnables you to do your
partin saving energy
during our national
emergency

e American made to make
America strong

*Practical way to save
money, conserve energy
and still be comfortable

eTax deductible under
National Energy Act

flip of one switch tells the system to
stay in the night set-back setting for that
day. Ideal for your home when you travel,
for a cottage used only on week-ends
and small offices and shops that are
closed on Saturdays and Sundays.

The demand for the Sensor Automatic
Thermostat will be overwhelming. We
have purchased the entire production
available this fall, but we warn you that
the supply is limited. First come, first
served. And the sooner you install your
Sensor Thermostat, the sooner you start
saving energy for your country and fuel
costs for yourself!

In addition to the Dual Set-Back unit, a
standard unit with single night set-back
is available for homes that need steady
temperature throughout the day.

Order now—enjoy the heating and cool-
ing control system of the future that
gives you a fuel bill of the past. Only
$119.95 for the Sensor Set-Back Ther-
mostat, $129.95 for the Dual Set-Back
Thermostat. Available on 10-day FREE
trial. Backed by Sensor’s full one year
warranty. Size: 1%2” x 32" x 4% ",

Credit Card Orders Call Toll Free:

800-648-5600

Operator No.48
24 hours, 7 days a week
Nevada Residents Call: 800-992-5710

T e e e e e e e s
Please send me:
IiSensor Set-Back Thermostat(s) at $119.95
I (Item 0705)
____Sensor Dual Set-Back Thermostat(s) at $129.95
(Item 0706)
Add $4.50 per unit for shipping and insurance.
lllinois residents include 5% sales tax.
I [J Check or M.O. Enclosed
[J Please Charge My Credit Card:
| Mastercharge I American Express
Visa [J Diners Club | Carte Blanche
I Card No. Exp. Date
Name

Address
I City .
State Zip —

lSignature — -
Contemporary Marketing, Inc.

‘790 Maple Lane, Bensenville, IL 60106,

SCAC-244 ©1979CMI247
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MATHEMATICAL
GAMES

In some patterns of numbers or words

there may be less than meets the eye

by Martin Gardner

“A mathematician, like...a poet, is a
maker of patterns.”
—G. H. HARDY,
A Mathematician's Apology

re the beautiful, orderly patterns of
A pure mathematics discovered or
created by the human mind? The
answer to the question depends on one’s
philosophy of mathematics. In either
case patterns also play an important
part in all the fine arts, and nature dis-
plays a fantastic variety of patterns—
atomic structures, snowflakes, spiral
galaxies and so on—that demonstrate
a collusion between mathematical and
natural laws. In all these domains, how-
ever, patterns can arise completely by
chance, as a cloud can assume the shape
of a camel. This month I shall take a not
very serious look first at some accidental
patterns involving the numbers pi and e
and then at some whimsical instances of
accidental poetry.

Pi is the best-known of the transcen-
dental numbers: those irrational num-
bers that are not roots of ordinary al-
gebraic equations. Given a sufficient
amount of computing time one can pre-
cisely calculate the decimal expansion
of pi to any finite length, and so in this
sense the expansion is not random.
Viewed as a sequence of digits, however,
it is as ugly and disordered as any ran-
domly generated list of numbers. No
one has ever found a pattern in the ex-

11 = 1.000
12 = 500
13 = 333
1/4 = 250
1/5 = 200
176 = 167
1/7 = 143
18 = 125

2.718

Do these fractions add up to e?
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pansion of pi that cannot be explained
by pure chance. Nevertheless, this di-
sheveled sequence, which is now known
to a million digits, continues to haunt
and fascinate numerologists. It is not
surprising that with diligent searching
one can discover all kinds of accidental
patterns there. Dr. Matrix has pointed
out a few of them, as I have reported in
earlier columns. There are other pi curi-
osities. For example, on the title page of
Dr. Matrix’ 10-volume commentary on
the King James Bible he quotes Job
14:16: “Thou numberest my steps” (see
Chapter 18 of The Incredible Dr. Ma-
trix). Here Dr. Matrix apparently over-
looked a remarkable coincidence: “Job”
has three letters, and adding 14 : 16 gives
3.1416, or pirounded to the fourth deci-
mal place.

Starting with the 710,150th decimal
digit of the expansion of pi there is a
surprising run of seven consecutive 3’s:
...353733333338638.... (Note that the
sequence is preceded by a 7 and fol-
lowed by an 8.) This peculiarity was first
noted by the computer scientist Donald
E. Knuth, whose students at Stanford
University have been struggling to cal-
culate pi to 15 million digits. Such a stu-
pendous undertaking became possible
only recently, as a result of the design of
faster algorithms for computer multipli-
cation and of the development by Eu-
gene Salamin of a new formula for cal-
culating pi. By adding some clever twists
to Karl Friedrich Gauss’s method of cal-
culating elliptic integrals, Salamin ob-
tained a formula for pi that converges
with unusual rapidity. Interested read-
ers will find the formula explained in
Salamin’s paper “Computation of =
Using Arithmetic-Geometric Mean” in
Mathematics of Computation (Vol. 30,
No. 135, pages 565-570; July, 1976).

The October 1965 issue of Eureka, a
journal put out annually by mathemat-
ics students at the University of Cam-
bridge, points out a strange pattern in
the first seven decimal digits of pi. The
pattern combines the three mystic num-
bers of medieval numerology (1 for the
Godhead, 3 for the Trinity and 7 for
the day God rested) with the first three
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perfect numbers (the smallest integers
equal to the sum of all their divisors,
including 1) as follows: the first decimal
digit of pi is the smallest perfect number
1, the first three decimal digits (141) add
up to the second perfect number (6) and
the first seven decimal digits (1415926)
add up to the third perfect number (28).
Moreover, 1 is the “sum” of the first
counting number, 6 is the sum of the first
three counting numbers (1 + 2 + 3) and
28 is the sum of the first seven counting
numbers. These are the only three num-
bers that are simultaneously the sum of
the first n counting numbers and the
sum of the first n decimal digits of pi.
I have written before about that ex-
traordinary fraction 355/113, which
gives the value of pi to six decimal
places. (See the chapter on pi in my New
Mathematical Diversions from Scientific
American.) G. Stanley Smith discovered
that 553/312 is a good approximation of
the square root of pi, 1.7724538509...,
giving it correctly to four decimal
places. Even more remarkable, Smith’s
fraction is almost 355/113 with the nu-
merator and denominator written back-
ward. Note that the denominator of
Smith’s fraction begins with 31. The
cube root of 31 gives pi to three decimal
places. The square root of 9.87 (a num-
ber consisting of three consecutive dig-
its in reverse order) is still better. It
gives pi rounded to four decimal places.
The second most famous transcen-
dental number is the base of natural log-
arithms, e, which has been the subject
of almost as much numerology as pi.
The expansion of e is 2.718281828....
The repetition of 1828 in this sequence
means absolutely nothing. And the fact
that the 16th and 17th decimal digits of
pi and e are the same (23) is equally
meaningless. Douglas R. Hofstadter has
discovered an even more amazing coin-
cidence: if the reciprocals of the first
eight counting numbers are added (tak-
ing each one in decimal form and round-
ing up to the third decimal place when
the fourth-place digit is greater than 5),
the result is 2.718, or e to three decimals
[see illustration on this page).
Considering the fundamental nature
of pi and e, it is not surprising that there
are many simple, meaningful formulas
that relate them, such as the Euler for-
mula discussed here last month. As
someone once observed, “You can have
your pi and e at it too.” It is also not
surprising, however, that if one searches
long enough, it is possible to find striking
but meaningless relations between the
two constants. One of the best was dis-
covered recently by R. G. Duggleby, a
biochemist at the University of Ottawa.
He found that the sum of pi to the fourth
power (97.40909...) and pi to the fifth
power (306.01968...) is e to the sixth
power (403.42879...) correct to four
decimal places!
Proving which is larger, pi to the pow-
er of e or e to the power of pi, is an old



With a growing family,
yvou need both*his”’and “her”’
[ife INSUrANCE. .. .o i it insurance s or men

only has all but disappeared. And about time, we say.

Today, if the family is young, the loss of either parent would
present major financial difficulties. Life insurance can’t replace you
or your spouse, of course. But it can replace lost income, defray
sudden new expenses, and help your growing family maintain its
present standard of living.

His and her life insurance. Talk it over with each other and then
call your New York Life Agent. Soon.

New York Life. For all of your life.

New York Life Insurance Company, 51 Madison Avenue, New York, New York 10010. Life, Group and Health Insurance, Annuities, Pension Plans.
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The

Gas

@ption

Gas: Qur most capital-efficient
energy investment.

Consider this often unrecognized fact: Gas is the dominant
source of domestically produced energy. It serves over 55%
of the homes in America—and provides about 40% of the

energy for industry. America depends on gas.

To continue its vital role into the future, the gas industry

must invest more than $300 billion by the year 2000—

two decades whose needs for energy will be matched by
demands for scarce capital. Will gas get its share? Now

is the time for an unblinking look at the alternatives.

® Investment needed to provide an added quadrillion Btu's
(quad/yr.) of electricity for residential and commercial space

heating ranges from $87 to $105 billion.

® By contrast, investment to provide an added quad/yr. of
gaseous fuel for similar end uses ranges from $42 billion for

new natural gas supplies up to $59 billion for high Btu coal
gasification.

The facts are clear: Taking into account the initial costs
of resource extraction, processing and conversion, trans-
mission and distribution, and end-use equipment for each
market—new incremental energy supply systems based on
gaseous fuels will require from one-third to two-thirds less
new capital investment than equivalent electricity or coal-
liquid-based systems. And this advantage for gas would be
even more dramatic if the considerably larger investments
necessary for solar energy systems were included.

The capijtal efficiency of gas energy is a critical advan-
tage—but not the only one. When you consider total
resource efficiency, cost to the consumer, impact on the
economy, and environmental health and safety, gas
clearly emerges as our most sensible energy option?*

AVERAGE CAPITAL INVESTMENT ESTIMATES FOR NEW DOMESTIC ENERGY (1977 BILLION $ PER ADDED ANNUAL QUAD)

DELIVERED FUEL

NATURAL GAS
Lower 48

Alaskan
COAL GASIFICATION
High-Btu Gas

COAL LIQUIDS
Electric

COAL ELECTRICITY
Power Plant Near End-Users

Power Plant Near Coal Mines
Combined Cycle

OIL SHALE
Electricity
Distillate
NUCLEAR ELECTRIC
SOLAR
Thermal
BILLIONS

RESIDENTIAL/COMMERCIAL SPACEHEATING
CONVENTIONAL EQUIPMENT

] —

RESIDENTIAL/COMMERCIAL SPACEHEATING
ADVANCED EQUIPMENT

PREMIUM INDUSTRIAL USE

*An AGA analysis based on government and independent industry studies
N.A —not applicable or not included in this study
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Gas: The future belongs to the efficient.

For more information write to American Gas Association, Dept 1114-12S A, 1515 Wilson Blvd., Arlington, Va. 22209.
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but still intriguing problem. (Obviously
the proof may not involve the calcula-
tion of the two values, which are quite
close: me equals 22.4591577..., and e~
equals 23.1406926....) Readers should
not send in proofs, because dozens have
already been published. One of the
shortest is based on the fact from ele-
mentary calculus that x1/* has a maxi-
mum value when x equals e. Hence el/e
is greater than #1/=, Multiplying each
exponent by e and canceling yields the
inequality e > we. Incidentally, e™ has
been proved to be transcendental, but it
is not yet known whether = is ration-
al or irrational. It is not even known
whether the product (7e) and the sum
(7 + e) of the numbers are rational or
irrational.

If x is larger than y, then all posi-
tive rational solutions to the equa-
tion x» = yx are given by the formulas
x=(1+1/n)r+1 and y=(1+ 1/n)n,
where 7 is any positive integer. Setting n
as being equal to 1 generates the only
solution in positive integers: 42 = 24,
There is one other solution in integers.
Can you find it before I give it next
month?

The illustration at the right shows the
graph of the equation xy = y*, when x
and y are positive real numbers. The
straight line gives all the solutions when
x and y are equal, and the curve (which
looks like a hyperbola but is not) gives
all the solutions when x and y are not
equal. On one side of the axis of symme-
try x is greater than y and on the other
side it is less than y. The asymptotes of
the curve are shown as broken lines.
This function has been generalized to
negative numbers, complex numbers
and even transfinite numbers.

Do the first n digits of pi (which form
the sequence 3, 31, 314, 3141,...) ever
make a perfect square? This curious
question is discussed by Wolfgang Ha-
ken in his paper “An Attempt to Under-
stand the Four Color Problem” in Jour-
nal of Graph Theory (Vol. 1, No. 3, pages
193-206; Fall, 1977). (The four-color
theorem was proved in 1976 by Haken
and Kenneth Appel.) Consider the con-
jecture that the answer is no, the first n
digits of pi never yield a perfect square.
Haken believes this conjecture is true
but not provable in standard set theory
because “the decimal expansion of the
transcendental number pi has ‘practical-
ly nothing’ to do with perfect squares.”
Haken estimates the probability that the
conjecture is false to be .000000001.

Another bizarre question about pi
was raised by George Shombert, Jr., of
Beaver, Pa. If the decimal expansion of
pi is truly patternless, then somewhere
in the infinite sequence of digits there
must be the first n digits of e. Similarly, it
must be possible to find the first n digits
of pi in the expansion of e. This observa-
tion set me wondering. Is it possible to
prove that there is no point inside pi
where e begins and continues to infinity,

YA

(e.e)

(4, 2)

Graph of xy = y*

or vice versa? Is it possible that each of
these numbers contains all of the other,
as in 3.141...2718...3141...2718...?
The answer to this last question is defi-
nitely no. Do you see why?

One of the most incredible accidental
patterns involving pi was discovered a
few years ago by T. E. Lobeck of Min-
neapolis. He started with the conven-
tional 5-by-5 magic square shown at the
left in the upper illustration on page 28
and then substituted the nth digit of pi
for each number 7 in the square. The re-
sult is the matrix shown at the right in
the illustration. The sum of the numbers
in each row is shown to the left of the
row, and the sum of the numbers in each
column is shown at the bottom of the
column. Amazingly, every column sum
duplicates a row sum.

It may be hard to believe this pattern
is sheer coincidence. Even mathemati-
cians can forget that if enough people
doodle long enough with random se-
quences of digits, it is highly probable
they will find highly improbable pat-
terns. It is because most people fail to
grasp this basic notion that they are un-
duly impressed when, out of the billions
upon billions of possible ways coinci-
dences can arise in daily life, one does
occur. As Edgar Allan Poe wrote at the
beginning of his story “The Mystery of
Marie Roget”: “There are few persons,
even among the calmest thinkers, who
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have not occasionally been startled into
a vague yet thrilling half-credence in the
supernatural, by coincidences of so seem-
ingly marvelous a character that, as
mere coincidences, the intellect has been
unable to receive them.”

Just as it is not surprising to find pat-
terns in disorderly sequences such as the
expansions of pi and e, so it is not sur-
prising, considering the vast quantity of
word sequences that are published as
prose, to find examples of accidental
verse. I am referring not to free verse but
to verse with an orderly pattern of meter
or rhyme, preferably both. It is trivially
easy to take a passage of purple prose
and break it into lines that give it the
semblance of poetry. That has often
been done with passages from the King
James Bible and even from the novels of
Charles Dickens. When William Butler
Yeats compiled The Oxford Book of
Modern Verse, he included a “poem”
on the Mona Lisa he had found in an
essay by Walter Pater. Similarly, in 1945
John S. Barnes published a book called
A Stone, A Leaf, A Door, which consists
of prose passages from the novels of
Thomas Wolfe presented in the form
of verse.

About a dozen years ago there was
a minor flurry of interest in “found po-
etry” comparable to the enthusiasm
for such faddish “found art” as pieces
of driftwood. At that time the British
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Rockwell is more than
a builder of avionics for most
of America’s airliners.

Our new digital flight control
system will be aboard the all-new
Boeing model 767[757 airliners.
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For most commercial pilots,
the name Rockwell International
stands for aviation electronics.
Understandably so: Rockwell-Collins
avionics equipment is on board
nearly every U.S.-built airliner. And
our Collins Air Transport Avionics
Division has contracts to build
avionics for Boeing model 767/757
airliners — programs planned to
extend into the next century. |

But avionics is only one of
our strengths. Rockwell International |
is @ major multi-industry company '

1978

OPEratng o |

DENERAL

1978 total sales

applying advanced
technology to a wide ~
range of products — in electronics,
automotive, aerospace and general
industries. Following are some exam-
ples of our balanced diversification.

Electronics.

(Sales, fiscal 1978: $1.3 billion.)

As one of the world’s leading
suppliers of avionics, we provide com-
munications, navigation and flight con-
trol equipment, not only for airliners,
but for general aviation and government
aircraft as well.

We also make microelectronic
systems and devices, broadcast equip-
ment, and guidance and controi
systems. And we manufacture and
install telecommunications systems
for businesses and governments
worldwide.

Automotive.

(Sales, fiscal 1978: $1.5 billion.)

One-half of the highway
tandem tractors in North
America are equipped with
Rockwellaxles — and more than

Rockwell brakes. We're also a major
supplier of drivelines, steel and styled
aluminum wheels, mechanical devices,
castings, stainless steel wheel covers,

© 1979 SCIENTIFIC AMERICAN, INC

reinforced plastic and other
components for trucks, trailers, buses,
vans and passenger cars.

Our new Cam-Master® “Q"® is
the latest in the most widely used series
of heavy-duty air brakes in the trucking
industry. The “Q” is known as ““the no-
sweat, no-tools brake,” because its spe-
cial design permits changing brake shoes
without tools, in less than two minutes.

Rockwell’s extensive product
line of air, mechanical and hydraulic
cam and wedge brakes is the result
of a half -

s,

: The brake shoes
in this Cam-Master “Q’" brake can be changed
in less than two minutes — without using tools.




Also aboard is our new
Electronic Flight Instrument
System wﬁich displays
attitude and
navigation data.

century of design, engineering
and manufacturing experience.
Our most popular brake designs
have been proved on and
off the highway in literally
billions of miles on the job.

ous stream of signals, the system will
enable land, sea, air and space
navigators to determine their posi-
tions to within 30 feet, their speed to
within a fraction of a mile per hour —
and the correct time to within a mil-
lionth of a second.

General Industries.

(Sales, fiscal 1978: $1.5 billion.)

Aerospace.

(Sales, fiscal 1978: $1.4 billion.)

We're prime contractor to NASA
for its Space Shuttle orbiters and their
main engines, and for

Rockwell is one of the world’s
largest suppliers of high-technology
valves for the energy market and for
general industry. We also make print-
ing presses, textile equipment, power

tools, industrial sewing
machines, and products
for utilities, including over
one-fourth of all the meters
purchased by America’s
municipal water departments.
Our extensive technology
is also being applied to the world’s
~ growing need for alternate sources
of energy. We're involved in projects for
nuclear energy, coal gasification, flue
gas desulfurization, and solar, wind and
‘ geothermal power.

" Each Navstar’s
rubidium clock

RN is so accurate it will gain
or lose no more than
O \l'u‘ml1 m
30,000 years

We also manufacture gas meters

}
ey N
ol for industrial applications.

~J
- .
Electrical power for the ™=
Navstar Global Positioning System satellites
is provided by solar arrays which swivel
to track and capture the sun’s light.

Rockwell’s new digital
gas flow computer.

integrating the entire Space Shuttle
system including selected payloads.
We also build rocket engines for
many other applications, and several
types of Earth-orbiting satellites. We
also have a long, proud history as

a designer and builder of business
and U.S. military aircraft.

Our current satellite projects
include “the brightest star in naviga-
tion history” — Navstar — designed
and built by Rockwell for the U.S. De-
fense Department'’s Global Positioning
System (GPS). When fully operational
in the mid-1980s, GPS will utilize 24
Navstar satellites orbiting 11,000 miles
above the Earth. Beaming a continu-

AL

=

e
Mm

Thousands
of computations

are performed in seconds —

continuously calculated to ten places.
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And our brand-new MPB Gas Flow
Computer, the product of “computer
on a chip” technology, can be con-
nected directly to our meters to pro-
vide extensive, highly accurate

flow data at the push of a button.

Over 14,300 scientists
and engineers.

Of our 114,000 employees,
one in eight is either a scientist or an
engineer. They constitute about one
percent of Americd’s total scientific-
engineering community. This
technological base positions us for
leadership in each of our product
areas. It also makes our corporate
slogan, “. .. where science gets
down to business,” a fact.

Business is good.

Rockwell
International’s total
sales for 1978 were
$5.67 billion.

Fiscal 1978 was the
most profitable year
in Rockwell’s his-
tory. Netincome,
up 23% over

fiscal 1977, was
$176.6 million,
generating a

record

$5.02

per share.

Earnings per share

For more of the
Rockwell story, please write us:
Rockwell International,

Dept. 815S, 600 Grant Street,
Pittsburgh, PA 15219.

o\

...where science gets down to business

Rockwell
International
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weekly The New Statesman ran a compe-
tition for the best found poems. Simon
and Schuster published Ronald Gross’s
Pop Poems, a collection of free verse
Gross had found in cookbooks, adver-
tisements, insurance policies, tax forms,
newspaper obituaries and other equal-
ly unlikely places. In Canada several
anthologies of found free verse were
published by the poet John Robert Co-
lombo. In John Updike’s Telephone
Poles and Other Poems you will find
a “poem” he came on in the prose of
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James Boswell’s Life of Samuel Johnson.

In addition to excluding found free
verse from consideration I shall exclude
the poems authors sometimes hide in-
tentionally in their prose. For example,
Washington Irving concealed 22 lines of
iambic pentameter in the first paragraph
of the sixth book of his History of New
York, written under the pseudonym
Diedrich Knickerbocker. (The poem be-
gins: “But now the war-drum rumbles
from afar....”) Lewis Carroll liked to
write letters to little girls that appeared
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Traditional magic square (left) is transformed by pi (right)
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Solution to last month’s buried-treasure problem
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to be prose but were actually rhymed
and in meter, and his apparent prose in-
troduction to a long poem, “Hiawatha’s
Photographing,” has the same tom-tom
beat as the poem. James Branch Cab-
ell occasionally concealed poems in his
novels, and F. Scott Fitzgerald’s This
Side of Paradise has many italicized
passages of word painting that turn out
to be rhymed poems when they are read
properly. Now and then a journalist will
write a newspaper story in verse and
present it as prose. For instance, John
Canaday of The New York Times once
reviewed an art show (December 27,
1964) with a full page of prose that
turned out to be made up entirely of
rhymed couplets.

By accidental verse, then, I mean lines
that have the unintentional structure of
rhymed poetry. The most famous En-
glish example is in William Whewell’s
An Elementary Treatise on Mechanics
(1819). It came to light during a din-
ner in Whewell’s honor at Cambridge,
where Whewell was Master of Trinity
College. Adam Sedgwick, a geologist,
rose and asked if anyone knew who had
written the following stanza:

And hence no force, however great,
Can stretch a cord, however fine,
Into a horizontal line

That shall be absolutely straight.

Although the same stanza form had
been used by Tennyson in “In Memo-
riam,” no one could identify those par-
ticular lines. Sedgwick then revealed
that he had quoted from page 44 of the
first volume of Whewell’s treatise, tak-
ing the liberty to polish the last line,
which had originally read, “Which is ac-
curately straight.” Whewell was so un-
amused that he altered the passage to
eliminate the verse in the next edition of
the book. He later published a volume
of poetry called Sunday Thoughts and
Orther Verses, but his accidental verse is
the only one he wrote that is still remem-
bered.

A splendid specimen of chance dog-
gerel is found in Lincoln’s second inau-
gural address:

Fondly do we hope,
Fervently do we pray,
That this mighty scourge of war
May speedily pass away.
Yet, if it God wills
That it continue until...

William Harmon, in his first book of
poetry, Treasury Holiday, points out that
the Declaration of Independence begins
with the two rhyming words “When in,”
the Constitution begins “We the” and
the Gettysburg Address begins “Four-
score.” Harmon began his second book
of poetry with “We see,” and his in-
troduction to the forthcoming Oxford



The Zeiss challenge!

Can anyone match Can anyone match
this photomicrograph? this objective?

Anyone can claim they have
great optics. Zeiss can prove it.
This fluorescence photomicro-
graph was taken using a Zeiss
Photomicroscope Il with 63X
1.4 oil Planapochromat. It shows
the FITC-stained complex
cytoplasma systems of the
tonofilament-like fibers in epithe-
lioid cells of the kangaroo rat.
Enough said.

Photo by Prof. Klaus Weber, Max-Planck

institute for Biophysical Chemistry.
Goettingen, West Germany.

The great name in optics

Carl Zeiss, Inc.,444 5th Avenue, New York, N.Y. 10018 (212) 730-4400. Branches: Atlanta, Boston, Chicago, Houston, Los Angeles,
San Francisco, Washington, D.C. In Canada: 45 Valleybrook Drive, Don Mills, Ontario, M3B 2S6. Or call (416) 449-4660.
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We build aplane for

To help the U.S. Marines give quick and sure
close-support to their ground forces, we're
building a plane that can stop in the air, settle
gently onto a clearing and rise vertically to
strike with the speed of a jet. To hold down
the cost we took a proven British Aerospace
system and, with a new graphite wing for light-
ness and with engine exhaust and aerodynamic

refinements, produced a plane that can carry
twice the load of its predecessor but is easier

to maintain and fly. It's the AV-8B Ad-
vanced V/STOL (Vertical Short
Take-Off and Landing) prototype |
and it’s now in flight testing.

process crops to
make them dry...

A fire at the government records center in
St. Louis led us to a promising way to conserve
energy —a new system for drying crops To
save millions of water- p.
soaked records, we
turned to the vacuum
chambers we'd A
built to test space- (Y&~
craft. It worked.
Now we've com-
bined vacuum and
microwaves for a safer crop-drying system that
uses less energy than conventional dryers
while reducing damage to fragile crops. A pilot
plant is already drying crops for the U.S.
Department of Agriculture at Tifton, Georgia.

use computers to help
mine coal...

In the minds of engineers with a zest for
innovation, it’s but a short journey from elec-
tronics that help guide planes
to electronics that help mine
coal. We've developed a com-
puterized information and
display system that helps
. operators run massive drag-
/ lines more efficiently, to mine
| . coal while using less energy
Y —and with greater safety.

Data collected by a compu-

ter on the dragline is avail-

able for management analysis and mainte-

nance planning. Underground or undersea, on

the surface, in the air, and into space, common

applications of technology often yield uncom-
mon results.
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Marines in close quarters.

...and boost
satellites from the

hold of Shuttle.
When NASA's Space Shuttle flies in the
1980s, payloads will be carried into low Earth
orbit in its cavernous cargo bay. Satellites
bound for higher orbit will then spring from
the hold, attached to our Payload Assist Mod-
ules (PAMs). Once free, the PAMs will spin like
tops to gain stability before igniting to boost
payloads 22,000 miles out into space where
they will seem to hang

motionless above our

revolving Earth.

' Commerciall
4{? (o} ercially

eveloped by
ot McDonnell Douglas,
=~ PAM continues a space

A JOB? LET'S SWAP RESUMES. SEND YOURS, WE'LL SEND OURS. AN EQUAL OPPORTUNITY EMPLOYER. WRITE: BOX 14526, ST. LOUIS, MO 63178.

tradition begun by our Delta rockets, which
have successfully launched more than 135
weather, communication and scientific space
payloads for government and commercial in-
terests since 1960.

These are among the capabilities and prod-
ucts through which we bring technology to life.
Your life. To make it easier, safer, and perhaps,
a little better and longer. If you want to learn
more about the “Surprising Technologies” of
McDonnell Douglas, write: P. O. Box 14526, St.
Louis, MO USA 63178.
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The oscillograph you
see is an actual photo
of a high-quality audio
system ‘“playing” a
fingerprint.

You’'re hearing finger-
prints now through
your speaker system.
Instead of the sound
your precious discs
are capable of. And
no vacuum record
cleaner, brush-arm

or treated cloth will
remove them. None. -

The sound \g
of your
fingerprint

But Discwasher® — with new

D3 fluid—removes fingerprints
completely. Along with dust. And
manufacturing lubricants (added
to make pressing faster) that can
act like groove-blocking finger-
prints. All this cleaning without
pulling polymer stabilizers from
your vinyl discs.

Discwasherru. The only safe,
effective way to silence the
printed finger. At Audio
specialists world wide.

Discwasher, Inc.
Columbia, Mo. 65201
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Actual,
unretouched
photo of an
oscillograph
test.
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Book of American Light Verse begins
“Those 0’s.” Dickens’ Bleak House,
Harmon reminds me, starts with the
two-syllable sentence: “London.”
There are countless other examples of
accidental verse in all major languages.
Here are two I stumbled on myself in
The New York Times. James Thurber
ended his article “The Quality of Mirth”
(February 21, 1960) as follows:

If they are right and we are wrong,

I shall return to the dignity

of the printed page where it may be
That I belong.

And the first paragraph of James
Reston’s column “Mr. Ford’s Last
Chance” (January 16, 1976) ends with

This is the sound of prominent men,
Prodded by their wives,

Cleaning out the attic
And fleeing for their lives.

A kind of inverse of the unintended
poem is the planned poem that, as the
result of an accident of language, ac-
quires a flaw that spoils a line. Consid-

. er this uncouth quatrain from “Daisy,”

an otherwise lovely lyric by Francis
Thompson:

Her beauty smoothed earth’s furrowed
face!
She gave me tokens three:—
A look, a word of her winsome mouth,
And a wild raspberry.

And finally; the first version of Rob-
ert Frost’s “Maple” contained the line,
“Her mother’s bedroom was her father’s
still.” After an alert proofreader caught
the unintended meaning, Frost changed
the last word to “yet.”

eorge Gamow’s problem of finding
buried treasure, given last month,
can be solved as follows even if one
does not know the location of the gal-
lows. Draw a straight line through trees
A and B, as is shown in the lower illus-
tration on page 28, and call the line the
real axis of the complex plane. Then
through the point midway between the
trees draw the perpendicular imaginary
axis. Consider that tree A is at the point
representing the real number 1 and tree
B is at the point representing the real
number — 1. Choose any point as the lo-
cation of the gallows.

Now, if the instructions on the parch-
ment are followed, it becomes clear that
no matter where the gallows stood the
treasure will be at +i on the imaginary
axis! This observation can be proved
easily by applying the rules for the ma-
nipulation of numbers on the complex
plane. The problem appears in the sec-
ond chapter of Gamow’s popular book
One Two Three—Infinity, which is widely
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available in paperback. Readers who
want to check the proof will find it ex-
plained clearly there.

ichael Zallakian and Nelson P.

Lande were the first of several
readers to point out that in the dis-
cussion of time in this department for
March I misrepresented an argument of
Sydney S. Shoemaker’s. When I report-
ed that Shoemaker proposed time could
stop and then later start again, I was
using the concept of time’s stopping in
its most familiar sense, to refer to the
cessation of change. Actually time does
not “move” any more than length “ex-
tends.” I meant to express the idea that
ordinary time (in the sense of change)
can halt, whereas a hypertime contin-
ues. My critics are right, however, in
saying this formulation begs the ques-
tion. Shoemaker’s intention was to show
that although change requires time, the
reverse may not be the case, and so it is
meaningful to speak of ordinary time as
persisting even though nothing. whatso-
ever happens anywhere in the universe.

any readers pointed out errors in

the discussion of Harary ticktack-
toe in this department for April. First,
the strategy given for winning the dom-
ino avoidance game does not work on
the 3-by-3 board. For the 4-cell animal
Knobby the move number m is 4, not 5,
making the animal an economical win-
ner. Finally, in the illustration on page
26 of that issue the second animal shown
for the third tiling pattern is stopped
not by that pattern but by the first one.

In January the discovery of the 25th
Mersenne prime was reported in the
department of this magazine titled “Sci-
ence and the Citizen.” Mersenné primes
have the form 27 — 1, and this one,
found by teenagers Laura Nickel and
Curt Noll, is 221701 — 1, In February,
Noll ran their computer program long-
er and found another: 223209 — 1. Two
weeks later at the Lawrence Livermore
Laboratory in California the same
prime was discovered independently
with a program written by David Slo-
winski of Cray Research, Inc., with the
assistance of Harry L. Nelson. Their pro-
gram, running on the Cray-1 comput-
er, continued its search and on April
8 found yet another Mersenne prime:
244,497 — 1, This number, the 27th Mer-
senne prime, is the largest prime known.
It has 13,395 digits. (Moreover, every
Mersenne prime generates a perfect
number, and so there are now 27 perfect
numbers known.) So far all the numbers
2» — 1 with exponents, or values of n, up
to 50,000 have been checked for possi-
ble Mersenne primes. Slowinski reports
on this effort in the latest issue of Jour-
nal of Recreational Mathematics (Vol.
11, No. 4, pages 258-261; 1978-79).



America could conserve
huge amounts of energy-

_|ust by recycling steel cans.

Nothing is easier to recover from trash than steel cans
—the most widely used cans for food and beverages.
That’s because steel cans can be separated magnetically
from municipal waste and the steel put back to work.

And this also can save a lot of energy because making
steel from scrap takes only about half as much energy as
making it from scratch. If this country recycled all the steel
cans we throw away, we would conserve over 83 trillion
BTUs each year—a very significant energy saving, That’s
enough to heat 750,000 average homes.

Many cities are already recovering billions of steel
cans in modern resource recovery plants. To help your
own community get involved, send for our free,
fact-filled booklet.

Nothing recycles as easy as steel.
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United States Steel

TRADEMARK
United States Steel, Box 86, Dept. C1176
Pittsburgh, PA 15230
Please send me your informative guide,
“Turning Trash into Cash”
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State Zip

r—-—————————————————1
S ———————

33

© 1979 SCIENTIFIC AMERICAN, INC



MATH WITHOUT TEARS

In lively non-technical language
.y Hartkopf Jivu you a bnsic undo»
' standing of the cvoryday ap-
pllcanons d mathematics.

g the p
of math, the lulhor avoids mnthomal
«cal terms and j and takes the
reader from simpie counting to trigo-
nometry and calculus.

MATH WITHOUT TEARS s written
with a light touch and is filled with
interesting anecdotes, spiced with
humor $8.95 plus 95¢ handling

How to Argue and Win!

Here is a clear simply wrtten basic
guide to logical thinking, showing how
to spot the lalllcln the prejudices
and the inapp
analogies. etc.. in the other fellow's
argument and how to watch for and
avold the irrational in your own judg-
ments. The author makes plain not
only how but also why people resist
tacing the truth

A tool for clear thinking as well as
ORDER NOW:

convincing others.

THE ART OF ARGUMENT by Giles St. Aubvn
$7.95 plus 95¢ handling

EM TESTING

= FOR FUN AND PROFIT

GEM
TESTING

o]

& W ANDERSON

This exciting pursuit combines the challenge of
detective work .. .the thrill of spotting sensational
“buys” . . . the satisfaction of knowing when
someone else’s big flashy “diamond isn't . . . and
the opportunity for highly paid, spare-time earn-
ings GEM TESTING, bible of amateur and pro-
fessional alike, is a remarkably simple, lavishly
illustrated book by B. W. Anderson, director of
London's world famed Precious Stone Laboratory. Anderson has exa-
mined more gems than any man in history.

Now he shows you step-by-step the high speed methods by which
he unerringly Wdentifies precious stones. Emphasis throughout the book
1s on rapid examnation with the naked eve. This FIRST AMERICAN
EDITION of GEM TESTING tells. shows and explains everything you need
to know. Copiously illustrated
$10.95 plus 95¢ handling

Mind Tickling Brain
Teasefs By E. R. Emmet

z For the novice who finds tun and
| satisfaction in solving problems of

‘ logic. This is a marvelous book to en-

Py

'3 MIND the ability to think logically ang
] nonm y reason effectively. As the book pro-
Z Tu“‘ gresses the degree of difficulty in-

\__.,_J and upon comp! the be-

ginner is prepared to tackle the next

of Mr. Emmet's books. No specia!

kncowledge of mathematics is required. Answers and fult
explanations to each puzzle are provided at the end of the

000k

Humorous lllustrations and a colortul cast ot characters
adadto the fun

$7.95 plus 95¢ handling

Brain Puzzler’s

trap the beginner in the life-long

o &’ pro.
vides exercise for the mind, aevelops

fogi
mind. Fascinating, entertaining puz
Mmuwnmuamwm

LUSTRATED.

For the genius, PUZZLE FOR PLEASURE offers the ulti-
mate challenge in logical thinking.

$8.95 plus 95¢ handling By E. R. Emmet.

EMERSON BOOKS, DEPT. 415E
BUCHANAN, NY 10511
No handling on orders of 3 or more books

10-day Money-Back Guarantee
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with (some amazingf) solstions and
full expianations st end of book. IL-

ORDER NOW: $7.95 plus 95¢ handling

BOOKS

The myth of cannibalism, microbes of the ocean

and the stroboscopic world of Harold Edgerton

by Philip Morrison

HE MAN-EATING MYTH: ANTHRO-

POLOGY AND ANTHROPOPHAGY,

by W. Arens. Oxford University
Press ($9.95). Strabo the geographer
wrote of Ireland: “I have nothing cer-
tain to tell, except that the inhabitants
are more savage than the Britons, since
they are man-eaters.” The Greek schol-
ar adds carefully: “I am saying this only
with the understanding that I have no
trustworthy witnesses for it.” In this
brief, well-knit, critical book Professor
Arens, a social anthropologist at the
State University of New York at Stony
Brook and a man with field experience
in East Africa, makes it pretty clear that
no one since Strabo has presented any
better evidence. Most other authors,
however, have been less candid. Edward
Gibbon thought the Scots and the Picts
of long ago were cannibals, on the au-
thority of Saint Jerome. The Romans
held that the new sect of Christians used
human blood in secret rites, and the use
of Christian blood obtained by ritual
murder has for centuries been a mortal
accusation against the Jews of Europe.

These old indictments are now seen as
mere prejudice and ignorance, yet a long
list of non-Western groups is widely re-
garded both popularly and scientifically
as man-eaters, past and present. The fact
is that neither Fiji chiefs, Aztec soldiers,
Peking man, women mourners on the
Fore River in New Guinea nor any oth-
er group can be shown by firsthand ac-
count or by confirmed study of remains
to have been customary cannibals.

When Margaret Mead left the gentle
Arapesh, her hosts on the Sepik, for
their upriver neighbors the Mundugu-
mor, she was warned: “The people are
fierce, where they eat men.... We are
another kind. So you will find it.” She
did not find it, and in explanation she
reported that the authorities had out-
lawed it only three years before her
arrival. It would seem that no ancient
custom has been so frequently and suc-
cessfully stamped out as this one.

So it always seems: not us but them, or
perhaps long ago and in another place.
Even so, the accused dead can some-
times be absolved. Those famous skulls
of Peking man from Choukoutien, with
signs of an artificially enlarged opening
at the base, are better explained by fu-
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nerary treatment suited to preserve the
skull than by any ancient farseeing at-
tempt to reach the tissues that magically
hold the personality.

Arens treats in detail four cases, com-
mon in the literature, each once the do-
main of subtle argument, some over
centuries, some as recently as Nobel-
prize work of a few years ago. He torpe-
does them all, Aztec sacrifices and Carib
resisters to the entry of Columbus, mod-
ern Sierra Leone cultists and the kuru-
stricken people of the Fore River. (The
source of the kuru virus, said to be the
brain of dead relatives eaten by the
women, remains unclear.) The evidence
is uniformly conjectural, secondhand or
at best circumstantial. The case made
often requires concomitant belief in
some event quite beyond acceptance,
such as the transformation of man into
an animal, or some implausibly per-
verse combination of sadism, cannibal-
ism and necrophilia, as in the statement
of one of the wilder Fore River infor-
mants. Arens does not seek to prove a
quixotic global negative; there are sure-
ly many real cases of cannibalism: for
survival, in psychotic states and the like.
Nor is culturally sanctioned and cus-
tomary cannibalism at all inconceiv-
able; it simply lacks credible support in
the real world. It is nonetheless salient
in rite, dream, prejudice and conjecture,
even unto Christian transubstantiation.

Only one theory organizes these
“data” well; we are face to face here
not with comparative ethnography but
with myth. The myth is important; it is
widespread, since it sets apart others
as being less than human. Freud in his
last years imagined that “social orga-
nization, ... moral restrictions and...re-
ligion” all begin with ancient remorse,
after patricide and cannibalism under-
taken to avenge incest for the mother.
Myths are as useful in New Guinea as
theories are in Vienna. In symbol can-
nibalism remains widespread. Often it
has been imputed to women, as a sign
of their passive state of lesser accultura-
tion, not so far removed from witch-
craft, and often it is associated with in-
cest, the two high taboos being univer-
sal elements of human culture.

That so much work in social anthro-
pology, from the leaders no less than



Every few minutes, hundreds of people
fly into Kennedy with us.

On the average, some 400 supplier of these specialized busiest.

planes land every day at
New York's John F. Kennedy
International Airport.

During the busiest hours,
they come in every two
minutes

How do the JFK air traffic
controllers keep the landings
as reqular as clockwork?

With ground-to-air radio
equipment, developed and
built by the people of ITT.

We'e the world's largest

communication systems —
with 50,000 in use at U.S.
airports.

These two-way systems
are used by every major U.S.
airport. Not only New York's
Kennedy, but New York's
LaGuardia.

And Chicago’s O'Hare,
Atlanta’s International, Los
Angeles’ International,
Dallas-Fort Worth's Inter-
national, to name only the

The best ideas are the ITT|
ideas that help people.

We've delivered these sys-
tems to some 350 airports in
38 other countries, too.

Matter of fact, if you've
flown anywhere in the world,
your flight was very likely
helped home by ITT com-
munication and navigation
equipment.

And somewhere, some-
body else is being brought
home with it at this very
moment.

©1979 International Telephone and Telegraph Corporation, 320 Park Avenue, New York, N.Y 10022.
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from the epigones, should have treated
dubious data so seriously for so many
years is a sign to the author that an-
thropology itself has some need for
the myth. This special discipline gives
meaning to our civilization by creating a
wall against the barbarians, in its “nev-
er-ending search for the primitive.” The
myth is today often clad among special-
ists in the strange costume of a detached
and generous cultural relativism: there
is nothing so bad about cannibalism,
particularly if you need the protein.
Such a view is method before fact.
Plainly the myth helped also to ration-
alize exploitation, injustice, even exter-
mination.

The case is strong, although ex parte.
A few names enter the story as anthro-
pologists who were never taken in, who
adhered to the highest standards of ev-
idence. One is Ashley Montagu. The
names of the unwary are many. When
Arens sought firsthand data through a
notice in the newsletter of the American
Anthropological Association, he had
four replies. The first referred to a sec-
ond worker, who suggested a third, who
then ended the trail by answering that
the second was confused. The next an-
swer was from a philosopher who want-
ed to share the responses. The third
came from a psychiatrist in New Guin-
ea, who had a patient who said he had
killed and eaten his own son. The fourth
was from a graduate student in Ger-
many whose views were like those of
Arens and whose faculty committee
had chided him for his ethnocentrism,
for applying his European prejudices
against man-eating to his interpretation
of South American Indians. The prose-
cution rests. There may well be an elo-
quent defense.

EA MICROBES, by John McNeill Sie-
burth. Oxford University Press
($49.95). INTRODUCTION TO MARINE
MICROPALEONTOLOGY, edited by Bilal
U. Haq and Anne Boersma. Elsevier
North-Holland, Inc. ($24). Quick with
life or long dead, the microscopic dwell-
ers in the sea come to be increasingly
central as we attend more to the girdling
oceans past and present. The small sam-
ples we can fish up from the waters and
the cores of rock the drills bring us from
sea floors long past alike show us micro-
forms of life, quantitatively important,
qualitatively widely various. These two
new books, each meant as a textbook for
serious students, present the powerful
growth of modern marine microbiolo-
gy. The first is typified by a shipboard
laboratory (with the microscopes fitted
with forehead braces against the steady
roll), the second by a geologist’s concern
with careful stratigraphic counting of
forms from cores drilled in some distant
desert. Both volumes are heavy with a
serviceable if difficult Hellenic jargon of
structural nomenclature and strange or-
ganisms; both are packed full of plea-
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sure for the eye and the mind in the re-
markable symmetries and intricacies of
growth and form in this realm of life.
Here is the heritage of the Challenger,
the wonderful drawings of the scholars a
century back no less useful now but
complemented by scanning electron mi-
crographs and a richness of biological
results they could see only in dreams.

A carefully aligned stereomicroscope,
its fiber-optic light beam directed at
“well-fouled clumps of the blue mus-
sel,” can present a drama in microcosm:
“the dinoflagellates churning along, the
large diatoms...gliding by, the tintin-
nids zipping back and forth, and the vor-
ticellids springing up and down on their
coiled stalks.” Most of the present, and
all of the past, is less open and reveals its
dynamic only to a more probing search.
Part of the microbiologist’s arsenal to-
day are clever stains fluorescent under
ultraviolet illumination, microbiochem-
ical analyses (such as measuring ATP by
the intensity with which firefly extract
is made to glow) and automatic counts
of particles (by the resistance changes
they produce as they flow along a mi-
crotube). The scanning electron micro-
graph and careful statistical studies
stand for the techniques of the paleon-
tologist, whose work is still mainly de-
pendent on the visual recognition of sig-
nificant form.

The living forms are characterized
and indeed treated according to mode of
life, the tiny phototropes without com-
plex subcellular organelles, say, taken
up in chapters distinct from the budding
yeasts. The fossil forms give us less to go
on; although their students are of course
eager to know more about their life so
that the significance of the counts can
be better deduced, forms are grouped
instead by the mineral composition of
their enduring remains, as calcareous,
siliceous, phosphatic or organic-walled.
Life, however, is broadly continuous.
If today sea life depends on the photo-
synthesizing eukaryotes, so has it done
for a billion years. The diatoms that
dominate cool waters are still built on
intricately perforate opaline silica shells.
Interest in living and fossil forms of
these organisms is high, as it has long
been. The views we have now at 5,000-
and 10,000-fold magnification are re-
markable.

The second-commonest light-feeding
forms are the dinoflagellates, ubiquitous
at sea, the stuff of the “red tide” and
many another flush of microlife. Some-
times toxic, generally luminescent, they
are fascinating and little understood.
Some appear “naked,” but even the “ar-
mored” forms have no mineral plates
or shells. They nonetheless leave dis-
tinctive fossil remains; it has been only
about 15 years since it was recognized
that certain strange forms often found in
the fossil record as much as 400 million
years back were not unknown organ-
isms but the resting sporelike cysts of

© 1979 SCIENTIFIC AMERICAN, INC

creatures very much like the modern
organisms of the red tides. The cysts
are made of a resistant rubbery plas-
tic, thought to be similar to the pollen
grains of higher plants.

The cores hold many puzzles still.
Take the conodonts. They are made of
apatite, the phosphatic mineral more or
less like our own bones, a mineral much
used by the Cambrian life forms and by
our vertebrate stem but not elsewhere.
The conodonts are not single-cell organ-
isms at all, these smooth toothed blades
and cones, but minute parts of some
higher forms. They are not teeth either:
they are neither worn nor show the right
pattern of growth. Remarkably, little
piles of them have been found in sedi-
ments deposited in quiet water, where a
dozen different shapes lie together, in-
cluding the right and left members of a
pair of forms. These assemblages must
each be the remains of some single ani-
mal, whatever it was, that formed the
conodonts internally.

There are solutions to puzzles too.
In many calcareous sediments there
abound tiny scales of calcite, revealed as
ornate armor under the scanning elec-
tron microscope. They are useful index
fossils, and they are now known to be
the micron-size plates that enclose cer-
tain nearly spherical living photosyn-
thetic microalgae during at least one
phase of their complex life cycle. The
form of a spoked wheel or a grooved
buckle does not surprise the microsco-
pist looking at these tiny wonders. On
the other hand, there are myriads of lit-
tle microbottles formed of a resistant
organic stuff, once thought to be chi-
tinous, whose living counterparts re-
main quite unknown. A hundred specif-
ic forms are recognizable, useful in the
comparison of ancient marine sedi-
ments, but what protoplasmic wine they
held no one can yet guess.

The radiolarians, which build their
opaline space frames and hero’s helmets
throughout the entire geological col-
umn, are here in accurate images. They
bear spectacular testimony to the skill
of the naturalist-artists of the 19th cen-
tury, who drew them so bewitchingly
under the microscopes of the time. They
are amoeboid forms that move without
flagella or cilia by oozily “walking,” pe-
lagic protozoan feeders on the micro-
plankton. Their life cycles and modes
of reproduction are complex and little
known. Their close relatives are lost to
the fossil record, because they secrete
icosahedral skeletal frames not of sil-
ica but of the more soluble strontium
sulfate.

Much remains to be learned. The fa-
mous Foraminifera, whose clusters of
globose shells fooled the old workers
into regarding them as so many tiny
mollusks, are also widespread calcite-
shelled amoeboid protozoa. Their life in
the shallow seas, where in some peri-
ods they form the bottom ooze in over-
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whelming abundance, has given them
prime importance in the stratigraphy
of the petroleum geologist. This has in-
duced an encylopedic and valuable liter-
ature of forms and associations. Much
more is still known of the shells than of
the creatures themselves.

Professor Sieburth is a daring solo au-
thor, compiling from books and from
life his full synopsis of the manifold
forms of the sea. The paleontological
editors have instead mustered a cast of
15 experts (themselves included) from
Europe and North America to span
their topic. Both texts are readable sum-
maries, although by no means simple
ones, of a tangled net of specialties. The
science is finding its way to a mature
unity, which lies well ahead. The reader
will be able to count on these books as
authoritative sources for much that is
still vague or confused on the shelves
of general biology.

OMENTS OF VISION: THE STROBO-

SCOPIC REVOLUTION IN PHOTOGRA-
PHY, by Harold E. Edgerton and James
R. Killian, Jr. The MIT Press ($20).
Stop-motion photography goes way
back to Fox Talbot himself, who used a
spark in 1851, but the modern flexibly
triggered, brilliant, capacitative gas-dis-
charge stroboscopic flash, single or re-
petitive, is the development of Harold
Edgerton of the Massachusetts Institute
of Technology, with considerable help
from his friends over a period of near-
ly 50 years. This fine album of photo-
graphs, mostly by Doc Edgerton and his

students (one of whom is the renowned
photographic artist Gjon Mili), cele-
brates his work and his sunlit nature.
It offers some 150 fine reproductions, a
dozen in color. The most remarkable of
them are the visible evidence of the mi-
nutely linked chains of causes that form
the heart of our classical view of the
world: every event has its precursor. The
milk drop falls to form step by step a
glorious ephemeral crown; before a golf
ball flies off it is flattened against the
blade of Bobby Jones’s iron; the rain-
drop is blunt; the gemmy hummingbird
is still; the bullet passes through the
bright red apple to leave two puffs of
apple juice, one on entry, one on exit.

The strobe light was bright, and so in
wartime a whopping big one could illu-
minate the landscape below an airplane.
We see night tests over Stonehenge and
at the Pentagon. Repetitive flashes make
poetic Duchamp-like scenes of jugglers
and ballerinas. The lamps were duly
made proof against the high pressures of
the depths, and now we see the eternal
abyss as though by daylight. Interest in
very fast pictures led to technical studies
of the self-illuminated atomic bomb;
here one can catch through a magneto-
optic shutter the terrible infant fireball,
not yet grown big enough to devour the
little cabin that holds the device.

The sea bottom was often too murky
even for strobe lights; with his usual flair
Doc turned to sonar and helped to find
the Monitor where she lies there off Hat-
teras. In the past year or so Edgerton has
developed a neat new technique: cheap,

ATOMIC-BOMB EXPLOSION was photographed by Harold E. Edgerton in the instant be-
fore it had had time to vaporize the house around the bomb. Photograph appears in Moments
of Vision: The Stroboscopic Revolution in Photography, by Edgerton and James R. Killian, Jr.
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sharp shadow pictures of moving organ-
isms on the microscopic scale. All you
do is place the sample drop right on a
fine-grain film and flash with a small,
distant strobe. There is no lens. Enlarge
the image to see a brine shrimp clear. To
measure its speed flash twice!

Harold Edgerton is Institute Profes-
sor Emeritus of Electrical Engineering
at M.LT.,, and an enduring pleasure to
everyone who has met him, canny, in-
genious, happily curious and endlessly
generous. His coauthor James Killian is
his old friend and M.LT.’s past presi-
dent, plus much else. Time and vision,
art and technology, work and play are
united in this repository of classic re-
sults and how they grew, seen by the
direct light and by the multiple reflec-
tions of Papa Flash.

HISTORICAL ATLAS OF SOUTH ASIA,
edited by Joseph E. Schwartzberg.
The University of Chicago Press ($150).
“King Bharata, I shall depict for you this
land of Bharata.... There are these sev-
en Main Mountains [and] other hills less
well-known, low ones...inhabited by
short people.... The population drinks
from many rivers.” So runs the Maha-
bharata, in a translation still in press.
That citation adorns one map of this
formidable and fascinating volume (13
inches by 16), the map whereon a reader
may locate the numerous regions, peo-
ples and cities celebrated in the Maha-
bharata, a classical Sanskrit epic in
100,000 couplets. From the opening end
papers with a fine relief map through
136 big color plates of maps (as many as
a dozen maps per page) this new book
sets a standard of catholicity, ingenious
cartographic and pedagogic devices, me-
ticulous and candid documentation and
comprehensive expertise that sets it
apart even in its authoritative genre.
Fourteen sections of maps, charts,
graphs, and photographs a scholarly
text for each section, a thick bibliogra-
phy of some 3,500 entries, an appropri-
ate index to all this treasure, a clever
pair of transparent map overlays and
some original historical charts make up
the satisfyingly bulky work. Of course,
the atlas does not limit itself to a mere
graphic gloss on the ancient epics; it
draws freely from the work of spade and
modern social survey, aerial camera and
census taker to display the region of
South Asia (all the nine present nations
from Afghanistan and Nepal to Sri Lan-
ka and the Maldives, with Burma only
up to 1948) as it developed in time. The
physical stage is included, with climate,
the terrain in photographs, vegetation,
the prehistory, seven epochs of history
periodized from epic days to taper off
between 1975 and 1977. Then it offers
the demographic, economic, political,
cultural and settlement patterns as they
have been recorded for about the past
century.
Here are the Harappans, with their
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INTRODUCING

THE HP-41C.

A CALCULATOR.

A SYSTEM.

A WHOLE NEW STANDARD.

The new HP-41C has more
than any handheld calculator
HP has ever offered. More capa-
bility, flexibility, ease-of-use
features and options: Memory
Modules; an “extra smart” Card
Reader; a Printer; The Wand —
a new input device; and Applica-
tion Modules.

Truly, the HP-41C repre-
sents a new standard of design for
all handheld calculators.

THE CALCULATOR.

It features over 130 func-
tions and offers up to 400 lines of
program memory or 63 data stor-
age registers —expandable to
319 registers or up to 2,000 lines.
And for power, ease-of-use and
efficiency — RPN Logic.

It communicates. The HP-
41C’s alphanumeric capability lets
you label programs, functions,
variables, constants —and prompt
for data with words or sentences.

“Customize” it. Reassign
any standard function, any pro-
grams you've written, or pro-
grams provided in the Applica-
tion Modules —to any keyboard
location you want. (Blank key-
board overlays let you notate
these assignments.)

Continuous memory. Even
when turned off, the HP-41C
retains all your program, data and
key assignments.

Enhanced programmability.
No complicated language to
learn. And alpha capability lets
you label programs with easy-
to-remember names. HP-41C also

features: up to 6 levels of sub-
routines; 10 conditionals, and 56
internal flags; specificloop con-
trol; indirect addressing; local and
global branching.

THE SYSTEM.

Memory Modules. For
storing programs and data. Can
increase capacity to 319 registers
or up to 2,000 lines of program
memory.

“Extra smart” Card Reader.
Records programs and data
back onto blank mag-cards. Lets
you load programs in any order.
And to protect your work —
programs can be run but not
reviewed or altered. Accepts pre-
programmed HP-67/97 mag-cards.

The Printer. Portable,
quiet, thermal operation. Prints
all the HP-41C upper and lower
case alpha characters, plus it lets
you create your own special
characters. Does high resolution
plotting routines.

The Wand. Unique input
device. Enters programs and data
by reading “bar codes” much
like those found on many grocery
items. The Wand and bar-coded
programs will be available with
HP-41C software in early 1980.

Application Modules.

A growing library of prepro-
grammed solutions to a wide range
of problems.

A WHOLE NEW STANDARD.

HP-41C is a synthesis
of the latest state-of-the-art
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technology and HP human engi-
neering. It's powerful, easy-
to-use and flexible enough to solve
a multitude of problems. And
it's backed by comprehensive ref-
erence and training materials —
including a full range of software.

The HP-41C—no wonder
it’'s a whole new standard in
personal calculators. And at just
$295* for the handheld unit, it
delivers unprecedented capability
for the money.

For details, send the
attached coupon. For the address
of your HP dealer, CALL TOLL-
FREE 800-648-4711 except from
Alaska or Hawaii. In Nevada,
800-992-5710.

il

HEWLETT hp; PACKARD

Dept. 236K, 1000 N. E. Circle Blvd., Corvallis, OR 97330

|  HEWLETT-PACKARD

I Dept. 236K

' 1000 N.E. Circle Blvd.
Corvallis, OR 97330

| Please send details on HP-41C

' NAME

, TITLE

1 COMPANY 1

ADDRESS

CITY

*Suggested retail price excluding applicable state and
local taxes —Continental U.S.A., Alaska and Hawaii.



pots and blades and enigmatic seal
script. Their crowded cities are mapped,
not only the central capitals along the
Indus itself but also the outlying towns
sent east 500 miles into dry regions over
five centuries. They were a people adept
with stone, clay and bronze. A census of
only seven years ago shows their long
valley still populous after 4,000 years,
still yielding wheat aplenty through irri-
gation with the waters of the Indus. The
fertile valleys of the Ganges, where to-
day the maps show a band of rural
settlement with people counted in the
hundred million, was unpopulated in
Harappan times, beyond the reach of
folk with little bronze and little under-
standing of arid lands. That riverine
stretch was dense in forest, and it could
be cleared for the farmer only once
men came with iron, a metal common
enough to furnish many hands with ax,
plowshare and weapons. Gangetic India
is the creation of the Iron Age, and the
map shows the village sites of the paint-
ed grayware that traces its pioneers,
whoever they were, down the Ganges
and the Jumna after about 1500 B.C.

We then cross the vague border into
datable history, led on by Vedic texts
that are still uncertainly fitted into the
facts of archaeology. By the third centu-
ry B.C. we have come to the time of Aso-
ka, the unifier of India, the “world-con-
quering righteous king,” his wheel still
on the flag of the republic, his embassies
known in the courts of the Ptolemies. A
wonderful graph presents the history of
central rule over diverse India, the “area
of largest Indian powers as a percentage
of area of the Indian subcontinent, 500
B.C. to A.D. 1976.” Five peaks in time are
conspicuous: the Mauryas, Asoka’s kin-
dred with their capital near Patna on
the lower Ganges, the Guptas from the
same region who held sway at the time
of the fall of Rome and the three later
unifiers whose seat was Delhi, namely
the Tughlugq sultans of about A.p. 1300,
the great Mughals and the British. In
today’s split rule both the Indus and the
delta of the Ganges are politically inde-
pendent of Delhi.

This atlas shares its problems with the
reader more than most. The work opens
with a page mapping 10 estimates of the
limits of a certain monarchy of about
A.D. 100, and nine more maps display as
many authoritative versions of the sin-
gle Mughal Empire. Approximation in
history is made clear. The last few maps
include careful presentation of the cov-
erage of detailed surveys and gazetteers
over a long span of time, a map of reli-
able ethnographic studies and even the
available fiction in English “mapped ac-
cording to area depicted.” It is surely a
fine atlas that locates the novelist R. K.
Narayan’s town of Malgudi; that plots
the growth of the networks of irrigation
canals, railways and electric power; that
spots the film studios and daily newspa-
pers; that includes sovereign climatic
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data, recording a cloudless March and a
downpour in July at most stations; that
numbers the Christians, Buddhists, Par-
sees and Jews, and that displays the holy
places and the many tongues of this
fifth of the human family. Authoritative
and all but addictive, the volume has
an embattled publishing history and a
manifold sponsorship too elaborate to
sketch. Everyone involved, and there
are many, can take pride in the final fruit
of their labor under the name of the
chief editor, a professor at the Universi-
ty of Minnesota who has been seized
with the entire task, from its statistical
bases to repeated proposals for funds,
since 1964. The volume is well made
physically, although its weight taxes the
reader and the binding. It is a model to
admire and to use.

HE LAsT CHANCE ENERGY BoOK, by

Owen Phillips. The Johns Hopkins
University Press ($9.95). Books on the
energy problem march past a reviewer’s
eyes in such numbers that they them-
selves threaten to become a measurable
category of energy consumption; one
must suppress a desire to tap the proces-
sion for fuel! Here, however, is a small,
earnest book by a noted geophysicist
that sets its standard of reasoned and
readable argument so high it stands out
as a book on energy for the general
scientific reader and his nontechnical
friends. Wash drawings and graphs pre-
pared by Charles West aid the argu-
ments and include a few genuine droll-
eries, for example an old-timer viewing
his gas-burning television set.

The beginning is geological: mineral
deposits, fuels included, have formed
over a very long time in ways we only
now begin to grasp. The statistics of
finding oil and using it force a conclu-
sion first drawn by M. King Hubbert 23
years ago. It is based on the invariable
experience that the discovery rate of
new oil precedes its economic exploita-
tion by a decade or so. Since discovery
in the U.S. peaked in about 1956, U.S.
production would itself peak in the
1970’s. The Alaskan find put a notable
glitch in the curve but cannot edit the
handwriting on the wall. Natural gas is
little different, and even domestic ura-
nium seems similar. Coal is the only do-
mestic fuel known in amounts sufficient
for the longer run. Fission with once-
through uranium is an embattled short-
run resource. Fusion is only a promise.
Atmospheric carbon dioxide perhaps
sets a long-run limit on coal. “Those of
us who enjoy worrying can keep this in
mind.... We must kick the oil and nat-
ural gas habit first.”

Phillips makes a distinction central to
the entire issue and much overlooked.
He reminds us that there is megapower
and micropower. It is megapower that is
running out, “the power needed to run a
whole city, not just the houses but the
factories.” Micropower is what we indi-
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vidually use and pay for directly. There
are so many of us that micropower can
add up to megapower, and saving mi-
cropower thus adds up to saving oil im-
ports or reducing nuclear wastes. “We
will never power a steel plant with wind-
mills”; we require both sound collective
choices about megapower and sensible
personal choices, repeated en masse, for
micropower savings and supply. The
marketplace can help now that “the prof-
ligate age is over”; consumer conserva-
tion and home solar collectors of varied
kinds are sure to come. With half of our
home needs thus saved, we would have
replaced 10 percent of a potential fuel
shortfall that totals 75 percent of nation-
al use.

We can save megapower too, with
smaller and better cars, with rail transit,
with reduction in the use of plastics and
fertilizers. (Only cogeneration is slight-
ed.) Here also the marketplace will be
self-correcting to a degree. New sources
must nonetheless be found. The alterna-
tives to fluid fuels are too far off, if they
will work at all; we need to convert coal
into gas and methanol in large-scale
plants, a task that is nowhere near under
way in the U.S. There is biomass be-
yond firewood, where only Brazil ap-
pears a serious pioneer toward gasohol.
There is tropical-ocean surface-water
heat, to be used in big floating rigs to
make ammonia or even hydrogen, col-
lected by tankers and brought to har-
bor. The author is hopeful for photovol-
taics but not for wave machines, for
solar-process heat but not for solar-
power towers or solar satellites. (Here
is perhaps his shakiest technical argu-
ment, the danger of an accidentally shift-
ed microwave-power beam.)

The burden of replacing over a couple
of decades some 75 percent of our total
energy supply, or of doing without it, is
at hand. The problem is real and will be-
come worse, although unevenly. An es-
sential part of the solution is the sensi-
tive use of science and technology on
both scales. Political response has been
feeble, mainly for secondary reasons.
With lobbying pressure felt on all sides
Congress could not move at all. Over
us looms one great primary reason: we
face a long-term problem with our two-,
four- and six-year political institutions.
There will be no single solution; prog-
ress is made only “through a net of
intertwining new energy sources” and
changes of use. A steady growth of con-
cern and of public awareness and a rise
both of consistent collective insistence
and of widespread individual respon-
sibility are indispensable to eventual
solution.

The reader will find here no blueprint
but a comprehensive, reasonable ap-
praisal, urgent yet not apocalyptic. It is
a tract for the times, the text of its co-
gent and good-humored sermon borne
in the title: ““These present years are tru-
ly our last chance.”
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The Brain

Introducing an issue about neurobiology and its central problem: How

does the human brain work? Although notable progress has been made,

the question remains one of the profoundest confronting modern science

Can it understand the mind? Is

it a giant computer, or some oth-
er kind of giant machine, or something
more? These are questions that are regu-
larly asked, and it may help to get them
out of the way. When someone main-
tains that brains cannot be expected to
understand brains, the analogy is to the
aphorism that a person cannot lift him-
self by his own bootstraps. The analogy
is not compelling. Certainly even a brief
glimpse of what has been accomplished
toward understanding the brain will
convince any reader of this issue of Sci-
entific American that much progress has
been made since the phrenologists. The
pace of progress at the moment is rapid.
For all practical purposes, then, neuro-
biologists are working on the hunch that
they can understand the brain, and for
the moment they are doing well.

I think the difficulties with questions
such as these are semantic. They are
loaded with words such as “understand”
and “mind,” useful words for many pur-
poses but fuzzy at the edges and out of
place when they are applied to questions
such as these, which they render either
meaningless or unanswerable.

The brain is a tissue. It is a complicat-
ed, intricately woven tissue, like nothing
else we know of in the universe, but it is
composed of cells, as any tissue is. They
are, to be sure, highly specialized cells,
but they function according to the laws
that govern any other cells. Their elec-
trical and chemical signals can be de-
tected, recorded and interpreted, and

Can the brain understand the brain?

by David H. Hubel

their chemicals can be identified; the
connections that constitute the brain’s
woven feltwork can be mapped. In
short, the brain can be studied, just as
the kidney can.

he problem comes when we ask

about understanding, because such
a word carries with it the implication
of a sudden revelation or dawning, the
existence of a moment when we might
be said to leave the darkness of the tun-
nel. It is not clear to me that there can
be such a moment, or that we will know
when it comes.

Brain research is a very old field of
investigation—and before that of spec-
ulation. Its pace accelerated greatly at
the end of the 19th century; since World
War II new techniques have brought sig-
nificantadvances, and in the past decade
or so neurobiology has become one of
the most active branches in all science.
The result has been a virtual explosion
of recent discoveries and insights. Brain
research is nonetheless only at its begin-
ning. The incredible complexity of the
brain is a cliché, but it is a fact.

The problem of understanding the
brain is a little like that of understand-
ing proteins. There must be millions of
those ingeniously complicated molecu-
lar inventions in every organism, one
protein quite different from the next. To
work out the structural details of even
one of them seems to take years, to
say nothing of knowing exactly how it
works. If understanding proteins means
knowing how all of them work, the pros-

THREE ESSENTIAL TOOLS of the neurobiologist are represented symbolically in the image
on the opposite page. The three tools are the microscope, the selective staining of nerve tissue
and the microelectrode. The image is a light micrograph of several Golgi-stained neurons in
a section of brain tissue obtained from the visual cortex of a monkey; the long needle is the tip of
a microelectrode poised as if to record the electrical impulses generated by one of the cells. The
scene, which was photographed by Fritz Goro, is shown here enlarged some 500 diameters.
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pects are perhaps not good. In an analo-
gous way the brain consists of very large
numbers of subdivisions (although not
millions), each with a special architec-
ture and circuit diagram; to describe one
is certainly not to describe them all.
Hence understanding will be slow (if
only for practical reasons of time and
manpower), steady (one hopes) and as-
ymptotic, certainly with breakthroughs
but with no likely point of terminus.

Mind is similarly a useful word but
alas even fuzzier. Since its definition is
elusive, to talk of understanding it (not
just the word but the thing the word
refers to) is to talk about an exercise
in mental gymnastics that seems to fall
outside of natural science. The mathe-
matician G. H. Hardy is supposed to
have said a mathematician is someone
who not only does not know what he
is talking about but also does not care.
Those who discuss in depth subjects such
as the physiology of the mind probably
care, but I cannot see how they could
ever know.

he number of nerve cells, or neu-

rons, that make up man’s three
pounds or so of brain is on the order of
1011 (a hundred billion) give or take a
factor of 10. The neurons are surround-
ed, supported and nourished by glial
cells, whose number is also large. A typi-
cal neuron consists of a cell body, rang-
ing from about five to 100 micrometers
(thousandths of a millimeter) in diame-
ter, from which emanate one major fi-
ber, the axon, and a number of fibrous
branches, the dendrites. The axon may
give off branches near its beginning and
it often branches extensively near its
end. In general terms the dendrites and
the cell body receive incoming signals;
the cell body combines and integrates
them (roughly speaking, it averages
them) and emits outgoing signals, and it
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also serves for the general upkeep of the
cell; the axon transports the outgoing
signals to the axon terminals, which dis-
tribute the information to a new set of
neurons.

The signaling system is a double one:
electrical and chemical. The signal gen-
erated by a neuron and transported
along its axon is an electrical impulse,
but the signal is transmitted from cell
to cell by molecules of transmitter sub-
stances that flow across a specialized
contact, the synapse, between a suppli-
er of information (an axon terminal or
occasionally a dendrite) and a recipient
of information (a dendrite, a cell body
or occasionally an axon terminal). One
neuron generally is fed by hundreds or
thousands of other neurons and in turn
feeds into hundreds or thousands of still
other neurons.

This may be enough to make it possi-
ble to tackle the comparison between
brains and computers. Most neurobiol-
ogists would agree, for the purposes of
this discussion, that the brain can be re-
garded as a machine that is not endowed
with properties lying beyond the reach
of science. It is also true, however, that
not all neurobiologists would agree with
that proposition. On the other hand, ev-
eryone would surely agree that the com-
puter is a machine and nothing more.
And so, depending on one’s taste and
convictions, the brain and the computer
are in one sense either fundamentally
similar or radically different. Rational
arguments will not, in my opinion, re-
solve the issue.

Assuming that the brain and the com-
puter are both machines, how are the
two to be compared? The exercise is in-
teresting. Computers are invented by
man and are therefore thoroughly un-
derstood, if human beings can be said to
understand anything; what they do not
know is what future computers will be
like. The brain was created by evolution
and is in many important ways not un-
derstood. Both machines process infor-
mation and both work with signals that
are roughly speaking electrical. Both
have, in the largest versions, many ele-
ments. Here, however, there is an inter-
esting difference. For cells to be man-
ufactured biologically appears to be
reasonably simple, and neurons are in
fact produced in prodigious numbers.
It seems to be not so easy to increase
the elements of a computer, even though
the numbers are expanding rapidly. If
synapses rather than neurons are con-
sidered to be elements of the nervous
system, however, I can hardly imagine
computers catching up. No one would
want to be held to a guess as to the num-
ber of synapses in a brain, but 1014 (100
trillion) would not be implausible.

A still more important difference is a
qualitative one. The brain is not depen-
dent on anything like a linear sequential
program; this is at least so for all the
parts about which something is known.
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It is more like the circuit of a radio or
a television set, or perhaps hundreds
or thousands of such circuits in series
and in parallel, richly cross-linked. The
brain seems to rely on a strategy of rel-
atively hard-wired circuit complexity
with elements working at low speeds,
measured in thousandths of a second;
the computer depends on programs, has
far fewer elements and works at rates at
which millionths of a second are impor-
tant. Among brain circuits there must
be many devoted to keeping evolution
going by means of competition and sex
drives. So far the computer seems free
of all that; it evolves by different means.

How is one to study an organ such as
the brain? The major approach, of
course, is to study its components and
then try to learn how they function to-
gether. This is done primarily in animals
rather than in man. The principles of
neuronal function are remarkably simi-
lar in animals as far apart as the snail
and man; most of what is known about
the nerve impulse was learned in the
squid. Even the major structures of the
brain are so similar in, say, the cat and
man that for most problems it seems to
make little difference which brain one
studies. Moreover, neurobiology is no-
table for the wide range of approaches
and techniques that have been brought
to bear on it, from physics and biochem-
istry to psychology and psychiatry. In
no other branch of research is a broad
approach so essential, and in recent
years it has begun to be achieved.

The two great interlocking branches
of neurobiology itself have traditionally
been neuroanatomy and neurophysiol-
ogy. Anatomy seeks to describe the vari-
ous elements of the brain and how they
are put together; physiology asks how
the parts function and how they work
together. Investigators in the two fields
have tended to pursue separate courses
and have even been housed in different
departments in universities, but in fact
they are interdependent. Most modern
neuroanatomists are not content with a
simple description of structure and spa-
tial relations for their own sake but go
on to ask what the structures and con-
nections are for. Physiology, on the oth-
er hand, is impossible without anatomy.

At each stage of their development
both neuroanatomy and neurophysiol-
ogy have had to wait until the physical
sciences could provide them with neces-
sary tools and techniques. The neuron is
too small to see with the unaided eye
except as a mere speck and far too small
for its signals to be recorded with ordi-
nary wires. In order to advance beyond
the most rudimentary stages anatomy
required first the light microscope and
then the electron microscope, and physi-
ology required the microelectrode. Both
fields of study have been dependent on
the invention of increasingly selective
methods of staining nerve tissue.
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The fundamental achievements of the
neuroanatomists of the early part of this
century were the recognition that the
neuron is the basic unit of nervous tissue
and the discovery that neurons are inter-
connected with a high degree of order
and specificity. The physiologists made
a strong beginning by learning, in elec-
trical and chemical terms, how the neu-
ron transmits its messages. These two
sets of accomplishments have by no
means revealed how the brain works,
but they provide an absolutely essen-
tial foundation. One way to see how far
neurobiology has come (and, implicit-
ly, how enormously far it has to go) is
to consider some of the historical steps
toward the present understanding of the
brain and to briefly review the current
status of research in some of the divi-
sions of the field.

Why was it so hard to establish in the
first place that the single neuron is the
basic unit of nervous tissue? The main
obstacles were the minute dimensions,
the fantastic forms and the enormous
variety of shapes of these cells and the
fact that the branches of cells near one
another are closely intermingled. The
word “cell” conjures up a shape like that
of a brick or a jelly bean, but a neuron
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may look more like an elongated oak
tree or a petunia—with a trunk or stem
that is from 10 to 20 micrometers (thou-
sandths of a millimeter) in diameter and
from .1 millimeter to as much as a meter
or so in length. To see individual neu-
rons one needs not only a microscope
but also a stain to contrast them with
their surroundings. The neurons are
normally packed together so intimately
that in any one region the branching sys-
tems of hundreds of them intertwine in
a dense thicket, with adjacent branches
separated by films of fluid only about
.02 micrometer thick, so that virtually
all the space is occupied by cells and
their various processes; when all the
cells in a region are stained, one sees
through an optical microscope only a
dense and useless smear.

he most important single advance

in neuroanatomy (after the micro-
scope itself) was therefore a discovery
by the Italian anatomist Camillo Golgi
in about 1875. He came on a method by
which, seemingly at random, only a very
small proportion of the cells in a region
are stained at one time, and those cells
are stained in their entirety. Instead of
a hopeless morass a good Golgi stain
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drawings on these two pages, which show a representative selection
of vertebrate brains, all drawn to the same scale. In vertebrates lower

shows only a few neurons, each one
complete with all its branches. By look-
ing at many slices of Golgi-stained brain
tissue the anatomist can build up an in-
ventory of the various kinds of cells in
that tissue. To this day no one knows
how or why the Golgi method works,
staining one cell in 100 completely and
leaving the others quite unaffected.
Golgi’s Spanish contemporary, Santi-
ago Ramoén y Cajal, devoted a lifetime
of stupendous creativity to applying the
new method to virtually every part of
the nervous system. His gigantic Histolo-
gie du systéme nerveux de I’homme et des
vertébrés, originally published in Spanish
in 1904, is still recognized as the most
important single work in neurobiology.
In Cajal’s day there was controversy
over the extent of continuity between
nerve cells. Were the cells completely
separate entities or were they joined,
axon to dendrite, in a continuous net-
work? If there were protoplasmic conti-
nuity, signals generated by one cell
could pass to an adjoining cell without
interruption; if there were no continuity,
there would have to be a special process
for generating signals anew in each cell.
Cajal’s Golgi-stained preparations re-
vealed large numbers of discrete, com-
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pletely stained cells but never anything
to suggest a network. His first great con-
tribution, then, was to establish the no-
tion of a nervous system made up of
separate, well-defined cells communi-
cating with one another at synapses.
Cajal made a second contribution,
possibly even more important. He com-
piled massive evidence to show that
the incredibly complex interconnections
among neurons are not random, as has
sometimes been supposed, but rather
are the very antithesis of random: highly
structured and specific. He described ex-
haustively the architecture of scores of
different structures of the brain, in each
case identifying and classifying the vari-
ous cells and in some cases showing, as
far as his methods would allow, how the
cells are interconnected. From his time
on it has been clear that to understand
the brain the neurobiologist not only
would have to learn how the various
subdivisions are constructed but also
would have to discover their purposes
and learn in detail how they function as
individual structures and as groups. Be-
fore that could be done it would be nec-
essary to find out how a single neuron
generates its signals and transmits them
to the next cell. Cajal may never have
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than mammals the cerebrum is small. In carnivores, and particular-
ly in primates, it increases dramatically in both size and complexity.
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formulated the problems of understand-
ing the nervous system explicitly in
those terms, but one can hardly survey
his work without taking that message
from it.

For a long time neuroanatomists had
to be content with increasingly de-
tailed descriptions based on light mi-
croscopy, the Golgi stain and the Nissl
stain (which picks out individual cell
bodies but not their dendrites and
axons). The first powerful tool for map-
ping the connections between differ-
ent brain structures—between different
parts of the cerebral cortex, for exam-
ple, or between the cortex and the brain
stem or the cerebellum—was a staining
method invented in the Netherlands in
the early 1950’s by Walle J. H. Nauta,
who is now at the Massachusetts Insti-
tute of Technology. The method capi-
talizes on the fact that when a neuron is
destroyed (by mechanical or electrical
means or by heat), the nerve fiber com-
ing from it degenerates and, before dis-
appearing altogether, can be stained dif-
ferently from its normal neighbors. If a
particular part of the brain is destroyed
and the brain is stained by the Nauta
method a few days later and then ex-
amined under the microscope, the pres-
ence of selectively stained fibers in some
second and perhaps quite distant part
means that the second region receives
fibers from the destroyed part. The
method has led to an enormous expan-
sion in detail of the map of the brain.

In the past decade neuroanatomy has
advanced at a higher rate, with more
new and powerful techniques, than in
the entire 50 years that preceded [see
“The Organization of the Brain,” by
Walle J. H. Nauta and Michael Feirtag,
page 88]. The advances are partly the
result of better chemical tools and better
understanding of how substances are
taken up into neurons and are shipped in
both directions along nerve fibers. A
typical example is transport autoradiog-
raphy. A radioactive chemical is inject-
ed into a brain structure; cell bodies take
it up and transport it along their ax-
ons and it accumulates in the terminals.
When a photographic emulsion is put in
contact with a slice of brain tissue, mi-
croscopic examination of exposed silver
grains in the emulsion reveals the des-
tination of the axons. Other chemicals
can be injected that are taken up instead
by nerve terminals and transported back
along the axons to the cell bodies, re-
vealing the origin of the axons.

The latest in this series of advances is
the deoxyglucose technique invented a
few years ago by Louis Sokoloff of the
National Institute of Mental Health.
Glucose is the fuel for neurons, and the
cells consume more glucose when they
are active than when they are at rest.
Radioactively labeled deoxyglucose is
taken up by the cells as if it were glu-
cose. It is broken down like glucose, but
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the product of the first step of metabo-
lism cannot be further metabolized. Be-
cause it also cannot escape from the cell
it accumulates there, and the extent
of the radioactivity in particular cells
shows how active they have been. For
example, one can administer the chemi-
cal to a laboratory animal by vein and
then stimulate the animal with a pattern
of sound. Microscopic examination of
the brain then reveals the various areas
of the brain that are involved in hearing.
Very recently a new technique called
positron-emission transverse tomogra-
phy has been developed that makes it
possible to detect from outside the skull
the presence of deoxyglucose or other
substances labeled with positron-emit-
ting radioactive isotopes. This promis-
ing technique makes it possible to map
active brain structures in a living labo-
ratory animal or in a human being.

Applying all the available techniques,
to work out in a rough and undetailed
fashion the connections in a single struc-
ture, say a part of the cerebral cortex or
the cerebellum, may take one or two
neuroanatomists five or 10 years. Ac-
complished neuroanatomists, a special
breed of people, often compulsive and
occasionally even semiparanoid, num-
ber only a few score in the entire world.
Since the brain consists of hundreds of
different structures, it is easy to see that
an understanding of just the wiring of
the brain is still many years away.

Moreover, to know the connections
of a structure within the brain is a
quite different thing from understanding
the structure’s physiology. To do that
one needs to begin by learning how indi-
vidual neurons work. How a single neu-
ron generates electrical signals and con-
veys information to other cells has be-
come reasonably well understood over
the past three or four decades. The work
was done by many individuals; Sir Hen-
ry Dale, Otto Loewi, A. L. Hodgkin, A.
F. Huxley, Bernhard Katz, Sir John Ec-
cles and Stephen W. Kuffler are some
of the major contributors. One of the
surprising findings was that neurons,
in spite of their differences in size and
shape, all use the same two kinds of elec-
trical signals: graded potentials and ac-
tion potentials.

The entire neuron—the cell body, its
long axon and its branching dendrites—
is polarized so that the inside is about 70
millivolts negative with respect to the
outside. Two properties of the cell mem-
brane are responsible for this “resting
potential.” First, the membrane active-
ly transports ions, extruding positively
charged sodium ions from the cell and
bringing in positively charged potassi-
um ions, so that the concentrations of
the two kinds of ion are quite different
inside the cell and outside it. Second, the
ease with which the ions flow through
the membrane is quite different for sodi-
um and potassium.
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It is changes in the resulting outside-
to-inside resting potential that constitute
the electrical signals of nerves. A change
in the transmembrane voltage anywhere
on the cell or its processes tends to
spread quickly in all directions along the
membrane, dying out as it spreads; a few
millimeters away there is likely to be no
detectable signal. This is the first kind of
electrical signal, the graded potential. Its
main function is to convey signals for
very short distances.

The second type of signal, the ac-
tion potential, conveys information for
greater distances. If the membrane is de-
polarized (its potential decreased) to a
critical level—from the resting level of
70 millivolts to about 50 millivolts—
there is a sudden and dramatic change:
the normal barriers to the flow of sodi-
um and potassium ions are temporarily
removed and there ensues a local flow of
ions sufficient to reverse the membrane
potential, which reaches about 50 milli-
volts positive inside and then is reversed
again to restore the normal resting po-
tential. All of this happens within about
a millisecond (a thousandth of a sec-
ond). Meanwhile the first reversal (to in-
side-positive) has produced a powerful
graded signal that spreads and brings the
adjacent region of the membrane to its
critical level; that leads to a reversal in
the next segment of membrane, which in
turn leads to a reversal in the next seg-
ment. The result is a rapid spread of the
transient reversal in polarity along the
nerve fiber.

This propagating action potential,
which travels the entire length of the fi-
ber without attenuation, is the nerve im-
pulse. All signaling in the nervous sys-
tem over distances of a millimeter or
more is in the form of impulses. Regard-
less of the type of fiber and whether
it is involved in movement, vision or
thought, the signals are virtually iden-
tical. What varies in a given nerve fiber
under particular circumstances is sim-
ply the number of impulses per second.

hen an impulse arrives at an axon

terminal, the neuron next in line is
influenced in such a way that its likeli-
hood of in turn generating impulses is
modified. A chemical transmitter sub-
stance is released from the presynap-
tic membrane of the terminal, diffuses
across the narrow space separating the
two cells and affects the postsynaptic
membrane on the far side of the synapse
in one of two ways. In an excitatory syn-
apse the transmitter leads to a lowering
of the postsynaptic-membrane poten-
tial, so that the postsynaptic cell tends
to generate impulses at a higher rate. In
an inhibitory synapse the effect of the
transmitter is to stabilize the postsynap-
tic-membrane potential, making it hard-
er for excitatory synapses to depolarize
the postsynaptic cell and thereby either
preventing new impulses from arising or
reducing their rate.



Whether a given synapse is excitatory
or inhibitory depends on what chemical
transmitter the presynaptic cell makes
and on the chemistry of the postsynaptic
cell’s membrane. Almost every neuron
receives inputs from many terminals,
usually many hundreds and sometimes
thousands, some of which are excitato-
ry and some inhibitory. At any instant
some inputs will be active and some qui-
escent, and it is the sum of the excitatory
and inhibitory effects that determines
whether or not the cell will fire and, if it
does fire, the rate at which it does so. In
other words, the neuron is much more
than a device for sending impulses from
one place to another. Each neuron con-
stantly evaluates all the signals reaching
it from other cells and expresses the re-
sult in its own rate of signaling.

The propagation of the two types of
signals along the neuron membrane and
the chemical events at synaptic contacts
are, then, understood at least in broad
outline. What is still far from clear is the
relation between a neuron’s shape (oak
v. petunia) and the way it summates and
evaluates the inputs it receives. Two in-
coming signals, either of which may be
excitatory or inhibitory, surely add up
very differently depending on whether
the synapses are adjacent (for example
on the same dendritic branch) or one
synapse is on one branch and the other
on a remote one (perhaps a branch of a
different limb) or one synapse involves
a branch and the other the cell body.
Shape, being very different in different
classes of neurons, is bound to be impor-
tant in neuronal function, but that is
about all one can say with assurance.

A related set of questions concerns
the implications of certain synapses (or-
dinary-looking synapses with presynap-
tic and postsynaptic components) that
are junctions between two dendrites or
between two axons rather than—as is
usual—between an axon and either a
dendrite or a cell body. To put it mild-
ly, no one knows quite what to make of
them. Finally, to complicate things even
more, some synapses are profoundly dif-
ferent from the usual chemical type, de-
pending on flow of current rather than
diffusion of a transmitter. These were
discovered in the 1950’s by Edwin J.
Furshpan and David D. Potter at Uni-
versity College London. Why nature re-
sorts to chemical transmission for some
synapses and electrical transmission for
others is still a puzzle.

At a more fundamental level many
of the important unanswered questions
about.nerve signals have to do with the
fine structure and functioning of the
neuron membrane, because it is still not
known in molecular terms exactly how
ions are transported across membranes
or how the permeability to particular
ions is influenced by changes in poten-
tial and by transmitter substances [see
“The Neuron,” by Charles F. Stevens,
page 54]. A particularly exciting area

CAMILLO GOLGI (1844-1926) provided the key to the microscopic investigation of the ner-
vous system by devising (in about 1875) a method of selectively staining nerve tissue so that
only a very small fraction of the cells in a given sample are stained at one time, and those cells
are stained in their entirety. This photograph was made sometime in the early 1880’s, at which
time Golgi served as professor of histology and general pathology at the University of Pavia.

SANTIAGO RAMON Y CAJAL (1852-1934) applied Golgi’s method to the lifelong scrutiny
of virtually every part of the nervous system of many different animals. In recognition of their
work on the structure of the nervous system Golgi and Cajal shared the Nobel prize in physi-
ology and medicine in 1906. Cajal taught at several universities in Spain, spending most of his
career at the University of Madrid. This photograph, a self-portrait, was made in the 1920’s.
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is the chemistry of synaptic transmis-
sion, with more than 20 transmitter sub-
stances already identified and the meth-
ods by which neurons make, release,
take up and destroy the substances fairly
well known [see “The Chemistry of the
Brain,” by Leslie L. Iversen, page 134].

The still incomplete but greatly im-
proved understanding of synapse chem-
istry has had profound effects in psy-
chiatry and pharmacology. Many disor-
ders, ranging from Parkinson’s disease
to depression, appear to stem from dis-
turbances of synaptic transmission, and
many drugs act by increasing or de-
creasing transmission [see “Disorders of
the Human Brain,” by Seymour S. Kety,
page 202].

In a decade or so the main activities of
individual neurons should be known
in great detail. At the present stage, with

a reasonable start in understanding the
structure and workings of individual
cells, neurobiologists are in the position
of a man who knows something about
the physics of resistors, condensers and
transistors and who looks inside a televi-
sion set. He cannot begin to understand
how the machine works as a whole until
he learns how the elements are wired
together and until he has at least some
idea of the purpose of the machine, of its
subassemblies and of their interactions.
In brain research the first step beyond
the individual neuron and its workings is
to learn how the larger subunits of the
brain are interconnected and how each
unit is built up. The next step is to try to
find out how the neurons interact and to
learn the significance of the messages
they carry.

One way to get a feel for the overall
organization of the brain is to consider it

GOLGI-STAINED NERVE TISSUE from the visual cortex of a rat was sketched by Cajal in
1888. The numbers along the right-hand margin identify cellular layers; the capital letters la-
bel individual neurons. One of Cajal’s most important contributions to neurobiology was to es-
tablish the neuron as a discrete, well-defined cell rather than as part of a continuous network.
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in rough caricature [see illustration on
opposite page]. On the input side there
are groups of receptors: modified nerve
cells specialized to transform into elec-
trical signals the various forms of infor-
mation that impinge on them from the
outside world. Some receptors respond
to light, others to chemicals (taste and
smell) and still others to mechanical de-
formation (touch and hearing). The re-
ceptors make contact with a first set of
neurons, which in turn contact others,
and so on. At each step along the way
axons branch to supply a number of
the neurons next in line, each of which
is supplied by a number of axons that
converge on it. Each recipient cell inte-
grates the excitatory or inhibitory impul-
ses converging on it from lower-order
cells. Sooner or later, after a number of
steps, nerve axons terminate on gland
or muscle cells: the outputs of the ner-
vous system.

In brief, there is an input: man’s only
way of knowing about the outside
world. There is an output: man’s only
way of responding to the outside world
and influencing it. And between input
and output there is everything else,
which must include perception, emo-
tions, memory, thought and whatever
else makes man human.

The input-to-output flow described
above, it need hardly be said, is oversim-
plified. Although the main flow of traf-
fic is from left to right in the diagram,
there are frequent lateral connections
among cells at any one stage; often there
are connections in the reverse direction,
from output toward input, just as there
is feedback in many electronic circuits.
There is not just one pathway from in-
put to output; there are many different
arrays of receptors, specialized for the
various senses and for particular forms
of the energy affecting each sense, and
there are countless different shunts, re-
lays and detours. The number of syn-
apses between receptors and muscles
may be very many or only two or three.
(When the number is small, the circuit is
usually designated a reflex; the constric-
tion of the pupil in response to light
shining on the retina represents a reflex
involving perhaps four or five synapses.)
And it should be mentioned again that a
synapse can be either excitatory or in-
hibitory; if both kinds of influence im-
pinge on a cell at a particular moment,
the result may be a complete cancella-
tion of effects.

Physiologists now have some idea of
the kinds of operation performed by
the nervous system close to the input
end and at the output. At the input end
the system is apparently chiefly preoc-
cupied with extracting from the outside
world information that is biologically
interesting. The receptors generally re-
spond best at the onset or cessation of a
stimulus such as pressure on the skin.



We need above all to know about chang-
es; no one wants or needs to be reminded
16 hours a day that his shoes are on.

In the visual system, to take one ex-
ample, it is contrasts and movements
that are important, and much of the
circuitry of the first two or three steps
is devoted to enhancing the effects of
contrast and movement. At subsequent
stages of the visual system the behavior
of the cells becomes more complex, but
it is always orderly, and fortunately it
makes sense in terms of perception. By
now information originating with the
light-receptive cells of the retina has
been followed into the brain to the sixth
or seventh stage, to the part of the cere-
bral cortex concerned with vision [see
*“Brain Mechanisms of Vision,” by Da-
vid H. Hubel and Torsten N. Wiesel,
page 150].

Although the visual system is now
one of the best-understood parts of the
brain, neurobiologists are still far from
knowing how objects are perceived or
recognized. Yet the amount that has
been learned in the few years since mi-
croelectrodes became available does
suggest that a part of the brain such as
the cerebral cortex is, at least in princi-
ple, capable of eventually being under-
stood in relatively simple terms.

At the output end of the nervous sys-
tem the mechanism whereby a motor
neuron delivers an impulse to a muscle
fiber has been understood in its essen-
tials for some time, and for 50 years or
more the parts of the brain concerned
with movement have been known. Just
what these structures actually do when a
human being moves or contemplates
moving is still largely unknown, how-
ever. Progress has been slow mainly
because investigating voluntary move-
ment calls for working with an animal
that is awake and that has been giv-
en elaborate training, whereas one can
study sensory systems in anesthetized
animals. One of the main efforts to-
day is to trace the motor impulse back
from the motor neuron to structures
such as the motor cortex and the cere-
bellum to learn how the decision to exe-
cute a movement is influenced by vari-
ous signals coming from the input end
of the nervous system [see “Brain Mech-
anisms of Movement,” by Edward V.
Evarts, page 164].

What is important at the output end is
not the contraction of an individual
muscle but the coordinated contraction
and relaxation of many muscles. In
making a fist or grasping an object, for
example, a person cannot merely flex
the fingers by contracting flexor muscles
in his forearm; he must also contract
extensor muscles in the forearm to keep
the finger-flexor muscles from flexing
the wrist. This counteracting extension
force at the wrist is exerted automatical-
ly and without thought (as one can veri-
fy by making a fist and feeling the exten-
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OVERALL ORGANIZATION of the brain is indicated in a rough caricature that suggests
the flow of information from the input of sensory signals by receptor cells (4) to the eventual
output by motor neurons (Z) terminating on muscle cells. The outputs of receptors and neurons
usually branch to send diverging signals to the next stage. Most neurons receive converging in-
puts, both excitatory and inhibitory, from earlier stages. Something is known about the signifi-
cance of the connections near the input end of the brain (B, C) and near the output end (X, Y).
Far less is known about the workings of regions in between, which make up most of the brain.

sor muscles contract on the hairy side of
the forearm).

Evidently a command from the brain
to make a fist involves the firing of cells
several stages removed from the output
end of the nervous system, cells whose
axons are distributed to the various mo-
tor neurons and inhibitory neurons that
in turn supply all the muscles involved
in executing the command. Other move-
ments bring in different circuits that
may well involve the same muscles but
in different combinations.

t is not hard, then, to visualize a few

of the kinds of functions that may be
performed by the nervous system, par-
ticularly close to the sensory or the mo-
tor ends of the system. It is in the vast
in-between region—in the frontal and
parietal lobes, the limbic system, the
cerebellum and so on and on—that
knowledge of function is most lacking,
although quite a bit is known about the
anatomy. In some cases a kind of basic
wiring-diagram physiology is known:
which neurons excite or inhibit which,
for example. In the case of the cere-
bellum not only is the wiring known
in some detail but also it is now fair-
ly clear which synapses are excitatory
and which are inhibitory; for a few
kinds of synapse the transmitters have
been identified chemically with a mod-
erate degree of confidence. Yet how
the cerebellum works is known only in
the vaguest terms. It surely has to do
with the regulation of movements, mus-
cle tone and balance, but how these
functions are carried out by this mag-
nificently patterned, orderly and fan-
tastically complex piece of machinery is
quite obscure.

The cerebellum is admittedly a diffi-

© 1979 SCIENTIFIC AMERICAN, INC

cult place to work; it lies at the water-
shed between sensory and motor proc-
esses, in the blankest part of the rough
diagram above. The kinds of input it re-
ceives—the particular significance of
impulses that come to the cerebellum
from the cerebral cortex, the spine and
so on—are imperfectly known; the neur-
al structures to which it sends its output,
which are in turn ultimately connected
to the muscles, are also not well known.
For similar reasons most other parts of
the brain are still dimly understood. In
spite of recent advances in technique,
new and revolutionary methods are
badly needed. To give just one example,
there is now no known way of studying
the signals of single cells in a human
being without actually opening his skull
on the operating table, and that is gener-
ally unacceptable from an ethical stand-
point. Major advances have nonethe-
less been made in understanding some
of the higher functions of the human
brain [see “Specializations of the Hu-
man Brain,” by Norman Geschwind,
page 180], but in order to really under-
stand something such as speech, which
is peculiar to man, it will be necessary
to find ways of recording from single
neurons from outside the skull.
Knowledge of the wiring of neurons
and their moment-to-moment workings
represents only one ultimate goal in neu-
rophysiology. Certain large aspects of
brain function are beyond such a hori-
zon. Memory and learning, for example,
are surely cumulative processes involv-
ing change over a period of time, and
very little is yet known about the mecha-
nisms that underlie them.
Neurobiology seems to be particular-
ly subject to fads that sometimes
amount almost to a derailment of
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thought, A few years ago the notion was
advanced that memories might be re-
corded in the form of large molecules,
with the information encoded in a se-
quence of smaller molecules, as genetic
information is encoded in DNA. Few
people familiar with the highly pat-
terned specificity of connections in the
brain took the idea seriously, and yet
much time was consumed in many labo-
ratories teaching animals tasks, grinding
up their brains and either finding dif-
ferences in the brain chemistry of the
trained animals or finding “statistically
significant” improvement in the ability
of other animals, into which extracts of
the trained animals’ brains were inject-
ed, to learn the same tasks. The fad has
died out, but the fact is that neurobi-
ology has not always advanced or even
stood still; sometimes there is momen-
tary backsliding.

In the final analysis an understanding
of memory will probably involve two
quite different components. One com-
ponent is the changes that most likely
take place in synapses as a result of the
repeated use of neural circuits. For ex-
ample, there could be an increase in the
efficiency of one synapse at the expense
of other synapses on the same cell. Par-
ticular combinations of stimuli, if re-
peated, might thus enhance one possi-
ble pathway among many in a neural
structure.

tudies that might get at this aspect
are rather difficult in higher animals;
they are far easier in the small systems
of neurons that constitute all, or large
parts, of the nervous system of certain
lower animals. Individual cells in these
animals are often easy to poke with mi-
croelectrodes and, even more impor-
tant, such cells often have unique iden-
tity; one can speak of cell No. 56 in a
certain lobster ganglion and know that it
will have virtually the same position and
connections in other lobsters. (This is
one profound difference between many
invertebrate brains and man’s. One can
no more assign a number to a neuron of
the human brain than one can to a hair
of the head or a pore of the skin.)
Elegant experiments are being done at
the single-cell level on learning in these
invertebrate systems [see “Small Sys-
tems of Neurons,” by Eric R. Kandel,
page 66]. It has even been shown, for
example, that when an animal learns or
forgets a response, identifiable changes
take place in the transmission of signals
across particular synapses. The learning
here is obviously of a simple kind, but it
appears to be true learning. (Again and
again discoveries have been made in in-
vertebrates that were later extended to
higher forms. There is therefore little
likelihood that investigators will be dis-
couraged from working on such animals
by the gibes of politicians about the im-
plausible sound of such projects as, say,
“Problem-solving in the Leech.”)

52

The second component that will need
to be grappled with in studying memory
will be far more difficult. Things one re-
members (in anything but the most rudi-
mentary sense of that word) involve per-
cepts or movements or experiences. To
get at memory in any real sense it will be
necessary to know what goes on when
human beings perceive, act, think and
experience, in order to know what of all
that is recapitulated when they remem-
ber or learn. Of the two components the
first—the synaptic—seems to me to be
relatively easy, the second stupendously
difficult.

To understand the brain of an adult
animal is a hard enough task; to under-
stand how a brain gets to be a brain is
probably at least as difficult. How does
the nervous system develop, both before
birth and afterward? The central prob-
lem is to discover how the information
encoded in molecules of DNA is trans-
lated into cell-to-cell connections within
structures, the mutual spatial relations
of those structures and the connections
among them. The optic nerve, for exam-
ple, contains about a million fibers, each
originating in a tiny part of the retina.
Each fiber in turn connects in an orderly
way to the platelike lateral geniculate
nucleus in the brain, so that in a sense
theretina ismapped onto the geniculate.
How, during development, do the fibers
grow out of the retina, reach the plate
and distribute themselves with absolute
topographical precision? Similar speci-
fically wired sets of cablelike connec-
tions between topographically mapped
areas are common throughout the ner-
vous system, and how this precise wir-
ing is laid down remains one of the great
unsolved problems [see “The Develop-
ment of the Brain,” by W. Maxwell
Cowan, page 112].

Developmental studies are potential-
ly important not only because they shed
light on how the brain works but also
because so many neurological diseases
are, or seem likely to be, developmen-
tal in origin. These include most birth de-
fects, Down’s syndrome, certain kinds
of muscular dystrophy, probably certain
common epilepsies and a large number
of rarer diseases.

How long it will be before one is able
to say that the brain—or the
mind—is in broad outline understood
(those fuzzy words again) is anyone’s
guess. As late as 1950 anyone who pre-
dicted that in 10 years the main proces-
ses that underlie life would be under-
stood would have been regarded as opti-
mistic if not foolish, and yet that came
to pass. I think it will take a lot longer
than 10 years to understand the brain,
simply because it is such a many-faceted
thing: a box brimful of ingenious solu-
tions to a huge number of problems. It is
quite possible that human beings may
never solve all the separate individual
puzzles the brain presents. What one
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may hope is that, as each region of the
brain is looked at in turn, it will become
more and more established that the
brain’s functions are orderly and ca-
pable of being understood in terms
of physics and chemistry, without ap-
peal to unknowable, supernatural proc-
esses [see “Thinking about the Brain,”
by F. H. C. Crick, page 219].

There will be major individual mile-
stones. For example, some single mech-
anism by which memory (the synaptic
component) works may be revealed, or
some one process that explains how
nerve fibers find their proper destina-
tions in development. This does not
mean, however, that at some particular
moment in the future a discovery or set
of discoveries is likely to be made that
completely explains the brain. Progress
in brain research tends to be slow. Tech-
nical advances have produced a marked
acceleration in the past few decades, and
yet there have certainly not been any
abrupt upheavals to compare with those
brought about by Copernicus, Newton,
Darwin, Einstein or Watson and Crick.

Each of those revolutions had the
property of bringing some very funda-
mental aspect of man’s study of nature
into the realm of rational and experi-
mental analysis, away from the super-
natural. If Copernicus pointed out that
the earth is not the center of the universe
and Galileo saw stars and planets but
not angels in the sky, if Darwin showed
that man is related to all other living
organisms, if Einstein introduced new
notions of time and space and of mass
and energy, if Watson and Crick showed
that biological inheritance can be ex-
plained in physical and chemical terms,
then in this sequence of eliminations of
the supernatural the main thing science
seems to be left with is the brain, and
whether or not it is something more
than a machine of vast and magnificent
complexity.

It is a question that goes to the very
center of man’s being, so that funda-
mental changes in our view of the hu-
man brain cannot but have profound
effects on our view of ourselves and
the world. Certainly such advances will
have significant effects on other fields
of inquiry. The branches of philosophy
concerned with the nature of mind and
of perception will to some extent be
superseded, and so, I think, will some
parts of psychology that seek to obtain
answers to similar questions by indirect
means. The entire field of education
will be affected if the mechanisms un-
derlying learning and memory are dis-
covered.

A revolution of truly Copernican or
Darwinian proportions may never come
in neurobiology, at least not in a single
stroke. If there is one, it may be grad-
ual, having its effect over many dec-
ades. Every stage will surely bring hu-
man beings closer to an understanding of
themselves.



OUTPUT OF NERVOUS SYSTEM is the activation of a muscle fi-
ber by the terminal branches of a motor-neuron axon. In this scan-
ning electron micrograph made by Barbara F. Reese and Thomas S.
Reese of the National Institute of Neurological and Communicative
Disorders and Stroke one terminal branch lies in (and in places has
been pulled away from) a junctional groove in a muscle fiber. The
nerve fiber is largely enveloped by the sheath of a Schwann cell, the

cell body of which is at the bottom left. The junctional groove is tra-
versed by narrow folds in the postsynaptic muscle membrane. Each
fold normally abuts an “active zone” in the nerve fiber, from which
a chemical transmitter, acetylcholine, is released through “windows”
in the Schwann-cell sheath when an impulse arrives at the synapse.
Molecules of acetylcholine activate receptors on muscle membrane
to initiate muscle contraction. Enlargement is about 4,000 diameters.
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The Neuron

It is the individual nerve cell, the building block of the brain.

It transmits nerve impulses over a single long fiber (the axon)

and receives them over numerous short fibers (the dendrites)

P ] eurons, or nerve cells, are the
building blocks of the brain.
Although they have the same

genes, the same general organization

and the same biochemical apparatus as
other cells, they also have unique fea-
tures that make the brain function in

a very different way from, say, the liv-

er. The important specializations of the

neuron include a distinctive cell shape,
an outer membrane capable of generat-
ing nerve impulses, and a unique struc-
ture, the synapse, for transferring infor-
mation from one neuron to the next.
The human brain is thought to consist
of 1011 neurons, about the same number
as the stars in our galaxy. No'two neu-
rons are identical in form. Nevertheless,
their forms generally fall into only a few
broad categories, and most neurons
share certain structural features that
make it possible to distinguish three re-
gions of the cell: the cell body, the den-
drites and the axon. The cell body con-
tains the nucleus of the neuron and the
biochemical machinery for synthesizing
enzymes and other molecules essential
to the life of the cell. Usually the cell
body is roughly spherical or pyramid-
shaped. The dendrites are delicate tube-
like extensions that tend to branch re-
peatedly and form a bushy tree around
the cell body. They provide the main
physical surface on which the neuron
receives incoming signals. The axon ex-
tends away from the cell body and pro-
vides the pathway over which signals
can travel from the cell body for long
distances to other parts of the brain and

by Charles F. Stevens

the nervous system. The axon differs
from the dendrites both in structure and
in the properties of its outer membrane.
Most axons are longer and thinner than
dendrites and exhibit a different branch-
ing pattern: whereas the branches of
dendrites tend to cluster near the cell
body, the branches of axons tend to arise
at the end of the fiber where the axon
communicates with other neurons.

The functioning of the brain depends
on the flow of information through elab-
orate circuits consisting of networks
of neurons. Information is transferred
from one cell to another at specialized
points of contact: the synapses. A typi-
cal neuron may have anywhere from
1,000 to 10,000 synapses and may re-
ceive information from something like
1,000 other neurons. Although synapses
are most often made between the axon
of one cell and the dendrite of another,
there are other kinds of synaptic junc-
tion: between axon and axon, between
dendrite and dendrite and between axon
and cell body.

At a synapse the axon usually enlarg-
es to form a terminal button, which is
the information-delivering part of the
junction. The terminal button contains
tiny spherical structures called synaptic
vesicles, each of which can hold several
thousand molecules of chemical trans-
mitter. On the arrival of a nerve impulse
at the terminal button, some of the ves-
icles discharge their contents into the
narrow cleft that separates the button
from the membrane of another cell’s
dendrite, which is designed to receive

NEURON FROM A CAT’S VISUAL CORTEX has been labeled in the photomicrograph
on the opposite page by injection with the enzyme horseradish peroxidase. The cell bodies in

the background are counterst d with a

ta dye. All the fibers extending from the cell

body are dendrites, which receive information from other neurons. The fiber that transmits in-
formation, the axon, is much finer and not readily visible at this magnification. The thickest
fiber, extending vertically upward, is known as the apical dendrite, only a small portion of
which falls within this section. At this magnification (about 500 diameters) the complete apical
dendrite would be about 75 centimeters long. (It can be traced through adjacent sections.) The
activity of this particular cell was recorded in the living animal and was found to respond op-
timally to a light-dark border rotated about 60 degrees from the vertical. The neuron is classi-
fied as a pyramidal cell because of its form. It is one of two major types in cortex of mammals.
Micrograph was made by Charles Gilbert and Torsten N. Wiesel of Harvard Medical School.
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the chemical message. Hence informa-
tion is relayed from one neuron to an-
other by means of a transmitter. The
“firing” of a neuron—the generation of
nerve impulses—reflects the activation
of hundreds of synapses by impinging
neurons. Some synapses are excitatory
in that they tend to promote firing,
whereas others are inhibitory and so are
capable of canceling signals that other-
wise would excite a neuron to fire.

Ithough neurons are the building
blocks of the brain, they are not the
only kind of cell in it. For example, ox-
ygen and nutrients are supplied by a
dense network of blood vessels. There is
also a need for connective tissue, partic-
ularly at the surface of the brain. A ma-
jor class of cells in the central nervous
system is the glial cells, or glia. The glia
occupy essentially all the space in the
nervous system not taken up by the neu-
rons themselves. Although the function
of the glia is not fully understood, they
provide structural and metabolic sup-
port for the delicate meshwork of the
neurons.

One other kind of cell, the Schwann
cell, is ubiquitous in the nervous sys-
tem. All axons appear to be jacketed
by Schwann cells. In some cases the
Schwann cells simply enclose the axon
in a thin layer. In many cases, however,
the Schwann cell wraps itself around the
axon in the course of embryonic devel-
opment, giving rise to the multiple dense
layers of insulation known as myelin.
The myelin sheath is interrupted every
millimeter or so along the axon by nar-
row gaps called the nodes of Ranvier.
In axons that are sheathed in this way
the nerve impulse travels by jumping
from node to node, where the extracellu-
lar fluid can make direct contact with
the cell membrane. The myelin sheath
seems to have evolved as a means of
conserving the neuron’s metabolic ener-
gy. In general myelinated nerve fibers
conduct nerve impulses faster than un-
myelinated fibers.

Neurons can work as they do because
their outer membranes have special
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TYPICAL NEURON of a vertebrate animal can carry nerve impulses for a considerable dis-
tance. The neuron depicted here, with its various parts drawn to scale, is enlarged 250 times.
The nerve impulses originate in the cell body and are propagated along the axon, which may
have one or more branches. This axon, which is folded for diagrammatic purposes, would be a
centimeter long at actual size. Some axons are more than a meter long. The axon’s terminal
branches form synapses with as many as 1,000 other neurons. Most synapses join the axon
terminals of one neuron with the dendrites forming a “tree” around the cell body of another
neuron. Thus the dendrites surrounding the neuron in the diagram might receive incoming sig-
nals from tens, hundreds or even thousands of other neurons. Many axons, such as this one, are
insulated by a myelin sheath interrupted at intervals by the regions known as nodes of Ranvier.
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properties. Along the axon the mem-
brane is specialized to propagate an
electrical impulse. At the terminal of the
axon the membrane releases transmit-
ters, and on the dendrites it reponds to
transmitters. In addition the membrane
mediates the recognition of other cells in
embryonic development, so that each
cell finds its proper place in the network
of 101! cells. Much recent investiga-
tion therefore focuses on the membrane
properties responsible for the nerve im-
pulse, for synaptic transmission, for cell-
cell recognition and for structural con-
tacts between cells.

The neuron membrane, like the outer
membrane of all cells, is about five
nanometers thick and consists of two
layers of lipid molecules arranged with
their hydrophilic ends pointing toward
the water on the inside and outside of
the cell and with their hydrophobic ends
pointing away from the water to form
the interior of the membrane. The lipid
parts of the membrane are about the
same for all kinds of cells. What makes
one cell membrane different from an-
other are various specific proteins that
are associated with the membrane in
one way or another. Proteins that are
actually embedded in the lipid bilayer
are termed intrinsic proteins. Other pro-
teins, the peripheral membrane pro-
teins, are attached to the membrane sur-
face but do not form an integral part of
its structure. Because the membrane lip-
id is fluid even the intrinsic proteins are
often free to move by diffusion from
place to place. In some instances, how-
ever, the proteins are firmly fastened
down by a substructure.

The membrane proteins of all cells
fall into five classes: pumps, channels,
receptors, enzymes and structural pro-
teins. Pumps expend metabolic ener-
gy to move ions and other molecules
against concentration gradients in order
to maintain appropriate concentrations
of these molecules within the cell. Be-
cause charged molecules do not pass
through the lipid bilayer itself cells have
evolved channel proteins that provide
selective pathways through which spe-
cific ions can diffuse. Cell membranes
must recognize and attach many types
of molecules. Receptor proteins fulfill
these functions by providing binding
sites with great specificity and high af-
finity. Enzymes are placed in or on the
membrane to facilitate chemical reac-
tions at the membrane surface. Final-
ly, structural proteins both interconnect
cells to form organs and help to main-
tain subcellular structure. These five
classes of membrane proteins are not
necessarily mutually exclusive. For ex-
ample, a particular protein might simul-
taneously be a receptor, an enzyme and
a pump.

Membrane proteins are the key to un-
derstanding neuron function and there-
fore brain function. Because they play
such a central role in modern views



of the neuron, I shall organize my dis-
cussion around a description of an ion
pump, various types of channel and
some other proteins that taken together
endow neurons with their unique prop-
erties. The general idea will be to sum-
marize the important characteristics of
the membrane proteins and to explain
how these characteristics account for
the nerve impulse and other complex
features of neuron function.

ike all cells the neuron is able to main-
tain within itself a fluid whose com-
position differs markedly from that of
the fluid outside it. The difference is par-
ticularly striking with regard to the con-
centration of the ions of sodium and po-
tassium. The external medium is about
10 times richer in sodium than the in-
ternal one, and the internal medium is
about 10 times richer in potassium than
the external one. Both sodium and po-
tassium leak through pores in the cell
membrane, so that a pump must operate
continuously to exchange sodium ions
that have entered the cell for potassium
ions outside it. The pumping is accom-
plished by an intrinsic membrane pro-
tein called the sodium-potassium aden-
osine triphosphatase pump, or more of-
ten simply the sodium pump.

The protein molecule (or complex of
protein subunits) of the sodium pump
has a molecular weight of about
275,000 daltons and measures rough-
ly six by eight nanometers, or slightly
more than the thickness of the cell mem-
brane. Each sodium pump can harness
the energy stored in the phosphate bond
of adenosine triphosphate (ATP) to ex-
change three sodium ions on the inside
of the cell for two potassium ions on
the outside. Operating at the maximum
rate, each pump can transport across the
membrane some 200 sodium ions and
130 potassium ions per second. The ac-
tual rate, however, is adjusted to meet
the needs of the cell. Most neurons have
between 100 and 200 sodium pumps per
square micrometer of membrane sur-
face, but in some parts of their surface
the density is as much as 10 times high-
er. A typical small neuron has perhaps
a million sodium pumps with a capac-
ity to move about 200 million sodi-
um ions per second. It is the transmem-
brane gradients of sodium and potas-
sium ions that enable the neuron to
propagate nerve impulses.

Membrane proteins that serve as
channels are essential for many aspects
of neuron function, particularly for the
nerve impulse and synaptic transmis-
sion. As an introduction to the role
played by channels in the electrical ac-
tivity of the brain I shall briefly describe
the mechanism of the nerve impulse and
then return to a more systematic survey
of channel properties.

Since the concentration of sodium
and potassium ions on one side of the
cell membrane differs from that on the
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CELL BODY OF A NEURON incorporates the genetic material and complex metabolic ap-
paratus common to all cells. Unlike most other cells, however, neurons do not divide after em-
bryonic development; an organism’s original supply must serve a lifetime. Projecting from the
cell body are several dendrites and a single axon. The cell body and dendrites are covered by
synapses, knoblike structures where information is received from other neurons. Mitochondria
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SYNAPSE is the relay point where information is conveyed by chemical transmitters from
neuron to neuron. A synapse consists of two parts: the knoblike tip of an axon terminal and the
receptor region on the surface of another neuron. The membranes are separated by a synaptic
cleft some 200 nanometers across. Molecules of chemical transmitter, stored in vesicles in the
axon terminal, are released into the cleft by arriving nerve impulses. Transmitter changes elec-
trical state of the receiving neuron, making it either more likely or less likely to fire an impulse.
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other side, the interior of the axon is
about 70 millivolts negative with re-
spect to the exterior. In their classic
studies of nerve-impulse transmission in
the giant axon of the squid a quarter of a
century ago, A. L. Hodgkin, A. F. Hux-
ley and Bernhard Katz of Britain dem-
onstrated that the propagation of the
nerve impulse coincides with sudden
changes in the permeability of the axon
membrane to sodium and potassium
ions. When a nerve impulse starts at the
origin of the axon, having been triggered
in most cases by the cell body in re-
sponse to dendritic synapses, the volt-
age difference across the axon mem-
brane is locally lowered. Immediately
ahead of the electrically altered region
(in the direction in which the nerve im-
pulse is propagated) channels in the
membrane open and let sodium ions
pour into the axon.

The process is self-reinforcing: the
flow of sodium ions through the mem-
brane opens more channels and makes it
easier for other ions to follow. The sodi-
um ions that enter change the internal
potential of the membrane from nega-
tive to positive. Soon after the sodium
channels open they close, and another
group of channels open that let potassi-

SYNAPTIC TERMINAL occupies most of this electron micrograph
made by John E. Heuser of the University of California School of
Medicine in San Francisco and Thomas S. Reese of the National In-
stitutes of Health. The cleft separating the presynaptic membrane
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um ions flow out. This outflow restores
the voltage inside the axon to its resting
value of — 70 millivolts. The sharp posi-
tive and then negative charge, which
shows up as a “spike” on an oscillo-
scope, is known as the action potential
and is the electrical manifestation of the
nerve impulse. The wave of voltage
sweeps along until it reaches the end of
the axon much as a flame travels along
the fuse of a firecracker.

his brief description of the nerve im-

pulse illustrates the importance of
channels for the electrical activity of
neurons and underscores two funda-
mental properties of channels: selectivi-
ty and gating. I shall discuss these two
properties in turn. Channels are selec-
tively permeable and selectivities vary
widely. For example, one type of chan-
nel lets sodium ions pass through and
largely excludes potassium ions, where-
as another type of channel does the re-
verse. The selectivity, however, is sel-
dom absolute. One type of channel that
is fairly nonselective allows the passage
of about 85 sodium ions for every 100
potassium ions; another more selective
type passes only about seven sodium
ions for every 100 potassium ions. The
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first type, known as the acetylcholine-
activated channel, has a pore about .8
nanometer in diameter that is filled with
water. The second type, known as the
potassium channel, has a much smaller
opening and contains less water.

The sodium ion is about 30 percent
smaller than the potassium ion. The
exact molecular structure that enables
the larger ion to pass through the cell
membrane more readily than the small-
er one is not known. The general prin-
ciples that underlie the discrimination,
however, are understood. They involve
interactions between ions and parts of
the channel structure in conjunction
with a particular ordering of water mol-
ecules within the pore.

The gating mechanism that regulates
the opening and closing of membrane
channels takes two main forms. One
type of channel, mentioned above in the
description of the nerve impulse, opens
and closes in response to voltage dif-
ferences across the cell membrane; it
is therefore said to be voltage-gated.
A second type of channel is chemical-
ly gated. Such channels respond only
slightly if at all to voltage changes but
open when a particular molecule—a
transmitter—binds to a receptor region

from the postsynaptic one undulates across the lower part of the pic-
ture. The large dark structures are mitochondria. The many round
bodies are vesicles that hold transmitter. The fuzzy dark thickenings
along the cleft are thought to be principal sites of transmitter release.



on the channel protein. Chemically gat-
ed channels are found in the receptive
membranes of synapses and are respon-
sible for translating the chemical signals
produced by axon terminals into ion
permeability changes during synaptic
transmission. It is customary to name
chemically gated channels according to
their normal transmitter. Hence one
speaks of acetylcholine-activated chan-
nels or GABA-activated channels.
(GABA is gamma-aminobutyric acid.)
Voltage-gated channels are generally
named for the ion that passes through
the channel most readily.

Proteins commonly change their
shape as they function. Such alterations
in shape, known as conformational
changes, are dramatic for the contrac-
tile proteins responsible for cell motion,
but they are no less important in many
enzymes and other proteins. Conforma-
tional changes in channel proteins form
the basis for gating as they serve to open
and close the channel by slight move-
ments of critically placed portions of
the molecule that unblock and block
the pore.

When either voltage-gated or chemi-
cally gated channels open and allow
ions to pass, one can measure the result-
ing electric current. Quite recently it has
become possible in a few instances to
record the current flowing through a
single channel, so that the opening and
closing can be directly detected. One
finds that the length of time a channel
stays open varies randomly because the
opening and closing of the channel rep-
resents a change in the conformation of
the protein molecule embedded in the
membrane. The random nature of the
gating process arises from the haphaz-
ard collision of water molecules and
other molecules with the structural ele-
ments of the channel.

In addition to ion pumps and channels
neurons depend on other classes of
membrane proteins for carrying out
essential nervous-system functions. One
of the important proteins is the enzyme
adenylate cyclase, which helps to reg-
ulate the intracellular substance cy-
clic adenosine monophosphate (cyclic
AMP). Cyclic nucleotides such as cyclic
AMP take part in cell functions whose
mechanisms are not yet understood in
detail. The membrane enzyme adenyl-
ate cyclase appears to have two chief
subunits, one catalytic and the other reg-
ulatory. The catalytic subunit promotes
the formation of cyclic AMP. Various
regulatory subunits, which are thought
to be physically distinct from the cata-
lytic one, can bind specific molecules
(including transmitters that open and
close channels) in order to control intra-
cellular levels of cyclic AMP. The var-
ious types of regulatory subunit are
named according to the molecule that
normally binds to them; one, for exam-
ple, is called serotonin-activated ade-

ACETYLCHOLINE-ACTIVATED CHANNELS are densely packed in the postsynaptic
membrane of a cell in the electric organ of a torpedo, a fish that can administer an electric
shock. This electron micrograph shows the platinum-plated replica of a membrane that had
been frozen and etched. The size of the platinum particles limits the resolution to features larg-
er than about two nanometers. According to recent evidence the channel protein molecule, which
measures 8.5 nanometers across, consists of five subunits surrounding a channel whose nar-
rowest dimension is .8 nanometer. The micrograph was made by Heuser and S. R. Salpeter.
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AXON MEMBRANE separates fluids that differ greatly in their
content of sodium ions (colored dots) and potassium ions (black dots).
The exterior fluid is about 10 times richer in sodium ions than in po-
tassium ions; in the interior fluid the ratio is the reverse. The mem-
brane is penetrated by proteins that act as selective channels for pref-
erentially passing either sodium or potassium ions. In the resting state,
when no nerve impulse is being transmitted, the two types of channel
are closed and an ion pump maintains the ionic disequilibrium by

pumping out sodium ions in exchange for potassium ions. The inte-
rior of the axon is normally about 70 millivolts negative with respect
to the exterior. If this voltage difference is reduced by the arrival of
a nerve impulse, the sodium channel opens, allowing sodium ions to
flow into the axon. An instant later the sodium channel closes and
the potassium ch 1 opens, allowing an outflow of potassium ions.
The sequential opening and closing of the two kinds of channel ef-
fects the propagation of the nerve impulse, which is illustrated below.
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PROPAGATION OF NERVE IMPULSE along the axon coincides
with a localized inflow of sodium ions (Na *) followed by an outflow
of potassium ions (K+) through channels that are “gated,” or con-
trolled, by voltage changes across the axon membrane. The electrical
event that sends a nerve impulse traveling down the axon normally
originates in the cell body. The impulse begins with a slight depolar-
ization, or reduction in the negative potential, across the membrane
of the axon where it leaves the cell body. The slight voltage shift opens
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some of the sodium channels, shifting the voltage still further. The in-
flow of sodium ions accelerates until the inner surface of the mem-
brane is locally positive. The voltage reversal closes the sodium chan-
nel and opens the potassium channel. The outflow of potassium ions
quickly restores the negative potential. The voltage reversal, known
as the action potential, propagates itself down the axon (7, 2). After a
brief refractory period a second impulse can follow (3). The impulse-
propagation speed is that measured in the giant axon of the squid.
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nylate cyclase. Adenylate cyclase and
related membrane enzymes are known
to serve a number of regulatory func-
tions in neurons, and the precise mecha-
nisms of these actions are now under ac-
tive investigation.

In the course of the embryonic devel-
opment of the nervous system a cell
must be able to recognize other cells so
that the growth of each cell will proceed
in the right direction and give rise to the
right connections. The process of cell-
cell recognition and the maintenance of
the structure arrived at by such recogni-
tion depend on special classes of mem-
brane proteins that are associated with
unusual carbohydrates. The study of
the protein-carbohydrate complexes as-
sociated with cell recognition is still at
an early stage.

The intrinsic membrane proteins I
have been describing are neither distrib-
uted uniformly over the cell surface nor
all present in equal amounts in each
neuron. The density and the type of pro-
tein are governed by the needs of the
cell and differ among types of neuron
and from one region of a neuron to an-
other. Thus the density of channels of a
particular type ranges from zero up
to about 10,000 per square microme-
ter. Axons generally have no chemically
gated channels, whereas in postsynaptic
membranes the density of such chan-
nels is limited only by the packing of the
channel molecules. Similarly, dendritic
membranes typically have few voltage-
gated channels, whereas in axon mem-
branes the density can reach 1,000 chan-
nels per square micrometer in certain
locations.

he intrinsic membrane proteins are

synthesized primarily in the body of
the neuron and are stored in the mem-
brane in small vesicles. Neurons have
a special transport system for moving
such vesicles from their site of synthesis
to their site of function. The transport
system seems to move the vesicles along
in small jumps with the aid of contrac-
tile proteins. On reaching their destina-
tion the proteins are inserted into the
surface membrane, where they function
until they are removed and degraded
within the cell. Precisely how the cell
decides where to put which membrane
protein is not known. Equally unknown
is the mechanism that regulates the syn-
thesis, insertion and destruction of the
membrane proteins. The metabolism of
membrane proteins constitutes one of
cell biology’s central problems.

How do the properties of the various
membrane proteins I have been discuss-
ing relate to neuron function? To ap-
proach this question let us now return to
the nerve impulse and examine more
closely the molecular properties that un-
derlie its triggering and propagation. As
we have seen, the interior of the neuron
is about 70 millivolts negative with re-
spect to the exterior. This “resting po-
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RESPONSE OF A SINGLE MEMBRANE CHANNEL to the transmitter compound acetyl-
choline is revealed by a recently developed technique that has been applied by Erwin Neher
and Joseph H. Steinbach of the Yale University School of Medicine. Acetylcholine-activated
channels, which are present in postsynaptic membranes, allow the passage of roughly equal
numbers of sodium and potassium ions. The record shows the flow of current through a single
channel in the postsynaptic membrane of a frog muscle activated by the compound suberyldi-
choline, which mimics action of acetylcholine but keeps channels open longer. Experiment
shows that channels open on an all-or-none basis and stay open for random lengths of time.
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SODIUM CHANNELS IN AN AXON also operate in simple open-or-shut manner as well as
independently of one another, according to investigations conducted by Frederick J. Sigworth
of the Yale University School of Medicine. During the propagation of a nerve impulse about
10,000 channels normally open in a myelin-free region of the axon membrane, namely a node
of Ranvier. The upper trace depicts the sodium permeability at such a node as a function of
time. The lower trace, recorded at a 12-fold amplification of the upper one, shows fluctua-
tions in permeability around the average due to the random opening and closing of channels.
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NERVE IMPULSES IN BODIES OF NEURONS require the coordinated opening and clos-
ing of five types of channel permeable to various kinds of ion (sodium, potassium or calcium).
The contribution of the different channels to the nerve impulse can be represented by simulta-
neous nonlinear differential equations. The upper pair of curves represent an actual recording
of voltage changes as a function of time in the body of a neuron (black) and changes computed
from equations (color). The lower curves depict the current carried by the principal types of
channel as a function of time. A complicated interaction of channel types is required to achieve
a train of nerve impulses. The study on which curves are based was carried out by John A.
Connor at the University of Illinois and by the author at the Yale University School of Medicine.
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FROG NEUROMUSCULAR JUNCTION appears in this electron
micrograph made by Heuser. The synaptic cleft separates the axon
at the upper left from the muscle cell at the lower right. Synaptic ves-
icles cluster along the presynaptic membrane, with two synaptic con-
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tacts visible near the center. Postsynaptic membrane of the muscle
cell exhibits a feature that is not seen at other synapses: the mem-
brane forms postjunctional folds opposite each tact. Freeze-frac-
ture replicas of presynaptic membrane are shown on opposite page.
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tential” is a consequence of the ionic
disequilibrium brought about by the so-
dium pump and by the presence in the
cell membrane of a class of permanently
open channels selectively permeable to
potassium ions. The pump ejects sodi-
um ions in exchange for potassium ions,
making the inside of the cell about 10
times richer in potassium ions than the
outside. The potassium channels in the
membrane allow the potassium ions im-
mediately adjacent to the membrane to
flow outward quite freely. The permea-
bility of the membrane to sodium ions is
low in the resting condition, so that there
is almost no counterflow of sodium ions
from the exterior to the interior even
though the external medium is tenfold
richer in sodium ions than the internal
medium. The potassium flow therefore
gives rise to a net deficit of positive
charges on the inner surface of the cell
membrane and an excess of positive
charges on the outer surface. The result
is the voltage difference of 70 millivolts,
with the interior being negative.

The propagation of the nerve impulse
depends on the presence in the neu-
ron membrane of voltage-gated sodi-
um channels whose opening and closing
is responsible for the action potential.
What are the characteristics of these
important channel molecules? Although
the sodium channel has not yet been
well characterized chemically, it is a
protein with a molecular weight proba-
bly in the range of 250,000 to 300,000
daltons. The pore of the channel mea-
sures about .4 by .6 nanometer, a space
through which sodium ions can pass
in association with a water molecule.
The channel has many charged groups
critically placed on its surface. These
charges give the channel a large electric
dipole moment that varies in direction
and magnitude when the molecular con-
formation of the channel changes as the
channel goes from a closed state to an
open one.

Because the surface membrane of the
cell is so thin the difference of 70
millivolts across the resting membrane
gives rise to a large electric field, on the
order of 100 kilovolts per centimeter. In
the same way that magnetic dipoles tend
to align themselves with the lines of
force in a magnetic field, the electric
dipoles in the sodium-channel protein
tend to align themselves with the mem-
brane electric field. Changes in the
strength of the membrane field can
therefore drive the channel from the
closed conformation to the open one. As
the inner surface of the membrane is
made more positive by the entering van-
guard of sodium ions the sodium chan-
nels tend to spend an increasing fraction
of their time in the open conformation.
The process in which the channels are
opened by a change in the membrane
voltage is known as sodium-channel ac-
tivation.

FREEZE-FRACTURE REPLICAS of the presynaptic membrane of the frog neuromuscular
junction were made by Heuser. The upper micrograph shows the membrane three milliseconds
after the muscle had been stimulated. Running across the axon membrane is a double row of
particles: membrane proteins that may be calcium channels or structural proteins to which ves-
icles attach. The lower micrograph shows the membrane five milliseconds after stimulation.
The stimulation has caused synaptic vesicles to fuse with presynaptic membrane and form pits.

The process is terminated by a phe-
nomenon called sodium inactivation.
Voltage differences across the mem-
brane that cause sodium channels to
open also drive them into a special
closed conformation different from the
conformation characteristic of the chan-
nel’s resting state. The second closed
conformation, called the inactivated
state, develops more slowly than the ac-
tivation process, so that channels re-
main open briefly before they are closed
by inactivation. The channels remain in
the inactivated state for some millisec-
onds and then return to the normal rest-
ing state.

The complete cycle of activation and
inactivation normally involves the
opening and closing of thousands of so-
dium channels. How can one tell wheth-
er the increase in overall membrane per-
meability reflects the opening and clos-
ing of a number of channels in an all-or-
none manner or whether it reflects the
operation of channels that have individ-
ually graded permeabilities? The ques-
tion has been partly answered by a new
technique that relates fluctuations in
membrane permeability to the inherent-
ly probabilistic nature of conformation-
al changes in the channel proteins. One
can trigger repeated episodes of channel
opening and calculate the average per-
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meability at a particular time and also
the exact permeability on a given trial.
The exact permeability fluctuates 10
percent or so around a mean value.
Analysis of the fluctuations shows that
the sodium channels open in an all-
or-none manner and that each channel
opening increases the conductance of
the membrane by 8 X 10-12 reciprocal
ohms. One of the principal challenges in
understanding the neuron is the devel-
opment of a complete theory that will
describe the behavior of the sodium
channels and relate it to the molecular
structure of the channel protein.

As I noted briefly above, axons also
have voltage-gated potassium channels
that help to terminate the nerve impulse
by letting potassium ions flow out of the
axon, thereby counteracting the inward
flow of sodium ions. In the cell body of
the neuron the situation is still more
complex, because there the membrane is
traversed by five types of channel. The
different channels open at different
rates, stay open for various intervals and
are preferentially permeable to different
species of ions (sodium, potassium or
calcium).

The presence of the five types of chan-
nel in the cell body of the neuron, com-
pared with only two in the axon, gives
rise to a more complex mode of nerve-
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impulse generation. If an axon is pre-
sented with a maintained stimulus, it
generates only a single impulse at the
onset of the stimulus. Cell bodies, how-
ever, generate a train of impulses with
a frequency that reflects the intensity of
the stimulus.

Neurons are able to generate nerve
impulses over a wide range of frequen-
cies, from one or fewer per second to
several hundred per second. All nerve
impulses have the same amplitude, so
that the information they carry is repre-
sented by the number of impulses gener-
ated per unit of time, a system known as
frequency coding. The larger the magni-
tude of the stimulus to be conveyed, the
faster the rate of firing.

hen a nerve impulse has traveled

the length of the axon and has
arrived at a terminal button, one of a
variety of transmitters is released from
the presynaptic membrane. The trans-
mitter diffuses to the postsynaptic mem-
brane, where it induces the opening of
chemically gated channels. Ions flowing
through the open channels bring about

the voltage changes known as postsyn-
aptic potentials.

Most of what is known about synaptic
mechanisms comes from experiments
on a particular synapse: the neuromus-
cular junction that controls the contrac-
tion of muscles in the frog. The axon of
the frog neuron runs for several hun-
dred micrometers along the surface of
the muscle cell, making several hundred
synaptic contacts spaced about a mi-
crometer apart. At each presynaptic re-
gion the characteristic synaptic vesicles
can be recognized readily.

Each of the synaptic vesicles contains
some 10,000 molecules of the transmit-
ter acetylcholine. When a nerve impulse
reaches the synapse, a train of events
is set in motion that culminates in the
fusion of a vesicle with the presynaptic
membrane and the resulting release of
acetylcholine into the cleft between the
presynaptic and the postsynaptic mem-
branes, a process termed exocytosis.
The fused vesicle is subsequently re-
claimed from the presynaptic mem-
brane and is quickly refilled with acetyl-
choline for future release.

TRANSMITTER IS DISCHARGED into the synaptic cleft at the synaptic junctions between
neurons by vesicles that open up after they fuse with the axon’s presynaptic membrane, a proc-
ess called exocytosis. This electron micrograph made by Heuser has caught the vesicles in the
terminal of an axon in the act of discharging acetylcholine into the neuromuscular junction
of a frog. The structures that appear in the micrograph are enlarged some 115,000 diameters.
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SYNAPTIC VESICLES are clustered near the presynaptic membrane. The diagram shows
the probable steps in exocytosis. Filled vesicles move up to synaptic cleft, fuse with the mem-
brane, discharge their contents and are reclaimed, re-formed and refilled with transmitter.
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Many details of the events leading to
exocytosis have recently been elucidat-
ed. The fusion of vesicles to the presyn-
aptic membrane is evidently triggered
by a rapid but transient increase in the
concentration of calcium in the termi-
nal button of the axon. The arrival of
a nerve impulse at the terminal opens
calcium channels that are voltage-gated
and allows calcium to flow into the ter-
minal. The subsequent rise in calcium
concentration is brief, however, because
the terminal contains a special appara-
tus that rapidly sequesters free calcium
and returns its concentration to the nor-
mal very low level. The brief spike in the
free-calcium level leads to the fusion
of transmitter-filled vesicles with the
presynaptic membrane, but the precise
mechanism of this important process is
not yet known.

Interesting details of the structure of
the terminal membrane have been re-
vealed by the freeze-fracture technique,
a method that splits the layers of the
bilayer membrane and exposes the in-
trinsic membrane proteins for examina-
tion by electron microscopy. In the frog
neuromuscular junction a double row of
large membrane proteins runs the width
of each synapse. Synaptic vesicles be-
come attached on or near the proteins.
Only these vesicles then fuse to the
membrane and release their transmitter;
other vesicles seem to be held in reserve
some distance away. The fusion of vesi-
cles is a random process and occurs in-
dependently for each vesicle.

In less than 100 microseconds acetyl-
choline released from fused vesicles
diffuses across the synaptic cleft and
binds to the acetylcholine receptor: an
intrinsic membrane protein embedded
in the postsynaptic membrane. The re-
ceptor is also a channel protein that is
chemically gated by the presence of ace-
tylcholine. When two acetylcholine mol-
ecules attach themselves to the chan-
nel, they lower the energy state of the
open conformation of the protein and
thereby increase the probability that
the channel will open. The open state
of the channel is a random event with
an average lifetime of about a milli-
second. Each packet of 10,000 acetyl-
choline molecules effects the opening of
some 2,000 channels.

During the brief period that a channel
is open about 20,000 sodium ions and
a roughly equal number of potassium
ions pass through it. As a result of this
ionic flow the voltage difference be-
tween the two sides of the membrane
tends to approach zero. How close it ap-
proaches to zero depends on how many
channels open and how long they stay
open. The acetylcholine released by a
typical nerve impulse produces a post-
synaptic potential, or voltage change,
that lasts for only about five millisec-
onds. Because postsynaptic potentials
are produced by chemically gated chan-



nels rather than by voltage-gated ones
they have properties quite different
from those of the nerve impulse. They
are usually smaller in amplitude, longer
in duration and graded in size depending
on the quantity of transmitter released
and hence on the number of channels
that open.

Different types of chemically gated
channels exhibit different selectivities.
Some resemble the acetylcholine chan-
nel, which passes sodium and potassium
ions with little selectivity. Others are
highly selective. The voltage change
that results at a particular synapse de-
pends on the selectivity of the channels
that are opened. If positive ions move
into the cell, the voltage change is in the
positive direction. Such positive-going
voltage channels tend to open voltage-
gated channels and to generate nerve
impulses, and so they are known as ex-
citatory postsynaptic potentials. If posi-
tive ions (usually potassium) move out
of the cell, the voltage change is in the
negative direction, which tends to close
voltage-gated channels. Such postsyn-
aptic potentials oppose the production
of nerve impulses, and so they are
termed inhibitory. Excitatory and inhib-
itory postsynaptic potentials are both
common in the brain.

Brain synapses differ from neuromus-
cular-junction synapses in several ways.
Whereas at the neuromuscular junction
the action of acetylcholine is always ex-
citatory, in the brain the action of the
same substance is excitatory at some
synapses and inhibitory at others. And
whereas acetylcholine is the usual trans-
mitter at neuromuscular junctions, the
brain synapses have channels gated by a
large variety of transmitters. A partic-
ular synaptic ending, however, releases
only one type of transmitter, and chan-
nels gated by that transmitter are pres-
ent in the corresponding postsynaptic
membrane. In contrast with neuromus-
cular channels activated by acetylcho-
line, which stay open for about a milli-
second, some types of brain synapses
have channels that stay open for less
than a millisecond and others have
channels that remain open for hundreds
of milliseconds. A final major difference
is that whereas the axon makes hun-
dreds of synaptic contacts with the mus-
cle cell at the frog’s neuromuscular
junction, axons in the brain usually
make only one or two synaptic contacts
on a given neuron. As might be expect-
ed, such different functional properties
are correlated with significant differen-
ces in structure.

K we have seen, the intensity of a stim-
ulus is coded in the frequency of
nerve impulses. Decoding at the synapse
is accomplished by two processes: tem-
poral summation and spatial summa-
tion. In temporal summation each post-
synaptic potential adds to the cumula-
tive total of its predecessors to yield a

voltage change whose average ampli-
tude reflects the frequency of incoming
nerve impulses. In other words, a neu-
ron that is firing rapidly releases more
transmitter molecules at its terminal
junctions than a neuron that is firing less
rapidly. The more transmitter mole-
cules that are released in a given time,
the more channels that are opened in the
postsynaptic membrane and therefore
the larger the postsynaptic potential is.
Spatial summation is an equivalent
process except that it reflects the inte-
gration of nerve impulses arriving from
all the neurons that may be in synaptic
contact with a given neuron. The grand
voltage change derived by temporal and
spatial summation is encoded as nerve-
impulse frequency for transmission to
other cells “downstream” in the nerve
network.

I have described what is usually re-
garded as the normal flow of informa-
tion in neural circuits, in which postsyn-
aptic voltage changes are encoded as
nerve-impulse frequency and transmit-
ted over the axon to other neurons. In
recent years, however, a number of in-
stances have been discovered where a
postsynaptic potential is not converted
into a nerve impulse. For example, the
voltage change due to a postsynaptic po-
tential can directly cause the release of
transmitter from a neighboring site that
lacks a nerve impulse. Such direct influ-
ences are thought to come into play in
synapses between dendrites and also in
certain reciprocal circuits where one
dendrite makes a synaptic contact on a
second dendrite, which in turn makes a
synaptic contact back on the first den-
drite. Such direct feedback seems to be
quite common in the brain, but its impli-
cations for information processing re-
main to be worked out.

Much current investigation of the
neuron focuses on the membrane pro-
teins that endow the cell’s bilayer mem-
brane, which is otherwise featureless,
with the special properties brain func-
tion depends on. With regard to channel
proteins there are many unanswered
questions about the mechanisms of gat-
ing, selectivity and regulation. Within
the next five or 10 years it should be
possible to relate the physical processes
of gating and selectivity to the molecu-
lar structure of the channels. The basis
of channel regulation is less well under-
stood but is now coming under intensive
investigation. It seems that hormones
and other substances play a role in chan-
nel regulation that is now becoming ap-
preciated. The central problems at syn-
aptic junctions involve exocytosis and
other activities related to the metabo-
lism and release of transmitters. One
can expect increasing attention to be fo-
cused on the role of the surface mem-
brane in the growth and development of
neurons and their synaptic connections,
the remarkable process that establishes
the integration of the nervous system.
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ACETYLCHOLINE CHANNEL in a post-
synaptic membrane is opened by acetylcho-
line molecules’ discharging into the synaptic
cleft. The drawing shows the acetylcholine re-
ceptor at the frog neuromuscular junction.
Two acetylcholine molecules bind rapidly to
the resting closed channel to form a receptor-
acetylcholine complex (I, 2). The complex
undergoes a change in its conformation that
opens the channel to the passage of sodium
and potassium ions (3). The time required for
conformational change in the complex limits
the speed of the reaction. The channel re-
mains open for about a millisecond on the av-
erage and then reverts to the receptor-acetyl-
choline complex. While it is open the channel
passes about 20,000 sodium ions and an equal
number of potassium ions. The acetylcholine
rapidly dissociates and is destroyed by the en-
zyme acetylcholine esterase. Acetylcholine
receptor appears in micrograph on page 59.
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Small Systems of Neurons

Such systems are the elementary units of mental function. Studies

of simple animals such as the large snail Aplysia show that small

systems of neurons are capable of forms of learning and memory

any neurobiologists believe that
M the unique character of indi-
vidual human beings, their dis-
position to feel, think, learn and remem-
ber, will ultimately be shown to reside
in the precise patterns of synaptic inter-
connections between the neurons of the
brain. Since it is difficult to examine pat-
terns of interconnections in the human
brain, a major concern of neurobiology
has been to develop animal models that
are useful for studying how interacting
systems of neurons give rise to behavior.
Networks of neurons that mediate com-
plete behavioral acts allow one to ex-
plore a hierarchy of interrelated ques-
tions: To what degree do the properties
of different neurons vary? What deter-
mines the patterns of interconnections
between neurons? How do different pat-
terns of interconnections generate dif-
ferent forms of behavior? Can the inter-
connected neurons that control a certain
kind of behavior be modified by learn-
ing? If they can, what are the mecha-
nisms whereby memory is stored?
Among the many functions that
emerge from the interactions of neu-
rons, the most interesting are the func-
tions concerned with learning (the abili-
ty to modify behavior in response to ex-
perience) and with memory (the ability
to store that modification over a period
of time). Learning and memory are per-
haps the most distinctive features of the
mental processes of advanced animals,
and these features reach their highest
form in man. In fact, human beings are
what they are in good measure because
of what they have learned. It is therefore
of theoretical importance, for the under-
standing of learning and for the study
of behavioral evolution, to determine at
what phylogenetic level of neuronal and
behavioral organization one can begin
to recognize aspects of the learning and

by Eric R. Kandel

memory processes that characterize hu-
man behavior. This determination is
also of practical importance. The dif-
ficulty in studying the cellular mecha-
nisms of memory in the brain of man
or other mammals arises because such
brains are immensely complex. For the
human brain ethical issues also preclude
this kind of study. It would therefore be
congenial scientifically to be able to ex-
amine these processes effectively in sim-
ple systems.

It could be argued that the study of
memory and learning as it relates to
man cannot be pursued effectively in
simple neuronal systems. The organiza-
tion of the human brain seems so com-
plex that trying to study human learning
in a reduced form in simple neuronal
systems is bound to fail. Man has intel-
lectual abilities, a highly developed lan-
guage and an ability for abstract think-
ing, which are not found in simpler
animals and may require qualitatively
different types of neuronal organization.
Although such arguments have value,
the critical question is not whether there
is something special about the human
brain. There clearly is. The question is
rather what the human brain and human
behavior have in common with the brain
and the behavior of simpler animals.
Where there are points of similarity
they may involve common principles of
brain organization that could profitably
be studied in simple neural systems.

The answer to the question of similar-
ity is clear. Ethologists such as Konrad
Lorenz, Nikolaas Tinbergen and Karl
von Frisch have shown that human be-
ings share many common behavioral
patterns with simpler animals, including
elementary perception and motor coor-
dination. The capacity to learn, in par-
ticular, is widespread; it has evolved in
many invertebrate animals and in all

GROUP OF NEURONS appears in the photomicrograph on the opposite page, which shows
the dorsal surface of the abdominal ganglion of the snail Aplysia. The magnification is 100 di-
ameters. A particularly large, dark brown neuron can be seen at the right side of the micro-
graph. It is the cell identified as R2 in the map of the abdominal ganglion of Aplysia on page 69.
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vertebrates. The similarity of some of
the learning processes suggests that the
neuronal mechanisms for a given learn-
ing process may have features in com-
mon across phylogeny. For example,
there appear to be no fundamental dif
ferences in structure, chemistry or func-
tion between the neurons and synapses
in man and those of a squid, a snail or a
leech. Consequently a complete and rig-
orous analysis of learning in such an
invertebrate is likely to reveal mecha-
nisms of general significance.

Simple invertebrates are attractive for
such investigation because their nervous
systems consist of between 10,000 and
100,000 cells, compared with the many
billions in more complex animals. The
cells are collected into the discrete
groups called ganglia, and each gangli-
on usually consists of between 500 and
1,500 neurons. This numerical simplifi-
cation has made it possible to relate the
function of individual cells directly to
behavior. The result is a number of im-
portant findings that lead to a new way
of looking at the relation between the
brain and behavior.

he first major question that students

of simple systems of neurons might
examine is whether the various neurons
of a region of the nervous system differ
from one another. This question, which
is central to an understanding of how
behavior is mediated by the nervous sys-
tem, was in dispute until recently. Some
neurobiologists argued that the neurons
of a brain are sufficiently similar in their
properties to be regarded as identical
units having interconnections of rough-
ly equal value.

These arguments have now been
strongly challenged, particularly by
studies of invertebrates showing that
many neurons can be individually iden-
tified and are invariant in every member
of the species. The concept that neurons
are unique was proposed as early as
1912 by the German biologist Richard
Goldschmidt on the basis of his study of
the nervous system of a primitive worm,
the intestinal parasite Ascaris. The brain
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of this worm consists of several gan-
glia. When Goldschmidt examined the
ganglia, he found they contained exact-
ly 162 cells. The number never varied
from animal to animal, and each cell
always occupied a characteristic po-
sition. In spite of this clear-cut result
Goldschmidt’s work went largely un-
heeded.

More than 50 years later two groups
at the Harvard Medical School returned
to the problem independently. Masano-
ri Otsuka, Edward A. Kravitz and David
D. Potter, working with the lobster, and
Wesley T. Frazier, Irving Kupfermann,
Rafig M. Waziri, Richard E. Coggeshall
and I, working with the large marine
snail Aplysia, found a similar but less
complete invariance in the more com-
plex nervous systems of these higher
invertebrates. A comparable invariance
was soon found in a variety of inverte-
brates, including the leech, the crayfish,
the locust, the cricket and a number of
snails. Here I shall limit myself to con-
sidering studies of Aplysia, particularly
studies of a single ganglion: the abdomi-
nal ganglion. Similar findings have also
emerged from the studies of other inver-
tebrates.

In the abdominal ganglion of Aplysia
neurons vary in size, position, shape,
pigmentation, firing patterns and the
chemical substances by which they
transmit information to other cells. On
the basis of such differences it is possible
to recognize and name specific cells (R1,
L1, R15 and so on). The firing patterns
illustrate some of the differences. Cer-
tain cells are normally “silent” and oth-
ers are spontaneously active. Among the
active ones some fire regular action po-
tentials, or nerve impulses, and others
fire in recurrent brief bursts or trains.
The different firing patterns have now

SIPHON

been shown to result from differences in
the types of ionic currents generated
by the membrane of the cell body of
the neurons. The cell-body membrane
is quite different from the membrane of
the axon, the long fiber of the neuron.
When the membrane of the axon is ac-
tive, it typically produces only an inflow
of sodium ions and a delayed outflow of
potassium ions, whereas the membrane
of the cell body can produce six or seven
distinct ionic currents that can flow in
various combinations.

Whether or not most cells in the mam-
malian nervous system are also unique
individuals is not yet known. The stud-
ies in the sensory systems of mammals
reviewed by David Hubel and Torsten
Wiesel in this issue, however, have re-
vealed fascinating and important dif-
ferences between neighboring neurons
[see “Brain Mechanisms of Vision,” by
David H. Hubel and Torsten N. Wie-
sel, page 154]. Studies of the develop-
ment of the vertebrate brain reviewed
by Maxwell Cowan lead to a similar
conclusion [see “The Development of
the Brain,” by W. Maxwell Cowan,
page 116].

The finding that neurons are invariant
leads to further questions. Are the syn-
aptic connections between cells also in-
variant? Does a given identified cell
always connect to exactly the same fol-
lower cell and not to others? A number
of investigators have examined these
questions in invertebrate animals and
have found that cells indeed always
make the same kinds of connections to
other cells. The invariance applies not
only to the connections but also to the
“sign,” or functional expression, of the
connections, that is, whether they are ex-
citatory or inhibitory.

Therefore Frazier, James E. Blan-

MANTLE SHELF

GILL-WITHDRAWAL REFLEX of Aplysia results when the siphon or the mantle shelf is
somehow stimulated. The animal then retracts the gill to the position that is indicated in color.
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kenship, Howard Wachtel and I next
worked with identified cells to examine
the rules that determine the functional
expression of connections between cells.
A single neuron has many branches and
makes many connections. We asked:
Are all the connections of a neuron spe-
cialized for inhibition or excitation, or
can the firing of a neuron produce differ-
ent actions at different branches? What
determines whether a connection is ex-
citatory or inhibitory? Is the sign of
the synaptic action determined by the
chemical structure of the transmitter
substance released by the presynaptic
neuron, or is the nature of the postsyn-
aptic receptor the determining factor?
Does the neuron release the same trans-
mitter from all its terminals?

One way to explore these questions
is to look at the different connections
made by a cell. The first cell we ex-
amined gave a clear answer: it mediat-
ed different actions through its various
connections. The cell excited some fol-
lower cells, inhibited others and (per-
haps most unexpectedly) made a dual
connection, which was both excitatory
and inhibitory, to a third kind of cell.
Moreover, it always excited precisely
the same cells, always inhibited another
specific group of cells and always made
a dual connection with a third group. Its
synaptic action could be accounted for
by one transmitter substance: acetylcho-
line. The reaction of this substance with
different types of receptors on the var-
ious follower cells determined whether
the synaptic action would be excitatory
or inhibitory.

The receptors determined the sign of
the synaptic action by controlling dif-
ferent ionic channels in the membrane:
primarily sodium for excitation and
chloride for inhibition. The cells that
received the dual connection had two
types of receptor for the same transmit-
ter, one receptor that controlled a sodi-
um channel and another that controlled
a chloride channel. The functional ex-
pression of chemical synaptic transmis-
sion is therefore determined by the types
of receptor the follower cell has at a
given postsynaptic site. (Similar results
have been obtained by JacSue Kehoe of
the Ecole Normale in Paris, who has
gone on to analyze in detail the proper-
ties of the various species of receptors to
acetylcholine.) Thus, as was first sug-
gested by Ladislav Tauc and Hersch
Gerschenfeld of the Institute Marey in
Paris, the chemical transmitter is only
permissive; the instructive component
of synaptic transmission is the nature of
the receptor and the ionic channels it
interacts with. This principle has proved
to be fairly general. It applies to the neu-
rons of vertebrates and invertebrates
and to neurons utilizing various trans-
mitters: acetylcholine, gamma-amino-
butyric acid (GABA), serotonin, do-
pamine and histamine. (The principle



also applies to the actions of certain
peptide hormones on neurons, a subject
to which I shall return.)

he discovery in invertebrate ganglia

of identifiable cells that make pre-
cise connections with one another has
led to the working out of the “wiring
diagram” of various behavioral circuits
and has therefore made possible an ex-
act study of the causal relation of specif-
ic neurons to behavior. The term behav-
ior refers to the observable actions of an
organism. These range from complex
acts such as talking or walking to simple
acts such as the movement of a body
part or a change in heart rate. Types of
behavior that have been at least partly
worked out in leeches, crayfishes and
snails include feeding, various locomo-
tor patterns and a variety of escape and
defensive reactions.

The first finding to emerge from these
studies is that individual cells exert a
control over behavior that is specific and
sometimes surprisingly powerful. The
point can be illustrated by comparing
the neural control of the heart in Aplysia
with that in human beings.

The human heart beats spontaneous-
ly. Its intrinsic rhythm is neuronally
modulated by the inhibitory action of
cholinergic neurons (acetylcholine is the
transmitter substance) with their axons
in the vagus nerve and the excitatory
action of noradrenergic neurons with
their axons in the accelerator nerve. The
modulation involves several thousand
neurons. In Aplysia the heart also beats
spontaneously; it is neuronally modulat-
ed by the inhibitory action of choliner-
gic neurons and the excitatory action of
serotonergic neurons, but the modula-
tion is accomplished by only four cells!
Two cells excite the heart (only the “ma-
jor excitor” cell is really important) and
two inhibit it. Three other cells give rise
to a constriction of the blood vessels
and thereby control the animal’s blood
pressure.

Since individual cells connect invari-
ably to the same follower cells and can
mediate actions that have a different
sign, certain cells at a critical point in
the nervous system are in a position to
control an entire behavioral sequence.
As early as 1938 C. A. G. Wiersma,
working with the crayfish at the Cali-
fornia Institute of Technology, had ap-
preciated the importance of single cells
in behavior and had called them “com-
mand cells.” Such cells have now been
found in a variety of animals. A few
of them have proved to be dual-action
neurons. Hence John Koester, Earl M.
Mayeri and I, working with Aplysia at
the New York UniversitySchool of Med-
icine, found that the dual-action neuron
described above is a command cell for
the neural circuit controlling the circu-
lation. This one cell increases the rate
and output of the heart by exciting the

LEFT CONNECTIVE

SIPHON

NERVE

GENITAL-
PERICARDIAL NERVE

RIGHT CONNECTIVE

BRANCHIAL NERVE

MAP OF ABDOMINAL GANGLION in Aplysia californica shows the location of the identi-
fied neurons, which have been labeled L or R (for left or right hemiganglion) and assigned
a number. Neurons that are members of a cluster, consisting of cells with similar properties,
are further identified by a cluster letter (LD) and a subscript representing the behavioral func-
tion of the neuron, such as HE for heart excitor and G1 and G2 for two gill motor neurons.

major cell that excites the heart while
inhibiting the cells that inhibit the heart
and the cells that constrict the major
blood vessels. As a result of the in-
creased activity of this one cell the heart
beats faster and pumps more blood.

This is only a simple example of the
behavioral functions of a command cell.
In the crayfish and even in a more com-
plex animal, the goldfish, a single im-
pulse in a single command neuron caus-
es the animal to flee from threatened
danger. Recently Vernon Mountcastle
of the Johns Hopkins University School
of Medicine has suggested in this con-
text that small groups of cells may serve
similar command functions in the pri-
mate brain to control purposeful volun-
tary movements.

Hence a functional purpose of dual-
action cells is to bring about a constella-
tion of different physiological effects. A
similar constellation can be achieved by
the action of neuroendocrine cells, neu-
rons that release hormones (the chemi-
cal substances that are usually carried in
the bloodstream to act at distant sites).
The abdominal ganglion of Aplysia con-
tains two clusters of neuroendocrine
cells, which are called bag cells because
each cluster is bag-shaped. Kupfer-
mann, working in our division at the
Columbia University College of Physi-
cians and Surgeons, has shown, as have

© 1979 SCIENTIFIC AMERICAN, INC

Stephen Arch of Reed College and Felix
Strumwasser and his colleagues at Cal
Tech, that the bag cells release a poly-
peptide hormone thdt controls egg lay-
ing. Mayeri has found that this hor-
mone has long-lasting actions on vari-
ous cells in the abdominal ganglion, ex-
citing some and inhibiting others.

One of the cells excited by this hor-
mone is the dual-action command cell
that controls the heart rate. As a result
the heart speeds up to provide the extra
flow of blood to the tissues that the ani-
mal requires during egg laying. Thus
superimposed on a precise pattern of
connections that provide short-range
interaction of neurons is an equally pre-
cise pattern of long-range interactions
achieved by the hormones released by
neuroendocrine cells. The precise effect
of each hormone seems to be deter-
mined, as synaptic effects are, by the na-
ture of the receptors on the target cells.

The finding that behavior is mediat-
ed by invariant cells interconnecting in
precise and invariant ways might sug-
gest that simple animals differ from
more complex ones in having stereo-
typed and fixed repertories of activity.
It is not so. Studies in different inver-
tebrates have shown that behavior in
simple animals is quite capable of be-
ing modified by learning.

We have explored this subject most
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fully in one of Aplysia’s simplest kinds of
behavior: a defensive reflex action in
which the gill is withdrawn after a stim-
ulus. The gill is in a respiratory cham-
ber called the mantle cavity. The cham-
ber is covered by a protective sheet, the
mantle shelf, that terminates in a fleshy
spout, the siphon. When a weak or a
moderately intense stimulus is applied
to the siphon, the gill contracts and with-
draws into the mantle cavity. This reflex
is analogous to the withdrawal respon-
ses found in almost all higher animals,
such as the one in which a human being
jerks a hand away from a hot object.
Aplysia and the other animals exhibit
two forms of learning with such reflexes:
habituation and sensitization.

abituation is a decrease in the

strength of a behavioral response
that occurs when an initially novel stim-
ulusispresentedrepeatedly. Whenanani-
mal is presented with a novel stimulus,
it at first responds with a combination
of orienting and defensive reflexes. With
repeated stimulation the animal read-
ily learns to recognize the stimulus. If
the stimulus proves to be unrewarding
or innocuous, the animal will reduce
and ultimately suppress its responses to
it. Although habituation is remarkably
simple, it is probably the most wide-
spread of all forms of learning. Through

R2

habituation animals, including human
beings, learn to ignore stimuli that have
lost novelty or meaning; habituation
frees them to attend to stimuli that are
rewarding or significant for survival.
Habituation is thought to be the first
learning process to emerge in human in-
fants and is commonly utilized to study
the development of intellectual proc-
esses such as attention, perception and
memory.

An interesting aspect of habituation
in vertebrates is that it gives rise to both
short- and long-term memory and has
therefore been employed to explore the
relation between the two. Thomas J. Ca-
rew, Harold M. Pinsker and I found that
a similar relation holds for Aplysia. Af-
ter a single training session of from 10 to
15 tactile stimuli to the siphon the with-
drawal reflex habituates. The memory
for the stimulus is short-lived; partial
recovery can be detected within an hour
and almost complete recovery generally
occurs within a day. Recovery in this
type of learning is equivalent to forget-
ting. As with the repetition of more
complex learning tasks, however, four
repeated training sessions of only 10
stimuli each produce profound habitua-
tion and a memory for the stimulus that
lasts for weeks.

The first question that Vincent Castel-
lucci, Kupfermann, Pinsker and I asked
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FIRING PATTERNS of identified neurons in Aplysia’s abdominal ganglion are portrayed.
R2 is normally silent, R3 has a regular beating rhythm, R15 a regular bursting rhythm and L10
an irregular bursting rhythm. L10 is a command cell that controls other cells in the system.
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was: What are the loci and mechanisms
of short-term habituation? The neural
circuit controlling gill withdrawal is
quite simple. A stimulus to the skin of
the siphon activates the 24 sensory neu-
rons there; they make direct connections
to six motor cells in the gill, and the
motor cells connect directly to the mus-
cle. The sensory neurons also excite sev-
eral interneurons, which are interposed
neurons.

By examining these cells during habit-
uation we found that short-term habitu-
ation involved a change in the strength
of the connection made by the sensory
neurons on their central target cells: the
interneurons and the motor neurons.
This localization was most fortunate,
because now we could examine what
happened during habituation simply by
analyzing the changes in two cells, the
presynaptic sensory neuron and the
postsynaptic motor neuron, and in the
single set of connections between them.

The strength of a connection can be
studied by recording the synaptic action
produced in the motor cells by an indi-
vidual sensory neuron. It is possible to
simulate the habituation training session
of from 10 to 15 stimuli by stimulating a
sensory neuron following the exact time
sequence used for the intact animal. The
stimulus can be adjusted so that it gener-
ates a single action potential. The first
time the neuron is caused to fire an ac-
tion potential it produces a highly effec-
tive synaptic action, which is manifested
as a large excitatory postsynaptic poten-
tial in the motor cell. The subsequent
action potentials initiated in the sensory
neuron during a training session give
rise to progressively smaller excitatory
postsynaptic potentials. This depression
in the effectiveness of the connection
parallels and accounts for the behavior-
al habituation. As with the behavior, the
synaptic depression resulting from a sin-
gle training session persists for more
than an hour. Following a second train-
ing session there is a more pronounced
depression of the synaptic potential, and
further training sessions can depress the
synaptic potential completely.

hat causes the changes in the

strength of the synaptic connec-
tion? Do they involve a change in the
presynaptic sensory neuron, reflecting a
decrease in the release of the transmitter
substance, or a change in the postsynap-
tic cell, reflecting a decrease in the sensi-
tivity of the receptors to the chemical
transmitter? The questions can be an-
swered by analyzing changes in the am-
plitude of the synaptic potential in terms
of its quantal components.

As was first shown by José del Castillo
and Bernhard Katz at University Col-
lege London, transmitter is released not
as single molecules but as ‘“quanta,”
or multimolecular packets. Each pack-
et contains roughly the same amount
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INVARIANCE OF CONNECTIONS between cell L10 and some of
its follower cells was ascertained (a) by an arrangement in which dou-
ble-barrel microelectrodes for recording and passing current were in-
serted in L10, which is a presynaptic neuron, and three of its follower
cells. L10 produces excitation (white) in RB, inhibition (black) in LD
and both excitation and inhibition in L7. The respective firing patterns

of transmitter (several thousand mole-
cules). The quanta are thought to be
stored in subcellular organelles called
synaptic vesicles that are seen in abun-
dance at synaptic endings examined
with the electron microscope. Since the
number of transmitter molecules in
each quantum does not ordinarily
change, the number of quanta released
by each action potential is a fairly reli-
able index of the total amount of trans-
mitter released. Each quantum in turn
produces a miniature excitatory post-
synaptic potential of characteristic size
in the postsynaptic cell. The size is an
indication of how sensitive the postsyn-
aptic receptors are to the several thou-
sand molecules of transmitter released
by each packet.

Castellucci and I, working with Aply-
sia, found that the decrease in the am-
plitude of the synaptic action potential
with habituation was paralleled by a de-
crease in the number of chemical quan-
ta released. In contrast, the size of the
miniature postsynaptic potential did not
change, indicating that there was no

change in the sensitivity of the postsyn-
aptic receptor. The results show that the
site of short-term habituation is the pre-
synaptic terminals of the sensory neu-
rons and that the mechanism of habitua-
tion is a progressive decrease in the
amount of transmitter released by the
sensory-neuron terminals onto their
central target cells. Studies in the cray-
fish by Robert S. Zucker of the Univer-
sity of California at Berkeley and by
Franklin B. Krasne of the University of
California at Los Angeles and in the cat
by Paul B. Farel and Richard F. Thomp-
son of the University of California at
Irvine indicate that this mechanism may
be quite general.

What is responsible for the decrease
in the number of quanta released by
each action potential? The number is
largely determined by the concentration
of free calcium in the presynaptic termi-
nal. Calcium is one of three kinds of ion
involved in the generation of each ac-
tion potential in the terminal. The depo-
larizing upstroke of the action potential
is produced mainly by the inflow of so-

© 1979 SCIENTIFIC AMERICAN, INC

L10 =
|

|

1
NN RN, L

VL

|

FIVE SECONDS

L10

<>

50 MILLISECONDS

are shown at b. Several superposed sweeps (at the left in c) illustrate
the brief but constant latency between an impulse in the presynap-
tic neuron and the response of two follower cells. Superposed traces
from L10 and L7 (at the right in c) show that effect is excitatory when
L10 fires initially, as indicated by tall and narrow impulses, and inhib-
itory when it fires repeatedly, as shown by short and broad impulses.

dium ions into the terminal, but it also
involves a lesser and delayed flow of cal-
cium ions. The repolarizing downstroke
is largely produced by the outflow of
potassium ions. The inflow of calcium is
essential for the release of transmitter.
Calcium is thought to enable the synap-
tic vesicles to bind to release sites in the
presynaptic terminals. This binding is a
critical step preliminary to the release
of transmitter from the vesicles (the
process terméd exocytosis). It therefore
seems possible that the amount of calci-
um coming into the terminals with each
action potential is not fixed but is varia-
ble and that the amount might be modu-
lated by habituation.

The best way to examine changes in
the flow of calcium into terminals would
be to record from the terminals directly.
We have been unable to do so because
the terminals are very small. Because
the properties of the calcium channels
of the cell body resemble those of the
terminals, however, one of our graduate
students, Marc Klein, set about examin-
ing the change in the calcium current of
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BEHAVIORAL CONTROL exerted by the single neuron L10 is shown by its effect on car-
diovascular motor neurons of Aplysia. L10 is known to make synaptic connections (a) with
six of the cells (LDyg has not yet been examined for this synaptic connection); the color of
each cell indicates what chemical transmitter it utilizes. It can be seen (b) that activity in L10
increases the animal’s heart rate and blood pressure by exciting RByg and inhibiting LD ;.
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the cell body that accompanies the syn-
aptic depression.

The calcium current turns on slowly
during the action potential and so is nor-
mally overlapped by the potassium cur-
rent. To unmask the calcium current we
exposed the ganglion to tetraethylam-
monium (TEA), an agent that selective-
ly blocks some of the delayed potassium
current. By blocking the repolarizing ac-
tion of the potassium current the agent
produces a significant increase in the
duration of the action potential. Much
of this prolongation is due to the un-
opposed action of the calcium current.
The duration of the action potential
prolonged by TEA is a good assay for
changes in calcium current.

We next examined the release of
transmitter by the terminals of the sen-
sory neurons, as measured by the size of
the synaptic potential in the motor cell,
and the changes recorded simultaneous-
ly in the calcium current, as measured
by the duration of the action potential.
We found that repeated stimulation of
the sensory neuron at rates that pro-
duce habituation led to a progressive
decrease in the duration of the calcium
component of the action potential that
paralleled the decrease in the release
of transmitter. Spontaneous recovery of
the synaptic potential and of the behav-
ior were accompanied by an increase in
the calcium current.

hat we have learned so far about

the mechanisms of short-term ha-
bituation indicates that this type of
learning involves a modulation in the
strength of a previously existing synap-
tic connection. The strength of the con-
nection is determined by the amount of
transmitter released, which is in turn
controlled by the degree to which an ac-
tion potential in the presynaptic termi-
nal can activate the calcium current.
The storage of the memory for short-
term habituation therefore resides in the
persistence, over minutes and hours, of
the depression in the calcium current in
the presynaptic terminal.

What are the limits of this change?
How much can the effectiveness of a
given synapse change as a result of
learning, and how long can such changes
endure? I have mentioned that repeated
training sessions can completely depress
the synaptic connections between the
sensory and the motor cells. Can this
condition be maintained? Can long-term
habituation give rise to a complete and
prolonged inactivation of a previously
functioning synapse?

These questions bear on the long-
standing debate among students of
learning about the relation of short- and
long-term memory. The commonly ac-
cepted idea is that the two kinds of
memory involve different memory proc-
esses. This idea is based, however, on
rather indirect evidence.

Castellucci, Carew and I set out to



examine the hypothesis more directly by
comparing the effectiveness of the con-
nections made by the population of sen-
sory neurons on an identified gill mo-
tor cell, L7, in four groups of Aplysia:
untrained animals that served as con-
trols, and groups examined respectively
one day, one week and three weeks af-
ter long-term habituation training. We
found that in the control animals about
90 percent of the sensory neurons made
extremely effective connections to L7,
whereas in the animals examined one
day and one week after long-term habit-
uation the figure was 30 percent. Even in
the three-week group only about 60 per-
cent of the cells made detectable con-
nections to L7. Here, then, are previous-
ly effective synaptic connections that be-
come inactive and remain that way for
more than a week as a result of a simple
learning experience.

Hence whereas short-term habitua-

SIPHON

tion involves a transient decrease in syn-
aptic efficacy, long-term habituation
produces a more prolonged and pro-
found change, leading to a functional
disruption of most of the previously ef-
fective connections. The data are inter-
esting for three reasons: (1) they provide
direct evidence that a specific instance
of long-term memory can be explained
by a long-term change in synaptic effec-
tiveness; (2) they show that surprisingly
little training is needed to produce a pro-
found change in synaptic transmission
at synapses critically involved in learn-
ing, and (3) they make clear that short-
and long-term habituation can share a
common neuronal locus, namely the
synapses the sensory neurons make on
the motor neurons. Short- and long-
term habituation also involve aspects of
the same cellular mechanism: a depres-
sion of excitatory transmission. One
now needs to determine whether the
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long-term synaptic depression is presyn-
aptic and whether it involves an inacti-
vation of the calcium current. If it does,
it would support on a more fundamental
level the notion that short- and long-
term memory can involve a single mem-
ory trace.

Sensitization is a slightly more com-
plex form of learning that can be
seen in the gill-withdrawal reflex. it is
the prolonged enhancement of an ani-
mal’s preexisting response to a stimulus
as a result of the presentation of a sec-
ond stimulus that is noxious. Whereas
habituation requires an animal to learn
to ignore a particular stimulus because
its consequences are trivial, sensitiza-
tion requires the animal to learn to at-
tend to a stimulus because it is accompa-
nied by potentially painful or dangerous
consequences. Therefore when an Aply-
sia is presented with a noxious stimulus

GILL
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NEURAL CIRCUITRY of a behavioral reflex of Aplysia, the gill-
withdrawal reflex, is depicted schematically. In the reflex action the
animal withdraws its gill when a fleshy spout (the siphon) on a pro-
tective sheet (the mantle shelf) is stimulated in some way. The skin of
the siphon is innervated by about 24 sensory neurons; the diagram
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has been simplified to focus on only eight of them. The sensory neu-
rons make monosynaptic, or direct, connections to six identified gill
motor neurons, which are shown in the row beginning with L7, and to
at least one inhibitory cell (L16) and two interposed excitatory inter-
neurons (L22 and L23), which make synapses with motor neurons.
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to the head, the gill-withdrawal reflex
response to a repeated stimulus to the
siphon is greatly enhanced. As with ha-
bituation, sensitization can last from
minutes to days and weeks, depending
on the amount of training. Here I shall
focus only on the short-term form.
Castellucci and I found that sensiti-
zation entails an alteration of synaptic
transmission at the same locus that is
involved in habituation: the synapses
made by the sensory neurons on their
central target cells. Our physiological
studies and subsequent morphological
studies by Craig Bailey, Mary C. Chen
and Robert Hawkins indicate that the
neurons mediating sensitization end
near the synaptic terminals of the senso-
ry neurons and enhance the release of
transmitter by increasing the number of
quanta turned loose by each action po-
tential in the sensory neuron. The proc-
ess is therefore called presynaptic facili-
tation. It is interesting because it illus-
trates (as does the earlier finding of pre-
synaptic inhibition in another system by
Joseph Dudel and Stephen Kuffler of
the Harvard Medical School) that neu-
rons have receptors to transmitters at
two quite different sites. Receptors on
the cell body and on the dendrites deter-
mine whether a cell should fire an action
potential, and receptors on the synaptic
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terminals determine how much trans-
mitter each action potential will release.

The same locus—the presynaptic ter-
minals of the sensory neurons—can
therefore be regulated in opposite ways
by opposing forms of learning. It can be
depressed as a result of the intrinsic ac-
tivity within the neuron that occurs with
habituation, and it can be facilitated by
sensitization as a result of the activity of
other neurons that synapse on the termi-
nals. These findings at the level of the
single cell support the observation at
the behavioral level that habituation and
sensitization are independent and oppos-
ing forms of learning.

This finding raises an interesting ques-
tion. Sensitization can enhance a normal
reflex response, but can it counteract the
profound depression in the reflex pro-
duced by long-term habituation? If it
can, does it restore the completely inac-
tivated synaptic connections produced
by long-term habituation? Carew, Cas-
tellucci and I examined this question
and found that sensitization reversed the
depressed behavior. Moreover, the syn-
apses that were functionally inactivated
(and would have remained so for weeks)
were restored within an hour by a sensi-
tizing stimulus to the head.

Hence there are synaptic pathways in
the brain that are determined by devel-
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HABITUATION PROCESS, in which an animal’s response to a
stimulus gradually declines if the stimulus proves to be unimportant,
is an elementary form of learning and memory that can be seen at the
level of the single motor neuron. Here a sensory neuron (S.N.) from
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opmental processes but that, being pre-
disposed to learning, can be functionally
inactivated and reactivated by experi-
ence! In fact, at these modifiable synap-
ses a rather modest amount of training
or experience is necessary to produce
profound changes. If the finding were
applicable to the human brain, it would
imply that even during simple social ex-
periences, as when two people speak
with each other, the action of the neu-
ronal machinery in one person’s brain
is capable of having a direct and per-
haps long-lasting effect on the modifi-
able synaptic connections in the brain
of the other.

Short-term sensitization is particular-
ly attractive from an experimental point
of view because it promises to be ame-
nable to biochemical analysis. As a first
step Hawkins, Castellucci and I have
identified specific cells in the abdominal
ganglion of Aplysia that produce pre-
synaptic facilitation. By injecting an
electron-dense marker substance to fill
the cell and label its synaptic endings
we found that the endings contain vesi-
cles resembling those found in Aplysia
by Ludmiela Shkolnik and James H.
Schwartz in a neuron whose transmitter
had previously been established to be
serotonin. Consistent with the possible
serotonergic nature of this cell, Marcel-

15

Aplysia that synapses on motor neuron L7 has been set up (a) so that
the sensory neuron can be stimulated every 10 seconds. Selected rec-
ords from two consecutive training sessions of 15 stimuli, separated
by 15 minutes, show that the response of L7 declines and vanishes.



lo Brunelli, Castellucci, Tom Tomosky-
Sykes and I found that serotonin en-
hanced the monosynaptic connection
between the sensory neuron and the mo-
tor cell L7, whereas other likely trans-
mitters did not.

We next uncovered an interesting link
between serotonin and the intracellular
messenger cyclic adenosine monophos-
phate (cyclic AMP). It has been known
since the classic work of Earl W. Suther-
land, Jr., and his colleagues at Vander-
bilt University that most peptide hor-
mones do not enter the target cell but
instead act on a receptor on the cell sur-
face to stimulate an enzyme called ade-
nylate cyclase that catalyzes the conver-
sion in the cell of adenosine triphos-
phate (ATP) into cyclic AMP, which
then acts as a ‘“second messenger” (the
hormone is the first messenger) at sever-
al points inside the cell to initiate a set of
appropriate changes in function.

Howard Cedar, Schwartz and I found
that strong and prolonged stimulation
of the pathway from the head that medi-
ates sensitization in Aplysia gave rise to a
synaptically mediated increase in cyclic
AMP in the entire ganglion. Cedar and
Schwartz and Irwin Levitan and Samuel
Barondes also found that they could
generate a prolonged increase in cyclic
AMP by incubating the ganglion with
serotonin. To explore the relation be-
tween serotonin and cyclic AMP, Bru-
nelli, Castellucci and I injected cyclic
AMP intracellularly into the cell body
of the sensory neuron and found that
it also produced presynaptic facilita-
tion, whereas injection of 5'-AMP (the
breakdown product of cyclic AMP) or
still another second messenger, cyclic
GMP, did not.

Since habituation involves a decrease
in calcium current, it was attractive to
think that cyclic AMP might exert its
facilitating actions by increasing the cal-
cium current. As I have mentioned, the
calcium current is normally masked by
the potassium current. Klein and I there-
fore examined action potentials in the
sensory neurons with the potassium cur-
rent reduced by TEA. Stimulating the
pathway from the head that mediates
sensitization or a single facilitating neu-
ron enhanced the calcium current, as
was evident in the increased duration of
the action potential in TEA, and the en-
hancement persisted for 15 minutes or
longer. The increase in calcium current
paralleled the enhanced transmitter re-
lease, and both synaptic changes in turn
paralleled the increase in the reflex re-
sponse to a sensitizing stimulus.

The enhancement of the calcium cur-
rent, as it is seen in the prolongation of
the calcium component of the action po-
tential after stimulation of the sensitiz-
ing pathway, could be produced by ex-
tracellular application of either seroto-
nin or two substances that increase the
intracellular level of cyclic AMP by in-
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LONG-TERM HABITUATION is revealed in a comparison of synaptic connections between
a sensory neuron (S.N.) and the motor neuron L7 in untrained Aplysia (left), which served as
controls, and in Aplysia that had received long-term habituation training (righ¢). In the control
animals an impulse in the sensory neuron is followed by a large excitatory synaptic response
from the motor neuron. In the trained animals the synaptic connection is almost undetectable.
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SENSITIZATION is a form of learning and memory in which the response to a stimulus is en-
hanced because of another and more noxious stimulus. Here gill-withdrawal reflex of Aplysia
is intensified because of a noxious stimulus to the head. This stimulus activates neurons that
excite facilitating interneurons, which end on the synaptic terminals of the sensory neurons.
Those neurons are plastic, that is, capable of changing the effectiveness of their synapse. The
transmitter of the facilitating interneurons, thought to be serotonin (circled dots), modulates
the release of sensory-neuron transmitter to the excitatory interneurons and motor neurons.
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hibiting phosphodiesterase, the enzyme
that breaks down cyclic AMP. Similar
effects were observed after direct intra-
cellular injection of cyclic AMP, but not
of 5'-AMP.

On the basis of these results Klein and
I have proposed that stimulation of the
facilitating neurons of the sensitizing
pathway leads to the release of seroto-
nin, which activates a serotonin-sensi-
tive enzyme (adenylate cyclase) in the
membrane of the sensory-neuron ter-
minal. The resulting increase in cyclic
AMP in the terminal leads to a greater
activation of the calcium current either
directly by activation of the calcium
channel or indirectly by a decrease in an
opposing potassium current. With each
action potential the influx of calcium
rises and more transmitter is released.

he availability of large cells whose
electrical properties and intercon-
nections can be thoroughly studied was
the major initial attraction for using
Aplysia to study behavior. The size of
these cells might now prove to be an
even greater advantage for exploring
the subcellular and biochemical mecha-
nisms of learning on the one hand and
possible changes in membrane structure
on the other. For example, it will be in-
teresting to see more precisely how the
increase in the level of cyclic AMP dur-
ing sensitization is linked to the activa-
tion of a calcium current, because the
linkage could provide the first step
toward a molecular understanding of
this simple form of short-term learning.
A number of mechanisms come to
mind. The channels through which ions
traverse the neuronal membranes are
thought to consist of protein molecules.
An obvious possibility is therefore that

cyclic AMP activates one or more pro-
tein kinases, enzymes that Paul Green-
gard of the Yale University School of
Medicine has suggested may provide
a common molecular mechanism for
mediating the various actions of cyclic
AMP within the cell. Protein kinases
are enzymes that phosphorylate pro-
teins, that is, they link a phosphoryl
group to a side chain of the amino acids
serine or threonine in the protein mole-
cule, thereby changing the charge and
configuration of proteins and altering
their function, activating some and inac-
tivating others. Phosphorylation could
serve as an effective mechanism for the
regulation of memory. One way sensiti-
zation might work is that the calcium-
channel protein becomes activated (or
the opposing potassium-channel protein
becomes inactivated) when it is phos-
phorylated by a protein kinase that is
dependent on cyclic AMP.
Sensitization holds an interesting po-
sition in the hierarchy of learning. It is
frequently considered to be a precursor
form of classical conditioning. In both
sensitization and classical conditioning
a reflex response to a stimulus is en-
hanced as a result of the activation of
another pathway. Sensitization differs
from conditioning in being nonassoci-
ative; the sensitizing stimulus is effec-
tive in enhancing reflex responsiveness
whether or not it is paired in time with
the reflex stimulus. Several types of as-
sociative learning have now been dem-
onstrated in mollusks by Alan Gelperin
of Princeton University, by George
Mpitsos and Stephen Collins of Case
Western Reserve University and by Ter-
ry Crow and Daniel L. Alkon of the
National Institutes of Health. Recent-
ly Terry Walters, Carew and I have

obtained evidence for associative con-
ditioning in Aplysia. We may therefore
soon be in a position to analyze precise-
ly how the mechanisms of sensitization
relate to those of associative learning.

Another direction that research can
now take is to examine the relation be-
tween the initial development of the
neural circuit in the embryo and its later
modification by learning. Both develop-
ment and learning involve functional
changes in the nervous system: changes
in the effectiveness of synapses and in
other properties of neurons. How are
such changes related? Are the mecha-
nisms of learning based on those of de-
velopmental plasticity, or do complete-
ly new processes specialized for learning
emerge later?

Whatever the answers to these intrigu-
ing questions may be, the surprising and
heartening thing that has emerged from
the study of invertebrate animals is that
one can now pinpoint and observe at the
cellular level, and perhaps ultimately at
the molecular level, simple aspects of
memory and learning. Although certain
higher mental activities are characteris-
tic of the complex brains of higher ani-
mals, it is now clear that elementary as-
pects of what are regarded as mental
processes can be found in the activity of
just a very few neurons. It will therefore
be interesting both philosophically and
technically to see to what degree com-
plex forms of mentation can be ex-
plained in terms of simpler components
and mechanisms. To the extent that such
reductionist explanations are possible it
will also be important to determine how
the units of this elementary alphabet of
mentation are combined to yield the lan-
guage of much more complex mental
processes.
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CONTROL SENSITIZATION HABITUATION

SHORT-TERM SENSITIZATION AND HABITUATION at the
level of the single sensory neuron are modeled, beginning with what
happens in a control situation (/ef?) in which a cell fires before either
sensitization or habituation has set in. A nerve impulse in the termi-
nal membrane of the neuron opens up a number of channels for calci-
um ions (Ca*?) in parallel with the sodium channels (Na*). Sensi-
tization is produced by cell group L29 (perhaps more) that are be-
lieved to release the transmitter serotonin. It acts on an adenylate
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cyclase, an enzyme that catalyzes the synthesis of cyclic adenosine
monophosphate (cyclic AMP) in the neuron terminals. The cyclic
AMP increases the influx of calcium ions, perhaps by making more
calcium channels available. The calcium causes a greater binding of
transmitter-bearing vesicles to rel sites, increasing the probability
that the neuron will release transmitter. In habituation repeated im-
pulses in the terminals could decrease the number of open calcium
channels, depressing the calcium influx and inactivating the synapse.
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Atrocities
in color photography,

C. P. Hodge, Montreal Neurological Institute

Exposure Index 6400 through improper development! Let us have no protests—not one
peep—if you expose Kodak Ektachrome 400 film at E.l. 6400 and get poor results. People
who have invested years of their lives in bringing the product to market-readiness shudder.
Complaints about color quality hurt them. They foresee pathetic attempts to depict one’s
sweetheart’s complexion by the pure light of the planet Venus. They know how easily a mis-
treated emulsion can slide from the film base into the sink. But these are just two shots of a
series by an accomplished biological photographer of an event that’s all over in 5 seconds.
They depict cerebral blood flow in an animal. They were made by little more than fluores-
cence from the blood stream itself, respectively 1.72 sec and 3.66 sec after intracarotid
injection of 1.6 mL of 1% sodium fluorescein. In the second shot the venous circulation has
already lit up. Filtering is chosen to illuminate almost exclusively by blue light and to permit
very little of it to reach the film. In conversation the photographer speaks pleasantly enough
of E.l. 6400. That’s his privilege. We tell you: the speed of Kodak Ektachrome 400 film is
ASA 400. That’s the exposure index for normal development and best results.

the brain—the photographic
procedure” is to be found in

[ ]
but admlrable the April, 1978 issue (46:2); “Preparation of

multicolored slides from black-and-white light and

electron micrographs,” in the January, 1979 issue (47:1). The
Biological Photographic Association’s address is P.O. Box 2603,
West Durham Station, Durham, N.C. 27705.

Color pencilled in. Quite, quite artificial! On the other hand, color has no reality in scanning
electron micrography but can have meaning if the meaning is assigned arbitrarily. A slide
like the picture on the left is-not very instructive on the screen in a lecture hall. By the tech-
nique of corrosion casting (liquid methyl methacrylate injected into the circulation, then
tissue dissolved away), it depicts the interdigitating vasculation in a fish gill. What’s coming
and what’s going? Now if the lecturer has used a few of those transparent-ink pens with
which students study their textbooks and with them has hand-colored differently the various
elements of the vasculature on an 8” x 10” black-and-white print of the SEM, which is then
rephotographed on color film to make the slide, comprehension comes more readily.
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One can learn a lot about making photography do one’s bidding by
reading the Journal of the Biological Photographic Association and
even more by becoming friends with its coterie
of contributors. “Fluorescein angiography of




SCIENCE AND THE CITIZEN

Inflation and Research

he Carter Administration has long
maintained that basic research has

a privileged place in the Federal
budget. In a speech delivered in Octo-
ber of last year, for example, the Presi-
dent called for restraint in Government
spending but included a specific exemp-
tion for increased Federal investment in
research and development, “especially
for basic research.” His budget message
to Congress last January repeated the
intention: the budget for fiscal year 1980
(beginning October 1), he said, “contin-
ues my policy of providing real growth
in Federal support of basic research.”
The Administration’s plans now appear
to be frustrated by inflation. Although
the $4.6 billion assigned to basic re-
search is 8.8 percent higher than the to-
tal for fiscal year 1979, the promised
“real growth”—an estimated 2 percent
gain in constant dollars for basic re-
search—will not be realized. At best ba-
sic research may hold its own against
inflation, but it is more likely that in-
vestigators will be working with a “real
loss” budget.

In drawing up the budget for fiscal
year 1980 the Administration had pro-
jected a 6.6 percent rate in inflation for
1979, an estimate likely to be between 3
and 6 percent low. According to a re-
port prepared by Willis H. Shapley and
Don I. Phillips for the American Associ-
ation for the Advancement of Science
(AAAS), only four Government agen-
cies are certain to receive constant-dol-
lar increases for basic research in fis-
cal year 1980: the National Aeronautics
and Space Administration ($828 mil-
lion, up 18.8 percent), the Department
of Energy ($549 million, up 16.5 per-
cent), the Department of Defense ($441
million, up 16.3 percent) and the Envi-
ronmental Protection Agency ($17 mil-
lion, up 114 percent).

The largest agency, the Department
of Health, Education, and Welfare
(HEW), will not fare as well. Because
HEW’s $1.6-billion basic-research bud-
get reflects an increase of only about 1
percent over last year’s, inflation may
cause a constant-dollar loss of 10 per-
cent. The bulk of the HEW basic-re-
search money goes to the National In-
stitutes of Health ($1.4 billion), which
receives an increase of only about .5
percent. “The NIH is in real trouble,”
Shapley says. “They received a big in-
crease in 1979 that pumped up a lot of
projects. Now they’re going to have to
cut back on some of them.” Although
Congress may add somewhat to the NIH
basic-research budget, the proposed in-
creases will not compensate for infla-
tion. Margaret S. Gordon, chief of bud-
get formulation for the NIH, has esti-
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mated that the final budget for fiscal
year 1980 will show a constant-dollar
decrease of about 6 percent from fiscal
year 1979. She says the decrease will be
“felt in all programs across the board.”
Bearing the brunt of the expected grant
reductions will be institutions engaged
in biomedical research (including uni-
versities), which receive 85 percent of
the NIH budget. Such institutions de-
pend on NIH money for about two-
thirds of their expenditures. The Na-
tional Science Foundation will probably
keep pace with inflation; its $828-mil-
lion basic-research budget provides an
increase of about 11.8 percent. The NIH
and the NSF are the two largest sources
of research funds for universities and
colleges, which will receive an estimat-
ed $2.8 billion for basic research in fis-
cal year 1980.

Although President Carter stressed
his support for basic research “despite
severe budgetary constraints this year,”
the fraction of the total Federal budget
allocated to basic research is actually
smaller for fiscal year 1980 than it was
for fiscal year 1979. The 8.8 percent
growth in basic-research funding does
not match the overall increase of 10 per-
cent in Federal spending. If basic re-
search holds any special status in the
Federal budget, it is only in comparison
with applied research and development,
which in fiscal year 1980 will receive
only a 2 percent increase in funding, to
$26 billion. Carter’s budget message
had championed basic research at the
expense of applied research and devel-
opment, which he said should have
‘“greater reliance upon private-sector fi-
nancing.”

The losses resulting from inflation,
however, make the budget for fiscal year
1980 the first since 1975 that does not
provide a real increase in funding for all
research and development. According
to the Shapley-Phillips report, if infla-
tion averages 9 percent over fiscal years
1979 and 1980, the purchasing power of
research and development dollars bud-
geted for 1980 would be down to about
the 1972 level, even though the overall
research and development budget has
increased almost 88 percent in current
dollars since 1972. The outlook is some-
what brighter if it is limited to basic
research. Even with 9 percent inflation
in fiscal years 1979 and 1980 the basic-
research budget, in constant dollars,
would be almost 20 percent over the
1972 budget and about equal to that of
the peak year of 1967.

Since 1967, however, basic research’s
portion of the gross national product
has decreased from .21 percent to .17
percent. The decline in Federal funding
for all research and development has
been even steeper. In 1967 the total out-
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lay for research and development was
2.17 percent of the gross national prod-
uct; the 1980 figure is estimated at 1.24
percent. At a AAAS colloquium on the
Shapley-Phillips report in June, Carl
Kaysen of the department of political
economy at the Massachusetts Institute
of Technology advocated that the Fed-
eral Government “set long-term growth
of GNP as the average growth rate for
research.” He conceded that it is “diffi-
cult to say why 2.2 percent for research
is not as good as 1.2 percent; no well-
defined argument tells us exactly how
fast we should peer into the reaches of
outer space or how quickly we should
exploit new pieces of knowledge.” He
added, however, that the “risks of spend-
ing too little seem to outweigh the risks
of spending too much.”

Shapley finds the connection between
gross national product and research ten-
uous. “Why should we peg the funding
of research to the GNP and not to the
price of wheat? It is really an irrele-
vant criterion,” he observes. “Everyone
is groping for an objective way of set-
ting an arbitrary number—the amount
of money we should spend on research.
And the GNP, as long as it continues
rising, seems like an attractive yardstick.
If the GNP fell, of course, no one would
advocate cutting research.”

Some have nonetheless expressed
concern that without any accepted
mechanism to determine the level of the
support of science in the U.S., Federal
funding of basic research will erode in
the face of public skepticism about the
social and economic value of such re-
search. Kenneth E. Boulding, who is
currently president of the AAAS, ob-
serves that because “we cannot know
what there is, only what there is not,”
basic research calls for a “high tolerance
of failure.” Speaking at the AAAS collo-
quium, Boulding added: “If everyone
who drilled a dry oil well got his head
cut off, there wouldn’t be much of an oil
industry. The feeling with R&D today is
that no dry well should ever be dug, or
you get an award from a distinguished
senator.”

Back to the Oil Mines

he standard methods of extracting

petroleum from the ground recover
only about 32 percent of the oil that
was in the reservoir at the start. In the
U.S. the remaining 68 percent amounts
to about 300 billion barrels of conven-
tional light crude oil. Another 200 bil-
lion barrels of heavy (viscous) oil in tar
sands is generally regarded as not being
economically recoverable under pres-
ent conditions. Two studies done for the
Bureau of Mines of the Department of
the Interior conclude that up to 95 per-



Mumms the word.

For 150 years, people who know how to live have been celebrating life
with Mumm premium French Champagne.

© 1979 SCIENTIFIC AMERICAN, INC




cent of the light oil and 80 percent of
the heavy oil could be obtained by un-
derground mining techniques. A mea-
sure of the contribution the mining ap-
proach might make to the solution of
the energy problem is provided by the
fact that 285 billion barrels (95 percent
of 300 billion) represents 44 years of
consumption at the U.S. rate (in 1977)
of 6.4 billion barrels per year.

One of the studies, prepared by Ener-
gy Development Consultants, Inc., of
Golden, Colo., proposes a “drip drain-
age” method of mining for light oil
and a “flip-flop” strategy for recover-
ing heavy oils. “For the light conven-
tional crudes,” the study states, “a gravi-
ty drainage mechanism is applied after
shafting through and tunneling under a
reservoir. With close proximity gained
below, many short wells are drilled up-
ward into the formation under sealed
pressure control.” The technique would
work for reservoirs up to about 4,000
feet in depth; below that the tempera-
ture of the earth reaches a level where
elaborate ventilation would have to be
supplied for the miners.

The flip-flop method entails putting a
pond of hot water on top of an oil depos-
it reached by mining. (Heavy oil is al-
ways found relatively near the surface,
that is, from quite close to the surface to
depths of no more than 3,000 feet.) Hot
water is heavier than oil, and it also re-
duces the viscosity of the oil; the result is
that the water sinks and the oil rises to
the top of the pond, where it can be
skimmed off. The term flip-flop comes
from the interchange of position of the
water and the oil.

The second study, prepared by Gol-
der Associates of Seattle, examines a
number of potential oil-mining tech-
niques, provides an inventory of the
known oil fields in the U.S. that seem
to be amenable to underground or sur-
face mining and describes methods that
could be expected to work in several
specific fields. The study concludes that
mining “offers a possibility of recovery
of some of the immense resource that
lies beyond the reach of existing pro-
duction technology and appears also to
bring into consideration large volumes
of hydrocarbons whose existence is ei-
ther known or suspected but which have
never been considered as a producible
reserve. The potential seems too great
not to be pursued further.”

Chess 4.7 v. Belle

welve computer programs are to

match wits in Detroit next month
in the 10th North American Comput-
er Chess Championship. The defending
champion is Belle, developed by Ken
Thompson and Joe Condon of Bell Lab-
oratories. Belle, which examines an av-
erage of 5,000 positions per second and
includes 150,000 standard opening posi-
tions in its memory, has a Class A chess
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ranking of about 1,900. (On the official
ranking scale Class E goes from 0 to
1,199, Class D from 1,200 to 1,399,
Class C from 1,400 to 1,599, Class B
from 1,600 to 1,799, Class A from 1,800
to 1,999, expert from 2,000 to 2,199 and
master from 2,200 up. The median rat-
ing of all U.S. tournament players is
1,362. Anatoly Karpov, the reigning
world-champion, is rated at 2,705.)

The program Chess 4.7, designed by
David Slate and Larry Atkin of North-
western University, is Belle’s strongest
challenger. With a rating of 2,030 Chess
4.7 is apparently the better player, al-
though it lost to Belle in last year’s
championship in a tactical dogfight in
which it failed to recover from a weak
sequence of opening moves in the “hy-
permodern” Nimzowitsch defense. The
other leading contenders are Chaos
(developed by Mike Alexander, Tom
McBride, Fred Swartz, William Toikka,
Victor Berman and Joe Winograd of the
University of Michigan), Blitz 6.9 (de-
veloped by Robert Hyatt of the Univer-
sity of Southern Mississippi) and Duch-
ess (developed by Tom Truscott, Bruce
Wright and Eric Jensen of Duke Univer-
sity). Chaos examines an average of 100
positions per second and is rated at
about 1,700. Blitz 6.9 looks at an aver-
age of 500 positions per second and is
rated at about 1,900. And Duchess ex-
amines an average of 1,500 positions per
second and is rated at 1,890.

With the exception of Chaos all these
programs execute a full-width search:
they exhaustively examine every possi-
ble move and every possible continua-
tion to a certain depth. The depth de-
pends on the efficiency of the program
and the nature of the hardware. Belle
can look deeper into a position than the
other programs because it incorporates
special hardware specifically designed
to carry out chess calculations. By néxt
month Thompson and Condon hope to
have improved the hardware so that
Belle will be even faster, evaluating not
5,000 but 15,000 positions per second.
(Chess 4.7 too may be upgraded in time
for the tournament.) It is a general truth
in computer science that a procedure is
executed fastest when it is hard-wired
into a computer rather than just pro-
grammed into it.

Like a human chess player, a comput-
er is given only a limited amount of time
(about 120 minutes for 40 moves in
tournament play) in which to select its
moves. The computer crudely evaluates
every position it considers by numeri-
cally weighing such factors as the rela-
tive strength of the opposing armies, the
mobility of the pieces, the structure of
the pawns, the safety of the kings, the
control of the open files and so on. At
the end of, say, three minutes the com-
puter makes whichever move minimizes
its opponent’s net gain. The full-width
search must be conducted in an orderly
manner to ensure that when the time

© 1979 SCIENTIFIC AMERICAN, INC

limit approaches, the computer has con-
sidered the best moves. The conducting
of a full-width search is not as unwieldy
as it sounds because of a neat mech-
anism: the alpha-beta algorithm. The
algorithm in effect eliminates from con-
sideration a move to which the oppo-
nent could make a response that would
result in a better position than he could
obtain from a move the computer has
already examined.

The full-width search is also expedit-
ed by what are called capture and killer
heuristics. The computer looks first at a
move that involves capturing an enemy
piece because such a move often turns
out to be the best one if the captured
piece is insufficiently defended. A cap-
ture also has the beneficial effect of
eliminating a piece and hence of reduc-
ing the number of enemy moves that
must be evaluated. The killer heuristic
directs the computer to give a high pri-
ority to investigating enemy responses
that “killed,” or refuted, other moves
the computer has already considered. In
other words, if the computer determines
that a move 4 would lose to a check-
mate, then in evaluating a move B
the computer would first see whether or
not this move would counter the check-
mate threat.

A full-width search, which amounts
to examining an average of 38 moves
in a given position, is not at all what
human chess masters do. They usually
look in depth at only two to four moves,
which they recognize immediately as
contributing to the short- and long-term
goals of the position. Topflight mas-
ters can play a remarkably strong game
when given only five seconds per move.
The strength of a chess master lies not in
an ability to examine hundreds of possi-
ble sequences of moves but in an ability
to recognize patterns and to recall in-
stantly similar positions he has played
himself or has seen others play.

Some computer programs, such as
Chaos, have turned from a full-width
search to a partial-width search in an
attempt to mirror the approach of chess
masters. In general such programs have
not been successful, however, because it
is difficult to codify in computer lan-
guage, let alone in English, the thought
processes of a chess master. Partial-
width-search programs are apt to make
outright blunders by overlooking both
obvious and subtle moves defying the
general principles of chess that have
been expressed in computer language.
Full-width-search programs also fall
apart in positions, such as end games,
where pattern recognition and long-
range planning are more important than
brute calculation. Belle, which plays
chess better than 95 percent of Amer-
ican tournament players, plays end-
game positions better than only about
50 percent of them.

A recent development in computer
chess is the proliferation of tabletop
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microcomputers that are available in
stores for between $100 and $350. With
a rating of about 1,000, the best of these
devices examine 30 moves per second in
a full-width search. The main drawback
of a microcomputer is not so much its
lower speed as its smaller memory in
which to store the evaluations of the po-
sitions it investigates. Better and cheap-
er microcomputers are put on the mar-
ket every month or so, as was the case
with hand-held calculators.

Chess is not the only game computers
can play well. In July a three-foot robot
named Mighty Bee, designed by Hans
Berliner of Carnegie-Mellon Universi-
ty, beat the world backgammon champi-
on, Luigi Villa, four out of five games in
a seven-point match.

The Reality of Quarks

In 1963, when Murray Gell-Mann pro-

posed the quark model of subnuclear
particles, he wrote: “It is fun to specu-
late about the way quarks would behave
if they were physical particles. . . instead
of purely mathematical entities.” In
spite of this disclaimer many physicists
were soon persuaded that quarks do
have a material existence, and that is
now the prevailing opinion. Neverthe-
less, opportunities for direct measure-
ments of their properties have been re-
markably few.
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The quark model describes the inter-
nal structure of the proton, the neutron,
the pion and a great many related parti-
cles, all of which go by the family name
of hadrons. Each of these particles is
regarded as a composite of either three
quarks or one quark and one antiquark.
The proton, for example, is made up of
two u quarks and one d quark; the nega-
tively charged pion consists of a d quark
and a u antiquark. Each quark is as-
signed an electric charge of either —1/3
or +2/3 (in units of the proton’s
charge); the antiquarks have the oppo-
site charges. The electric charge of any
hadron can be found by merely adding
up the charges of the constituent quarks,
and several other properties of hadrons
can be handled the same way.

The great strength of the quark mod-
el is its comprehensiveness. At the time
it was introduced every known hadron
could be explained as an allowed combi-
nation of quarks. What is equally im-
portant, every allowed combination but
one corresponded to a known particle;
the one exception described a hadron,
the omega-minus, that was already be-
ing sought and that was discovered a
few months later. An elaboration of the
model, which postulated a new property
of matter called charm, predicted an en-
tire family of new hadrons. The first of
these,labeled psi or J, was discovered in
1974, and the dozen or so charmed par-

ticles that have been observed since then
all fit into assigned niches in the quark
model. The first member of another new
family of hadrons, the upsilon particle,
was discovered two years ago. It is ac-
commodated by another extension of
the model.

With such a precise correspondence
between theory and observation, it
would be an extraordinary coincidence
if quarks were a mere bookkeeping de-
vice, useful for keeping track of the
properties of hadrons but without physi-
cal reality. The fact remains, however,
that there has been no confirmed sight-
ing of a quark in isolation. In a world
where all other electric charges are inte-
ger multiples of the proton’s charge, a
free quark should be easy to spot. One
group of experimenters, headed by Wil-
liam M. Fairbank of Stanford Univer-
sity, has reported finding fractional
charges with a magnitude of approxi-
mately 1/3 on several small, supercon-
ducting spheres of the metal niobium,
but other investigators have not been
able to reproduce these results. In the
meantime theorists have suggested that
quarks may be permanently confined to
the interior of hadrons in such a way
that a lone quark can never be isolated.
As a result investigations of the proper-
ties of quarks have been directed toward
studying them in situ.

By the late 1960’s it was already ap-
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parent that hadrons have an internal
structure; they are not uniform or fea-
tureless blobs of matter. Experiments in
which an electron penetrates deep with-
in a proton and then scatters at a large
angle from its original trajectory sug-
gested the presence of objects much
smaller and harder than the proton it-
self. Similar experiments in which pro-
tons are bombarded with high-energy
neutrinos have since confirmed these
findings. Until recently, however, there
has been no direct evidence that the ob-
served constituents have the properties
attributed to quarks.

A series of experiments conducted at
the Fermi National Accelerator Labo-
ratory (Fermilab) near Chicago has now
provided such evidence. The experi-
ments were carried out by a group of
11 investigators from the University of
Chicago, the University of Illinois at
Urbana and Princeton University. They
reported their findings in three papers
published in Physical Review Letters.

The experiments were concerned with
events in which a high-energy pion
strikes a proton or a neutron and the
debris from the collision includes a pair
of muons, one electrically positive and
one negative. Muons are not hadrons
and so they are not made up of quarks;
instead they are closely related to the
electron and to neutrinos. In the Fer-
milab experiments a pair of oppositely
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charged muons could be created only by
the annihilation of a quark in the target
proton (or neutron) and an antiquark in
the incident pion, and so it was this proc-
ess of mutual annihilation that the ex-
periments examined.

A few muon pairs are created even in
collisions between protons, which have
no antiquarks in their structure. These
events are explained by interactions in-
volving a ‘“sea” of quarks and anti-
quarks that have a virtual existence in
the vicinity of a proton. They are rare
events, and their number declines steep-
ly as the energy of the collision increas-
es. The Fermilab experiments showed
that annihilation is much commoner
when protons are struck by pions, which
do contain an antiquark. At an energy of
10 billion electron volts, or 10 GeV,
pion-proton collisions yield a muon pair
about 100 times as often as proton-pro-
ton collisions.

A result whose meaning is more easily
interpreted compares experiments em-
ploying positive and negative pions. The
antiquark in a positive pion is a 4, with a
charge of +1/3; it is annihilated togeth-
er with a u quark, which has a charge of
—1/3. In the negative pion the anti-
quark is a d, with a charge of —2/3,
which can be annihilated only in con-
junction with a d quark of charge +2/3.
A fundamental rule of particle physics
states that the probability of these anni-
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hilations is proportional to the square of
the quarks’ charges; hence the relative
probability for a uu annihilation is 1/9,
whereas that for a dd annihilation is 4/9.
It follows that negative pions are four
times as likely as positive pions to create
a muon pair. The ratio is expected to
approach that numerical value only at
high energy, where the contribution of
the sea antiquarks becomes negligible.
The results are in excellent agreement
with this prediction and indicate that
both quarks and antiquarks with the as-
signed fractional charges do exist inside
the pion. Unless a quark can be extract-
ed from a pion, no more direct demon-
stration is likely to be possible.

Up to now speculation “about the
way quarks would behave if they were
physical particles” has focused almost
entirely on the quarks in protons and
neutrons. The reason is that protons
and neutrons are the only hadrons sta-
ble enough to sit still for examination.
Charged pions decay in about 10-8
second; nevertheless, the Fermilab ex-
periments provide at least a prelimi-
nary glimpse of their internal structure.
Surprisingly, it turns out that the quark
and the antiquark together carry only
about 40 percent of the pion’s total mo-
mentum. The rest presumably is carried
by the massless particles called gluons
that bind the quark and the antiquark
together. The gluons are even more elu-
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sive and inaccessible than the quarks
themselves.

Remote Sensing

Biochemists who study the intricate
pathways of enzyme-catalyzed re-
actions in living cells have long charac-
terized one reaction at a time by labeling
substrates with radioactive atoms, iso-
lating labeled metabolites and analyz-
ing them chemically. Although this la-
borious approach has elucidated the ba-
sic reactions that make up the various
metabolic pathways, it has revealed lit-
tle about how the pathways are integrat-
ed and controlled to create a coherent
system. Now, thanks to improvements
in the powerful technique of nuclear-
magnetic-resonance (NMR) spectrosco-
py, it has become possible to follow sev-
eral metabolic reactions simultaneously
in intact living cells. Sheila M. Cohen,
Robert G. Shulman and their colleagues
at Bell Laboratories have recently de-
scribed the application of NMR spec-
troscopy to studies of intermediary me-
tabolism.

The technique of NMR spectroscopy
arose out of a basic discovery in nucle-
ar physics more than 30 years ago: the
magnetic properties of nuclear particles.
Like the rotating earth, the protons and
neutrons within the atomic nucleus spin
on their axes. Because the proton and
the neutron are themselves made up of
charged particles (quarks) their spin
generates a magnetic moment. In some
nuclei the protons and neutrons are
paired so that their magnetic moments
cancel, but in about two-thirds of the
nonradioactive nuclear species at least
one proton or neutron is unpaired, and
so the nucleus as a whole has a net mag-
netic moment. These atomic species in-
clude ordinary hydrogen (one proton),
carbon 13 (six protons and seven neu-
trons) and phosphorus 31 (15 protons
and 16 neutrons).

In the NMR spectrometer the spin-
ning atomic nucleus is placed in a strong
magnetic field, which causes it to line
up with the field like a tiny bar magnet.
The nucleus is then supplied with just
enough energy to flip it into a higher
energy state where its north and south
poles are reversed. This is done by ex-
posing the nucleus to a beam of elec-

tromagnetic radiation whose frequency.

(energy content) is precisely equivalent
to the difference between the low-energy
orientation of the nucleus and the high-
energy one. When the spinning nucleus
flips over into the high-energy state, it
absorbs some of the electromagnetic ra-
diation, which is graphed by the spec-
trometer as a sharp peak.

If the atom is part of a molecule, the
situation is more complicated because
the external magnetic field alters the
movements of the electrons shielding
the atomic nucleus and induces a weak
magnetic field opposed to the external
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field. This shielding effect causes the hy-
drogen nuclei in different parts of a mol-
ecule to resonate at slightly different fre-
quencies. For example, the NMR spec-
trum of the simple molecule ethanol
(CH3CH2OH) consists of three separate
resonance peaks representing the hydro-
gen nuclei in the three chemical groups
of the molecule: CH3, CH; and OH.

The hydrogen NMR spectrum of an
organic molecule therefore provides
much information about its chemical
structure, a feature that makes NMR
invaluable to organic chemists. Recent-
ly NMR spectrometers with supercon-
ducting magnets, capable of generating
an applied field of more than 100 kilo-
gauss, have been developed, improving
the resolution, sensitivity and signal-to-
noise ratio of NMR spectroscopy to the
point where it is applicable to biochemi-
cal studies as well. Biochemists, how-
ever, tend to be more interested in reac-
tions involving carbon and phosphate
ions and hence utilize carbon 13 and
phosphorus 31 as markers instead of hy-
drogen.

In one series of experiments the Bell
Laboratories workers monitored the
process of glycolysis (glucose metabo-
lism) in the bacterium Escherichia coli
with the aid of glucose incorporating
carbon 13 at one position in the mole-
cule. The rest of the carbon atoms in the
molecule were the common isotope car-
bon 12, which does not exhibit magnetic
resonance. The labeled glucose was add-
ed to a dense suspension of E. coli cells
(about 100 trillion cells per cubic centi-
meter) in the NMR spectrometer, and
the spectrum of the cells was recorded at
one-minute intervals. Since only carbon
13 could be detected by the spectrom-
eter, the path of the labeled carbon
through the metabolic machinery of the
cells could be followed against the invis-
ible background of thousands of simul-
taneous biochemical reactions involving
carbon 12.

In another series of experiments the
Bell Laboratories workers compared the
NMR peaks obtained from isolated rat-
liver cells with the profiles of known
compounds and were able to identify
various reaction intermediates and end
products. While observing the conver-
sion of glycerol to glucose they detect-
ed the presence of lactate, indicating
that some of the newly manufactured
products were being broken down to
yield chemical energy. When ammonia
was added to the cells, the labeled car-
bon showed up in the amino acids ala-
nine, aspartate and glutamate, revealing
the activation of additional pathways
based on the metabolism of glucose. In
this way the complex interrelations
among the various metabolic pathways
can be explored quantitatively with
NMR spectroscopy.

One of the most exciting biochemical
applications of NMR has been to mea-
sure the pH (the concentration of free
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protons, or hydrogen ions) inside living
cells. This can be done by detecting
the magnetic resonance of phosphate
groups in the cell as these moleculesrap-
idly gain and lose protons, reaching an
equilibrium state that is closely correlat-
ed with the pH of the surrounding fluid.
With this approach the Bell Laborato-
ries group attempted to test the well-
known ‘“‘chemiosmotic” hypothesis that
biological oxidation generates a proton
gradient across the membrane of the mi-
tochondrion, the organelle that makes
ATP, the universal fuel of the cell; the
gradient in turn provides the free ener-
gy for the formation of ATP. Although
there is much indirect evidence for such
a proton gradient, it had never been di-
rectly observed in intact respiring cells.

The Bell Laboratories workers sus-
pended liver cells in phosphate-free
buffer and added unlabeled glucose and
phosphate enriched in phosphorus 31.
In the NMR spectrum of the respiring
cells the resonance peak for intracellu-
lar phosphate had two components, sug-
gesting the existence of a pH gradient.
To prove that the gradient existed be-
tween the mitochondria and the sur-
rounding cytoplasm the investigators
added the drug valinomycin, which in-
creases the rate of cell respiration and
establishes an equilibrium in the con-
centration of potassium ions on both
sides of the mitochondrial membrane.
The drug would therefore be expected
to speed the efflux of protons from the
mitochondria and increase the pH dif-
ference between the mitochondria and
the cytoplasm. The valinomycin indeed
caused the phosphate resonance to split
into two discrete peaks. Conversely, the
drug FCCP, which inhibits the active
transport of protons across the mito-
chondrial membrane, caused the two
phosphate peaks to collapse into one.
These findings provided impressive sup-
port for the chemiosmotic hypothesis
and demonstrated that NMR can differ-
entiate between cellular environments
not accessible by any other technique.

Nevertheless, NMR spectroscopy has
a number of inherent limitations. It can
only be employed to study compounds
present in concentrations greater than
one part per 100 million, and it works
only for molecules tumbling freely in
solution or in the fluid interior of living
cells. Clear NMR signals cannot be re-
corded from molecules that are embed-
ded in cell membranes or that have a
molecular weight greater than a few
thousand daltons (such as DNA). In
spite of these limitations a wide range of
biological preparations are suitable for
investigation with NMR spectroscopy,
including bacterial cells, animal cells,
isolated cell organelles and even entire
isolated organs such as the heart and the
liver. The continuing refinement of the
technique should further enhance its
unparalleled ability to probe the inner
workings of living tissue.
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Responsive Technology from Perkin-Elmer

The NASA Space Telescope:
Getting ready for the clearest

The NASA Space Telescope, sched-
uled for launch by the Space Shuttle
in the 1980's, will orbit the earth at an
altitude of 310 miles. Unlike ground-
based telescopes which are restricted
to a narrow spectral window and
subject to distortions by the earth’s
atmosphere, the Space Telescope
will provide astronomers with the
clearest view yet of the universe.

The optical telescope assembly
for the Space Telescope is being
designed and built by Perkin-
Elmer. It will permit astronomical
observations over a wide range of the
electromagnetic spectrum, including
ultraviolet, visible, and infrared
wavelengths. The telescope’s large
2.4 meter aperture will permit obser-
vation of stars and galaxies 1/50th
as bright as can now be observed by
the largest ground-based telescopes
Faint objects are of particular
interest to astronomers
because of their im-
portance in obser-
vational tests of
theories of cos-

look yet into space

mology and the evo-
lution of galaxies,
including our own
Milky Way.

The telescope
will be able to point
anywherein the
celestial sphere and
hold onto a target
for extended periods
within .007 arc
second.

To accomplish this,
Perkin-Elmer has de-
signed a fine guid-
ance system which uses optical
interferometry to measure extremely
small telescope pointing errors.

Once in orbit, thetelescope system
and its instruments will operate
entirely under remote control from
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the ground. The system is designed
for a reliable operational lifetime of 15
years. Its science instrument pack-
ages are replaceablein orbit by astro-
nauts, or the entire Space Telescope
can be returned in the Shuttle for
ground-based refurbishment.

The telescope’s primary mirror will be
figured on a precision optical polisher
developed by Perkin-Elmer and controlled
by a Perkin-Elmer computer.

New, computerized infrared data system:
Fast, precise, low-cost tool

The dispersive infrared spectro-
photometer is used to identify
unknown substances as diverse as
impurities in a cosmetic or rust flecks
in an oil spill. Very simply, the spectro-
photometer organizes (or "dis-
perses”) invisible infrared radiation
by wavelength, the same way nature
organizes visible light in a rainbow,
and beams it at an unknown sub-
stance. Since no two materials
absorb infrared (IR) in quite the same
way, graphing the amount of radia-

Perkin-Elmer IR Data Station can overlay two
spectra and highlight differences between them
(bright band on screen).
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for chemical analysis

tion that is absorbed at every
frequency creates an absorption
spectrum, a wavy line that identifies
the unknown material as precisely
as a fingerprint identifies a human
being.

The only way a spectrum can be
matched with the substance it identi-
fiesis to compare it visually with
spectra of known substances. Up to
now this has been atime-consuming
process. Now, Perkin-Elmer has
introduced a low-costcomputing




and display facility —we call it the IR
Data Station—which, linked to one of
our IR spectrophotometers, greatly
improves the ease, speed and accu-
racy of the process. Asone early user
put it, the Data Station “does for IR
spectroscopy what the slide rule did
for mental arithmetic’”’

Only moments after the operator
puts a sample into
the spectropho-
tometer’'s sample
compartment, a
spectrum of the
substance traces
across the Data

Station's CRT .y

screen. At the touch

of a button, this spectrum can be
accumulated or smoothed to get rid
of electronic baseline noise (which
may be present if the sample was
microscopic or ill-prepared). It can
then be compared with standard
reference spectra for identification.
Since there are spectra for literally
hundreds of thousands
of substances on record,
this is easier to say than
todo.

So the Data Station
enumerates the peaks
of a sample’s spec-
trum and compares
them with lists of
peaks stored in its

memory. It then gives the operator

a "hitlist” of probable identifications
which can be checked quickly against
aspectrum library. The savingintime
and effortisimmense.

For some commercial applica-
tions, the Data Station can summon
known spectra to the screen, one or
two at a time, scaled and oriented for
comparison with the unknown sam-
ple. It can also lay one spectrum over
the other and highlight the difference.

In brief, a remarkable system. If
you areinvolved in chemical analysis
of any kind, we'd be delighted to send
you more detailed information about
it. See below for where to write.

First of a new generation
of minicomputer systems:
The Perkin-Elmer 3220 and FORTRAN VII

Only afewyearsago, big data manip-
ulation jobs such as handling the
reservations for an airline were strictly
the province of large, powerful, and
expensive mainframe computers.
Minicomputers did “mini" jobs —han-
dling the data generated by a single
scientific instrument, for example

Then, in 1974, Perkin-Elmer intro-
duced the world'’s first 32-bit mini-
computer. Priced far lower than a
mainframe, it nonetheless could per-
form many of the same tasks.

Now Perkin-Elmer has introduced
the first of the next generation
of 32-bit “superminis” —the
3220. The 3220 incor-
porates 500 man-years of soft-
ware development and all
the advanced 32-bit
technology we've
developed during
the past five years
in over 2000 instal-
lations. It can han-
dle massive real-
time simulation, data
acquisition, and scien-
tific data reduction more
economically than main-
frames. Yet the 3220 costs only half

as much as other systems in its class.

The 3220 is the first of a new series of

For cognoscenti, some key facts

The fast Metal Oxide Semiconduc-
tor (MOS) memory is expandable
from 256 kilobytes to four megabytes.

Processor architecture is based
on 128 registers, divided into eight
sets, enabling the processor to switch
and execute tasks more rapidly than
conventional architecture.

An optional high-speed cache
memory reduces main memory
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access time to accelerate program
execution.

Afloating point processor performs
single- and double-precision arith-
metic with unprecedented accuracy.

Butitis more than hardware that
makes the 3220: itis the interaction
of hardware with software. For exam-
ple, the Perkin-Elmer developed
FORTRAN VII compiler “globally”
optimizes programs. That is, every
flow path is analyzed to minimize the
demand on system resources. The
result: exceptionally fast run times.

System capacity is exceptional,
too: up to 32 users can control as
many as 255 different programs
simultaneously in a 3220 system.

In short, the 3220 is ideal for the

system builder and user whose
applications require the
computational power of

a 32-bitprocessorcoupled

with reliable system soft-
ware at a very reasonable
price

For more information on
these products, please write:
Corporate Communications,
Perkin-Elmer Corporation,
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The Organization of the Brain

The brain and spinal cord of mammals, including man, consist of some

billions of neurons, and a single neuron may connect with thousands

of others. How is this enormous three-dimensional network organized?

by Walle J. H. Nauta and Michael Feirtag

e see two broadside ap-
proaches to the presentation
of neuroanatomy. The first

one is heroic: it affirms that the brain is
the embodiment of thinking and feeling
and wanting, of learning and memory
and of that curious sense that human
beings share, a sense of the future. Then
one contemplates this mystery made
flesh. Certain parts of the brain, most
notably the cerebral cortex, are wonder-
fully organized; others are startling in
their seeming disarray. Yet even the
most highly ordered structures, with
neurons and their various interconnec-
tions aligned as if on circuit boards, re-
sist our present understanding.

The other approach is more matter-
of-fact. The brain plainly has divisions,
because the appropriate staining tech-
niques reveal aggregations of neurons
embedded in a feltwork of their fila-
mentous extensions. Moreover, in oth-
er places the tissue is composed pri-
marily of the long nerve-cell fibers—
the axons—that subserve long-distance
communications in the nervous system.
The first kind of tissue is gray matter,
the second is white matter.

One is of course tempted to assign a
function to each district, as if the entire
brain were something like a radio. Yet
the essence of the central nervous sys-
tem—the brain and the spinal cord—is a
channeling of incoming sensory infor-
mation to a multiplicity of structures
and a convergence of information on
the neurons that animate the effector tis-
sues of the body: the muscles and the
glands. The overall system therefore as-
sumes properties beyond those to be dis-
covered in a mere set of modules.

Consider the brain structure named
the subthalamic nucleus. Its destruction
in the human brain leads to the motor
dysfunction known as hemiballism, in
which the patient uncontrollably makes
motions that resemble the throwing of
a ball. Is the normal function of the in-
tact subthalamic nucleus therefore the
suppression of motions resembling the
throwing of a ball? Of course not; the
condition represents only the action of a
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central nervous system unbalanced by
the absence of a subthalamic nucleus.
We mention these things to establish
the limitations of any account of the
anatomy of the brain. We shall give such
an account here, but it will necessarily
be somewhat shadowy. To suggest oth-
erwise would simply not be frank.

Some preliminaries will be useful. In
the early decades of this century
George Parker of Yale University had
been searching for the primeval reflex
arc. Such arcs had been identified in ver-
tebrate animals; they are pathways con-
sisting of one or more neurons by which
the excitatory event elicited by a sensory
stimulus to some part of the body can
be conducted to an effector tissue and
thereby can entail a movement. In Par-
ker’s time reflex arcs were commonly
taken to be the simplest pattern by
which nature had organized cells into a
nervous system; accordingly the ner-
vous system was widely supposed to
have originated when some organism
came to have a cell, or chain of cells,
that mediated between an environmen-
tal stimulus and the organism’s respon-
sive movement. Presumably it would
one day be established that the evolu-
tion of the nervous system had brought
forth, in ever more advanced organisms,
an ever increasing number and com-
plexity of such chains.

Parker’s attention was drawn first to
the epithelial layer of certain marine
polyps and sea anemones, because it
contained an occasional cell that stood
out (when it was appropriately stained)
as if it were a neuron. At the base of such

a cell Parker could see the beginning of
a filament, looking rather like an axon,
that broke up into end branches as it
approached a muscle fiber. He could not
be certain that the two made contact,
but he assumed that there was commu-
nication between them. Surely he was
right, but the arrangement is quite prim-
itive; its circuitry could be called a one-
neuron nervous system, since the entire
line of conduction consists of only a
single cell. What such a nervous system
will do in response to a stimulus is as
predictable as what a doorbell will do
when the button is pressed. What is plain
about the human nervous system, how-
ever, is that the behavior it makes hu-
man beings capable of is least of all pre-
dictable.

Obviously something must intervene
in the doorbell mechanism, and so Par-
ker examined the situation in somewhat
more complex organisms. In certain
polyps and jellyfishes he found an array
of neurons in the epithelial layer similar
to the array he had found earlier. Under
the epithelium, however, he now found
additional neurons that together form a
widely distributed plexus. The nervous
system in this second group of organ-
isms has thereby gained in sophistica-
tion: neurons in the epithelial layer
make contact with a subepithelial net,
and the cells of that net make contact in
turn with contractile tissue in the depths
of the organism. One may therefore
speak of a two-neuron nervous system,
in which sensory neurons (in these sim-
ple creatures the neurons at the body
surface, in direct contact with the organ-
ism’s ambient environment) communi-

ORDER AND DISORDER in the cellular organization of the brain are apparent in the photo-
micrographs on the opposite page. Both are of thin sections of cat brain that were stained with
two procedures: the Golgi stain, which causes some neurons to stand out in black silhouette
with all their processes revealed, and the Nissl stain, which renders every neuronal cell body
blue. (Here the blue is purplish.) The Golgi method stains only 5 percent or fewer of the neu-
rons, apparently at randoms; if all the neurons were stained, the tissue would appear completely
black. The micrograph at the top of the page shows the dentate gyrus of the hippocampus.
Each neuronal cell body is an elongated pyramid aligned with its neighbors and extending its fi-
bers in a parallel array. Micrograph at the bottom is of the magnocellular reticular formation.
Here neurons are organized as an irregular net. Magnification of micrographs is 48 diameters.
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TWO SLICES through a fixed human brain perpendicular to its long axis reveal the complexity
of the brain’s internal anatomy. The thin slices were treated with a stain that selectively black-
ens the fatty myelin sheath of the nerve fibers. As a result the white matter appears black and
the gray matter (which consists primarily of neuronal cell bodies) is more or less unstained.
The empty spaces in the slices indicate the location of the ventricles: fluid-filled cisterns deep
within the brain. The slice at the top (a) was made near the middle of the length of the brain
and includes the cerebral cortex, the hippocampus and the thalamus. The slice at the bottom ()
was made more to the rear and includes a section through the brain stem. The location of the
two slices and the identity of the structures shown are indicated in the view on page 92. Speci-
mens are from the collection of Professor Paul 1. Yakovlev at the Harvard Medical School.
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cate with motor neurons (neurons that
make contact with effector cells, in this
instance contractile cells and therefore
in essence muscle fibers).

Is this not circuitry that remains ex-
tremely predictable? Perhaps not. Imag-
ine that the motor neurons communi-
cate with one another, so that the input
to any one of them includes not only
messages coming from the ambient en-
vironment by way of sensory neurons
but also messages from neighboring mo-
tor neurons. Imagine further that some
messages might be excitatory, making
the motor neuron more likely to gener-
ate and transmit its own activity if oth-
er signals should arrive, and that oth-
er messages might be inhibitory. Under
such circumstances there is a riddle to
solve: predicting what a neuron will do
in response to its various inputs seems
to be a matter of algebraically summing
the excitatory and inhibitory messages
that converge on it.

Perhaps the two-neuron arrangement
enables the jellyfish so favored by na-
ture to be more unpredictable in its be-
havior than the anemone and other or-
ganisms with one-neuron nervous sys-
tems. Then, however, comes a further
advance, and it too is found in very
primitive organisms, such as certain oth-
er jellyfishes. In a way it is the final ad-
vance, because the nervous system of
these latter jellyfishes and the nervous
system of man both consist in essence of
only three classes of neurons. In these
jellyfishes, as in man, the sensory neu-
rons as a rule no longer communicate
directly with motor neurons. Between
the two has developed a barrier of neu-
rons that have interconnections not only
with motor neurons but also with one
another.

To be sure, this third and final step
may already have been taken by all or-
ganisms that have a subepithelial nerve-
cell plexus. In the foregoing account of a
two-neuron nervous system all the cells
composing that plexus were assumed to
be motor neurons: cells that innervate
effector tissues. In reality, however, only
some of the many subepithelial cells
may make such connections. The re-
mainder may be positioned in the plexus
in such a way that they receive input
from the sensory neurons in the epitheli-
um but can communicate only with oth-
ers of their kind or with motor neurons,
not with effector tissue. Neither sensory
nor motoric, they are go-betweens in the
path of sensory-to-motor conduction.

In short, here too are “intermediate
neurons.” Although a three-neuron or-
ganization is difficult to identify in a
diffuse neuronal net, it is abundantly
apparent at later stages in evolution; in
animals more highly developed than a
jellyfish the diffuse subepithelial nerve-
cell plexus has been concentrated into
either a segmental sequence of ganglia
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LATERAL VENTRICLE

CEREBRAL CORTEX

THIRD VENTRICLE

HIPPOEAMPUS

AMYGDALA

HUMAN BRAIN is cut in five sections and opened like a book for
the purpose of correlating its external and internal anatomy. The two

(aggregates of neurons) or a single un-
segmented central nervous system. The
crucial point is therefore the advent of
“the great intermediate net”: a barrier
of intermediate neurons that interposes
itself between the sensory neurons and
the motor neurons early in the evolution
of animal life.

Just how far the development of the
great intermediate net has progressed to
this day is best shown by some numbers.
To begin with, how many neurons are
there in the human central nervous sys-
tem? One often hears that the answer is
on the order of 1019, This is an account-
ing of the intermediate and motor neu-
rons, since it happens that the true sen-
sory neurons lie not in the central ner-
vous system but in ganglia that flank the
brain and the spinal cord. It is an attract-
ive number, easy to remember and easy
to state. Yet there are classes of neurons
so small and so densely crowded that it
is difficult or impossible to judge their
number. One such class is the granule
cell. There are so many granule cells in
just one part of the human brain—the
cerebellum—that the estimate of 1010
neurons in the entire central nervous
system becomes suspect. The total could
easily be an order of magnitude, per-
haps two orders of magnitude, higher.

Still, assume for a moment that the
total is 1010, How many of these cells are
motor neurons? It appears that the an-
swer cannot be many more than two or
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three million, which is a disconcertingly
small number in view of the fact that
only through motor neurons can the
workings of the nervous system find ex-
pression in movement. Moreover, this
answer suggests that an incredibly large
number of influences must converge on
the motor neurons; it suggests, in oth-
er words, that a typical motor neuron
forms synapses with an enormous num-
ber of axons put out by an equally enor-
mous number of neurons in the great
intermediate net.

It is thought that a typical motor neu-
ron in the human spinal cord has per-
haps 10,000 synaptic contacts on its sur-
face, of which about 2,000 are on the
cell body and 8,000 are on its dendrites:
its local branchings, as distinct from its
single axon. This does not mean that
10,000 intermediate neurons impinge
on one motor neuron; the intermediate
neurons tend to make multiple synaptic
contacts when they communicate with a
cell. Even so, the average motor neuron
must be heavily impinged on; a neuron
count of 1010 in the central nervous sys-
tem implies that for every motor neuron
there are between 3,000 and 5,000 neu-
rons of the great intermediate net.

One last conclusion must be drawn
from the numbers we have quoted: the
entire human brain and spinal cord are a
great intermediate net, with the excep-
tion of a mere few million motor neu-
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slices in the illustration on page 90 are designated a and b. At the
level of slice b the brain stem lies below the mass of the forebrain.

rons. And when the great intermediate
net comes to include 99.98 percent of all
the neurons that make up the central
nervous system, the term loses much of
its meaning: it comes to represent the
very complexity one must face in trying
to comprehend the nervous system. The
term remains useful only as a reminder
that most of the brain’s neurons are nei-
ther sensory nor motor. Strictly speak-
ing, they are intercalated between the
true sensory side of the organization and
the true motoric side. They are the com-
ponents of a computational network.

A second set of preliminaries con-
cerns the gross anatomy of the central
nervous system. In particular the brain
and spinal cord of all vertebrate species
first appear in the embryo as no more
than a tube only one cell layer thick. The
anterior part of this neural tube, ulti-
mately to be enclosed within the crani-
um, soon shows a series of three swell-
ings: the primary brain vesicles. These
are the rhombencephalon, or hindbrain;
the mesencephalon, or midbrain, and
the prosencephalon, or forebrain. (The
suffix -encephalon is from the Greek for
“within the head.”)

Of the three primary vesicles the pros-
encephalon is the most productive in
terms of both further subdivision and
further differentiation. The major event
in its embryonic development is the for-
mation of chambers on its left and right
sides. These become the paired cerebral
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porary but not eccentric.
Smith-Corona, for instance,
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ordinary typing jobs. This is the only kind most port-
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Corona electric portable typewriters than all other
brands combined.

EIGE. 517y canona

93

© 1979 SCIENTIFIC AMERICAN, INC



USE THE BOEING IUS

If you've been thinking about choosing the right
upper stage to get your own spacecraft off the
ground, you're no doubt going through a little
anxiety right now. What about reliability? How
about performance? Who'’s responsible? Costs?
Accuracy? Things like that. We'd like to make a
case for the Boeing Inertial Upper Stage — the
only all-inclusive, worry-free, complete package
available.

So let’s take your worries one at a time:

WORRY #1 What's the chance of
losing my spacecraft?
Boeing has put together the most reliable upper
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WORRIES 1

stage ever developed for unmanned space appli-
cations. Our work on previous space projects
has given us experience to implement high relia-
bility components and optimum subsystem de-
sign, along with redundancy, into a completely
integrated IUS.

WORRY #2 will | get enough perfor-
mance out of my mission?

The Boeing IUS can deliver 5,000 pounds of
payload to geosynchronous orbit. It'll deliver
11,000 pounds to a 4,200-nautical-mile circular
orbit with 12 degrees of plane change or 2,000
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pounds to a 48,000-nautical-mile circular orbit
with 120 degrees of plane change. It can even
put a 4,200-pound payload into low -altitude
polar orbit from the Eastern Test Range.

WORRY #3 Will | have an

option additional to the Space Shuttle?

The IUS also is compatible with the Titan 34-D
launch vehicle, providing the potential for a back-
up booster.

WORRY #4 How accurate am | going
fo be?

Validation test measurements of positioning and
velocity accuracies prove that the IUS avionics
surpass all requirements for both the shuttle and
Titan launches. For example, geosynchronous
injection accuracy with the shuttle is 23.2 nau-
tical miles and 20 ft/sec.

WORRY #5 Will my spacecraft have a
smooth ride?

The airborne support equipment that cradles the
IUS and attached spacecraft in the shuttle’s
cargo bay insures a smooth, protected ride dur-
ing all phases of the shuttle operation. The low
response design reduces spacecraft dynamic
loads to approximately one-third of that ex-
perienced without the system.

WORRY #6 suppose something
goes wrong.

The Boeing IUS uses an adaptive guidance
approach which can compensate for contin-
gencies such as off-nominal shuttle per-
formance or time delays in deployment.

WORRY #7 Can I check out nc\’y
spacecraft before I'm committe
to a launch?

The airborne support equipment permits

predeployment tests. It can tilt the IUS so that
the spacecraft can be completely checked out
from either the shuttle or a ground satellite con-
trol facility. If spacecraft systems are not
performing properly, the vehicle can be restored
in the shuttle and returned home for repair.

WORRY #8 How about apogee
injection?

The IUS second-stage motor will provide
apogee injection eliminating the need for an
apogee kick motor on board the spacecraft.

WORRY #9 How much support can

I get?

The IUS equipment bay module with its avionics
and reaction control system can supply services
to your spacecraft from lift-off through final
separation. For example: eight redundant dis-
crete commands, 3 kilowatt-hours of nominal
28 volt DC power, downlink telemetry of 4 kbps
per spacecraft for up to four spacecraft and
attitude control to satisfy communications and
thermal requirements.

WORRY #10 What about cost of the
spacecraft integration?

The Boeing IUS has already solved all problems
of integration with the shuttle. Since all your
spacecraft interfaces will be with or through
IUS, your cost for integration will be greatly
reduced.

WORRY #11 What's the best deal
for my money?

No other answer offers you such versatility
and reliability. The Boeing IUS allows you
to take full advantage of the total STS
design at the lowest cost. Because the IUS
subsystems and system configuration are
made to order for your precise specification
all in one neat package.

BOEING

Boeing has the worry-free IUS.
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hemispheres, also called the telenceph-
alon or endbrain, which in some spe-
cies are of modest size but in others are
enormous. Between the hemispheres lies
the unpaired central component of the
prosencephalon from which the hemi-
spheres diverge. It is called the dien-
cephalon, which literally means “be-
tween-brain.”

Concurrent with these developments
the prosencephalon grows a further pair
of chambers: the optic vesicles. Even
sightless animals have them, but in ani-
mals that can see they elongate toward
the surface of the head and ultimately
become the two retinas, connected to
the base of the forebrain by their stalks,
the optic nerves. Lastly the underside of
the primary prosencephalon develops
an unpaired midline chamber that dif-
ferentiates to form the posterior lobe of
the pituitary complex.

The bottom illustration on page 102
suggests the outcome of these embryon-
ic unfoldings. It is a schematic diagram
that by and large holds for all mammals,
and it depicts the fully formed mam-
malian central nervous system broken
down into several subdivisions. At the
left is the spinal cord, greatly foreshort-
ened in the illustration. To its right,
without any abrupt transition, is the
rhombencephalon, the lowermost divi-
sion of the brain itself. Its dorsal part
(the part nearest the back of the animal)
is the appendage called the cerebellum.

bove the rhombencephalon is the
mesencephalon, which in mam-
mals includes two pairs of structures
that together form a region of four hills
known as the lamina quadrigemina, the
tectum mesencephali or simply the tec-
tum, meaning roof. The lower pair of
structures are the inferior colliculi. The
upper pair are the superior colliculi.
Other than that the mesencephalon
gives little reason to subdivide it, at least
in the longitudinal direction. It is in fact
a rather short stretch of the human
brain.

Next is the central, unpaired division
of the forebrain, namely the dienceph-
alon. Its dorsal two-thirds is the thal-
amus. The rest is the hypothalamus.
(Somewhat off to the side of the hypo-
thalamus is a third district of the dien-
cephalon, the subthalamus, whose most
striking cell group, the subthalamic nu-
cleus, we mentioned at the beginning. Its
inclusion here would overcrowd the il-
lustration.) The hypothalamus is char-
acterized by the glandular appendage
called the pituitary complex. It is also
continuous in the forward direction with
the septum, a structure that is best clas-
sified, in spite of its position, as being
diencephalic.

The remaining subdivision of the
forebrain is the telencephalon, the cere-
bral hemisphere. In the brain of a mam-
mal it is by far the largest part, and in
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many mammalian species its shell, the
cerebral mantle or cerebral cortex, is
furrowed into the convolutions called
gyri and the fissures called sulci. The
mammalian cerebral cortex can be sub-
divided into several districts. At the base
of the hemisphere a structure protrudes
forward that is composed entirely of
cortex, although it is cortex of a primi-
tive cell architecture. Its swollen front
end is the olfactory bulb and its shank is
the olfactory peduncle; only the partim-
mediately under the rest of the cerebral
hemisphere is the olfactory cortex prop-
er. A second great district of the mam-
malian cerebral cortex is found at the
free edge of the cortex, where the corti-
cal mantle rolls inward on itself to form
a composite gyrus whose cross section is
reminiscent of a rococo ornament. This
remarkable structure is known as the
hippocampus.

There remains even after the forego-
ing parcellation an expanse of the mam-
malian cerebral cortex that has enor-
mous extent and structural complexity;
in man and other primates it is estimated
to contain no fewer than 70 percent of
all the neurons in the central nervous
system. This is the neocortex. It is the
latest form of cortex to appear in evolu-
tion. We owe it to a branching; beyond
the reptiles one strain of animals elabo-
rated on the reptilian pattern and be-
came the birds, while a more venture-
some strain developed the neocortex as
it became the mammals. From a strictly
phylogenetic point of view birds are
thus the logical end of the brain’s tradi-
tional development and the mammals
are deviants, since there are no birds in
their ancestry. In one of the many radia-
tions of mammalian evolution the pri-
mates appeared, an order in which the
neocortex reaches its maximal devel-
opment. We human beings are heir to
all the consequences, perhaps including
psychiatry.

In the depths of the mammalian cere-
bral hemisphere are several masses of
gray matter. One is the amygdala, which
lies under the olfactory cortex. Another
is the corpus striatum, at the very core of
the cerebral hemisphere. It consists in
turn of two districts that are distinct in
cell composition. The first of these is an
inner zone called the pallidum or globus
pallidus. The other is an outer district
known as the striatum.

We turn now to the circuitry of the
mammalian central nervous sys-
tem. Let us begin with an identification
of sensory neurons, such as those Parker
found in the epithelial layer of jellyfish-
es. In vertebrates, however, the position
of the sensory neurons is quite different.
Only one known instance remains in
which a vertebrate’s sensory neuron is
also a receptor at the surface of the
body; only the olfactory epithelial cells,
in the lining of the roof of the nasal cavi-
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therefore corresponds to an individual cell. The section in the middle
was treated with the Loyez technique, which selectively stains mye-
linated fibers and leaves cell bodies unstained, selectively revealing
the fiber pathways. Map indicates the various anatomical structures.
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ty, are exposed to the external environ-
ment. All other sensory neurons in the
body of a vertebrate are stationed well
below the surface, in ganglia along the
length of the spinal cord or in similar
ganglia flanking the brain. (In verte-
brates the term ganglion is reserved for
a cluster of neurons outside the central
nervous system.) Each sensory neuron
has an axon that divides into two parts:
one part enters the central nervous sys-
tem and the other innervates structures
of the periphery.

In the illustration on page 104 one of
these cells—let us call it a primary senso-
ry neuron—sends an axon into the spinal
cord bearing reports of somatic sensory
events such as a touch on the skin, the
movement of a joint or the contraction
of a muscle. These messages do not im-
mediately reach motor neurons; the pri-
mary sensory neuron makes its first syn-
aptic contacts with what are called in-
termediate neurons.

There is, however, an exception. It is
the monosynaptic reflex arc, in which a
side branch from a primary sensory fi-
ber bridges over and makes direct syn-
aptic contact on a motor neuron. At first
this seems dismaying: only a few para-
graphs above we noted that after the
earliest stages of neural evolution motor
neurons no longer were bothered with
raw data. We suggested they were in-
stead always given digests of informa-
tion by neurons of the great intermedi-
ate net. A monosynaptic reflex might
therefore seem to be a very primitive
type of neural circuitry. On the other
hand, it could be fairly new; perhaps
only terrestrial animals have redevel-
oped it. Air and land, after all, are the
cruelest of environments; for a moun-
tain goat one misstep could be fatal. A
fish, in contrast, can make any number
of similar faux pas and not be harmed in
any way. The fish is splendidly suspend-
ed; the force of gravity is not nearly so
stringent and hostile. Hence it is terres-
trial life, not aquatic, that seems to re-
quire a high-security reflex system for
maintaining balance, and specifically a
way in which a muscle can signal to the
appropriate motor neurons (and only
the appropriate ones) that it is being un-
duly stretched by the force of gravity.

Monosynaptic reflex arcs have never
been found outside the realm of such
corrections. Thus the short circuits be-
tween sensory input and motor output
appear to be a small minority. The large
majority of mammalian primary sen-
sory fibers enter the great intermediate
net and synapse with members of what
we shall call a secondary sensory cell
group: neurons first in line to receive pri-
mary sensory input. From there many
pathways are directed more or less
promptly toward motor neurons. They
might collectively be called a local re-
flex channel, if it is kept in mind that
“local” may be misleading because
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there are several reflexes that involve
the entire length of the spinal cord but
nonetheless are local because they re-
main within it. The first link in the local
reflex channel is a cell of the secondary
sensory cell group. Many such cells do
not themselves make contact with a mo-
tor neuron; they synapse instead on yet
other neurons of the great intermediate
net, and it is only these latter neurons
that finally complete the arc.

ther channels consist of axons not
directed toward motor neurons.
Take the cerebellar channel: from sec-
ondary sensory cell groups in the hind-
brain and spinal cord there are many
axons ascending directly to the cerebel-
lum. The axon that does so in the illus-
tration on page 104 originates in a sec-
ondary sensory cell group of the spinal
cord and is therefore called a spino-
cerebellar fiber. (“Axon” and “fiber”
are synonymous in neuroanatomical us-
age.) Many of these fibers together
would compose a spinocerebellar tract
or bundle.

A third channel is the lemniscal chan-
nel. The word lemniscus is Latin for rib-
bon, and it refers here to fiber bundles
that originate in secondary sensory cell
groups and ascend toward the forebrain,
in particular toward the thalamus. In the
illustration on page 104 one such bundle
is shown ascending at the center of the
spinal cord. Actually it ascends near the
cord’s lateral edge; the simple scheme of
the illustration cannot be topographic.
The bundle is called the spinothalamic
tract, although only one of its three rep-
resentative fibers is depicted as arriv-
ing at the thalamus. The other fibers ac-
company it for some distance and then
crash-land, so to speak: both are shown
terminating on neurons in the rhomb-
encephalon, although one or the oth-
er might just as well have terminated
somewhat farther forward, in the mes-
encephalon. The point is that of the spi-
nothalamic fibers only a small fraction
actually reach the thalamus. Even so the
tract is named after the successful mi-
nority, which terminate in a specific part
of the thalamus: the ventral nucleus.
Here the fibers synapse with thalamic
neurons whose axons travel without in-
terruption to a specific field of neocor-
tex, a field that is known as the somatic
sensory cortex.

Note that the path from a primary
sensory neuron to the neocortex in this
case involves only two synaptic inter-
ruptions. The first is in the spinal cord,
between a primary sensory fiber and
a neuron in a secondary sensory cell
group. The second interruption is in the
diencephalon, between a lemniscal fiber
and a neuron in the ventral nucleus of
the thalamus. What happens in the neo-
cortex, however, is a synaptic cata-
clysm. In the neocortex the response to
an arriving signal initially involves hun-
dreds or even thousands of neurons.
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And acting through synaptic connec-
tions, the first neurons engaged by the
signal will engage innumerable further
neurons.

A two-synapse sensory conduction
line to the neocortex might be called a
through line, because two synapses ap-
pears to be a minimum in such systems.
It might also be called a closed or la-
beled line, because in general the senso-
ry pathways of minimal interruption
rigorously maintain the topography of
the sensory periphery from which they
come. A fingertip, for example, can de-
tect two distinct stimuli when it is
touched by the points of a pair of draft-
ing dividers no more than two or three
millimeters apart. This ability is called
two-point discrimination. Its existence
means that each of the compass points
must stimulate paths of conduction that
are independent enough to allow what
might be called sensory resolution.
Some cell in the somatic sensory cortex,
if interrogated with a microelectrode,
might reveal that its only interest is a
square millimeter of skin on the index
finger. One of its close neighbors might
be the monitor of an adjoining square
millimeter, and so on. In that way the
topography of the body surface would
be faithfully reproduced.

Aconduction path diametrically op-
posed to one that is “labeled”
would be one in which the line becomes
involved in the conduction of topo-
graphically muddled messages from a
given sensorium, or even messages from
several different sensoria. This curious
arrangement in fact exists: one of the
spinothalamic dropouts in the illustra-
tion on page 104 ends in synaptic contact
with a rhombencephalic neuron whose
axon continues the line into the thala-
mus. At that extra interruption, how-
ever, the line accepts messages not only
from the spinothalamic fiber but also
from the auditory system.

How can the thalamus know what has
happened when an impulse arrives by
way of this system? The rhombence-
phalic neuron is called multimodal or
nonspecific, and the conduction path
might be called open-line: wherever
there is a synaptic interruption the line is
open to inputs from other neurons. The
great majority of neurons in the core of
the hindbrain and midbrain are of this
curious nonspecific nature. They sit with
their dendrites—their cellular hands—
spread across several millimeters, hop-
ing, it seems, to catch any kind of mes-
sage. They are typical of what is called
thereticular formation, where relatively
few cell groups receive homogeneous
inputs.

An electrical engineer who had this
situation described to him might frown;
he would say that one could never hope
to get anything but noise from it. The
situation nonetheless prevails in the
brains of all vertebrates, including man.
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Its existence would therefore seem to
correspond to some particular need. At
the moment it seems permissible to say
that the reticular formation includes
among its functions the production of a
background of general arousal in the
central nervous system and that the
formation embodies a mechanism by
which activity states throughout the
central nervous system are regulated.
Some of these regulations are diurnal;
one state is sleep, another is wakeful-
ness. Between the two there are a great
many shadings of alertness and inatten-
tiveness. All are expressions of one or
another pattern of activity in the reticu-
lar formation.

Surely the electrical engineer would
more happily contemplate a second so-
matic sensory lemniscus rising from the
spinal cord. This is the medial lemnis-
cus. It is far more tightly organized: al-
most all its fibers are labeled lines that
ascend directly to the ventral nucleus of
the thalamus from a pair of secondary
sensory cell groups at the transition be-
tween the spinal cord and the hindbrain
that are called the nuclei of the dorsal
funiculus. The engineer would not be
surprised to learn that ‘two-point dis-
crimination is represented far more
prominently in the medial lemniscus
than it is in the spinothalamic tract.

What of the other sensoria? The little
organ that appears for diagrammatic
convenience near the cerebellum in the
illustration on page 106 is the organ of
hearing. Within it cells that have a single
cilium are found in a highly specialized
epithelial complex called Corti’s organ.
They are innervated by primary sensory
neurons whose centrally directed proc-
esses terminate on neurons of the coch-
lear nuclei, a secondary sensory cell
group in the rhombencephalon special-
izing in the reception and processing of
afflux exclusively from the auditory sen-
sorium. The illustration shows only two
such neurons; actually there are tens of
thousands. From the cochlear nuclei
originates the lateral lemniscus, ascend-
ing toward the thalamus. None of its
fibers extend beyond the inferior collic-
ulus. In this unbypassable way station in
the mesencephalon axons originate that
do attain the thalamus, where they ter-
minate in the medial geniculate body.
(Not shown in the illustration are sever-
al other auditory way stations, appar-
ently more optional, associated with the
lateral lemniscus itself.) The neurons of
the medial geniculate body in turn pro-
ject—send their axons—to the specific
area of the neocortex called the auditory
cortex.

Compare this with the visual system.
A multitude of neurons in the retina
process the output of the eye’s photore-
ceptor apparatus. The axons of certain
of these cells first form the optic nerve.
Then comes a rechanneling of axons in
which those entrained by the nasal half
of each retina cross the midplane of the
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head to join those entrained by the later-
al half of the other eye’s retina. The re-
sult is the optic tract. Each optic tract
distributes its constituent axons to two
great terminal areas. One is the superior
colliculus, but in all primates the more
important area, at least in terms of the
number of axons, is the lateral genicu-
late body of the thalamus. The neurons
of that group of cells project in turn to
the neocortex, specifically to an area at
the posterior pole of the cerebral hemi-
spherethatis known as the visual cortex.

Note that whereas no auditory fiber
can reach its thalamic way station
without synaptic interruption, most vi-
sual fibers (in primates) can. It should be
added, however, that many of the neu-
rons in the superior colliculus that re-
ceive visual fibers send their own axons
into the thalamus, not to the lateral ge-
niculate body but to the nucleus lateralis
posterior. The neurons of this latter cell
group in turn project to the neocortex.
They project, however, not to the area in
which axons entrained by the lateral ge-
niculate body terminate but to a nearby
cortical region that is distinct from the
visual cortex. The visual system appar-
ently has two channels ascending to the
cerebral cortex.

PRIMARY SENSORY
NEURONS
|

SECONDARY NUCLEI
SENSORY OF THE DORSAL
CELL GROUP FUNICULUS
MONOSYNAPTIC
REFLEX ARC

SKELETAL MUSCLE

The olfactory system breaks all the
laws that seem to govern the organiza-
tion of other sensory mechanisms. It is,
as we have noted, the only system
known in which the primary sensory
neurons lie at the body surface. There is
no transducing element, as there is in,
say, Corti’s organ; the olfactory epithe-
lial cell itself is buffeted by the exter-
nal environment. From such a neuron a
very thin axon projects to the olfactory
bulb, whose neurons in turn give rise to
axons that terminate in synaptic contact
on cells in the olfactory cortex.

We now have traced the fibers of four
sensoria: the somatic sensorium and the
sensoria of hearing, vision and olfac-
tion. A number of conclusions may by
now have begun to emerge. For one
thing, the thalamus appears to be a cru-
cial way station, a final checkpoint, be-
fore messages from all the sensoria (ex-
cept, it seems, olfaction) are allowed
entrance to higher stations of the brain.
It is tempting to call any such interrup-
tion a relay, but what happens at these
breaks in neural circuitry can be far
more than what happens in an athletic
relay where each runner hands a baton
to the next and the baton arrives un-
modified at the end of the course. In the
central nervous system the “relay” is en-

MEDIAL
LEMNISCUS

NEURONS OF THE
RETICULAR FORMATION

SPINOCEREBELLAR
FIBER

tirely different. At each synaptic inter-
ruption in a sensory pathway the inputis
transformed: the code in which the mes-
sage arrived is fundamentally changed.
Presumably the data could not be un-
derstood at higher levels; translation is
needed, and the synaptic relays are bet-
ter spoken of as processing stations.
Then there is the conclusion that the
cerebral cortex is an end station of the
sensory conduction pathways. The neu-
roanatomist is highly satisfied when he
can trace the visual system, for example,
from the retina to the lateral geniculate
body and from there to the visual cor-
tex. The problem with any further trac-
ing is the complexity of the cerebral cor-
tex, with its 70 percent of all the neurons
in the human central nervous system.
What are they doing with their input?
Two observations might be offered.
First, the thalamocortical projections
are reciprocated: the visual cortex pro-
jects back to the lateral geniculate body,
from which it received its input; the au-
ditory cortex projects back to the me-
dial geniculate body, and the somatic
sensory cortex projects back to the ven-
tral nucleus. This reciprocity undoubt-
edly signifies that the functional state
of the cortex can influence the manner
in which the sensory way stations of the

SOMATIC SENSORY
CORTEX

VENTRAL NUCLEUS
OF THE THALAMUS

SOMATIC SENSORY INFORMATION such as skin sensation is
transmitted along several spinal pathways. At the left side of the di-
agram a representative pair of primary sensory neurons deliver sig-
nals from peripheral sensory receptors into the spinal cord. One path
branches immediately to motor neurons (solid triangles), whose fibers
lead outward to the skeletal musculature. All the other paths lead
initially to secondary sensory cell groups, either in the same region
of the spinal cord or at the top of the cord in the nuclei of the dor-
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sal funiculus. A pathway called the medial lemniscus travels upward
from the nuclei of the dorsal funiculus to the ventral nucleus of the
thalamus, which in turn projects to the somatic sensory area of the
cortex. A second pathway called the spinothalamic tract travels up-
ward to the forebrain from the secondary cell groups throughout the
length of the spinal cord, sending out fibers en route. A small frac-
tion of the spinothalamic-tract fibers ultimately reach the ventral nu-
cleus. The secondary cell groups also send fibers to the cerebellum.
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thalamus screen the cortically directed
flow of information.

Second, the visual, auditory and so-
matic sensory areas embody only a first
cortical step in the sensory processing.
Out from these primary sensory fields
come fibers that synaptically affect ad-
joining areas that cannot unreservedly
be called sensory; they are a block away,
so to speak, from the arriving input. And
out from these areas come fibers that
terminate in areas still farther away
from the primary sensory fields. The ar-
eas of the neocortex at various removes
from the primary fields are called asso-
ciation areas, and in man they represent
by far the largest fraction of the cortical
expanse: visual cortex, auditory cortex
and somatic sensory cortex together ac-
count for only about a fourth of the to-
tal. More advanced stages of processing
presumably are embodied in association
cortex. For example, there are places
where the auditory and the visual con-
verge. It is now known that the march of
neural processing through the neocortex
typically involves a sequence of associa-
tion areas, and that a destination of the
march seems invariably to be the hippo-
campus or the amygdala, or both.

n 1870 Gustav Theodor Fritsch and
Eduard Hitzig published a report

that electric current of minimal
strength, applied to an area of the neo-
cortex immediately in front of what is
called the central sulcus, would elicit
twitchings of skeletal (as opposed to
visceral) musculature on the side of
the body opposite the site of stimula-
tion. Often it was the hand or foot that
moved. This discovery, perhaps the first
suggestion of a functional compartmen-
talization in the cerebral cortex, aroused
an enduring interest in the organization
of those parts of the brain involved
in effector (or motor) functions. After
all, here was a motor cortex: a circum-
scribed place at the highest level of the
brain that plainly was implicated in bod-
ily movement. Perhaps a purely motor-
ic organization could now be dissected
out, so to speak, throughout the brain
and spinal cord.

So began the quest for the “motor sys-
tem,” a vague term designating not only
the motor neurons governing the skele-
tal musculature but also the neural
channels that converge on motor neu-
rons. The quest continues to this day,
and one may fairly ask whether it can
ever be completed. Consider area 19, a
band of neocortex distinct in cell archi-
tecture from neighboring zones and sit-
uated not far from the visual cortex.
When area 19 is stimulated electrically
in an experimental animal, the eyes of
the animal turn in unison to the contra-
lateral side, that is, the gaze moves to an
alignment directed away from the side
of the brain receiving the electric cur-
rent. It is therefore tempting to call area
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19 a “motor” area. To do so, however,
would be arbitrary, because from anoth-
er point of view area 19 is sensory: it is
known to reprocess information that has
passed through the visual cortex. A sim-
ilar example is associated with the audi-
tory sensorium: there is a locus designat-
ed area 22, near the auditory cortex
proper, where electrical stimulation will
again cause the animal to turn its eyes
to the contralateral side. Yet area 22
stands in synaptic relation to the audito-
ry cortex much as area 19 does to the
visual cortex.

The lesson is that no line can be drawn
between a sensory side and a motor side
in the organization of the brain. To put
it another way, all neural structures are
involved in the programming and guid-
ance of an organism’s behavior. Surely
that is in essence the function of the ner-
vous system, and the reason evolution
has favored its development. Of course,
some structures lie within the great in-
termediate net in a way that encourages
their identification as sensory; the lateral
geniculate body of the thalamus is an
example. To other structures, situated
not too many synapses away from mo-
tor neurons, one is tempted to apply the
label motor. That, however, is the only
way in which either of these labels can
reasonably be employed. Accordingly it
may be best to explore the motor aspects

of the central nervous system by begin-
ning at the level of the motor neuron,
which is unequivocally a part of the mo-
tor system by anyone’s definition, and
then attempting to trace into the brain
the lines that play on it. Be aware,
though, that following this strategy
means moving upstream: against the
prevailing direction of neural traffic.

he first step “upward” from the mo-

tor neuron is in general a short one,
since the strongest force acting to guide
a typical motor neuron seems to ema-
nate from a pool of cells that usually are
smaller and usually are nearby. Let us
call the sum of all motor neurons and
their guiding neuronal pools the “lower
motor system,” and let us divide this sys-
tem into functional subunits, each called
a “local motor apparatus,” that corre-
spond to the parts of the body: the arms,
the legs, the eyes and so on. Each local
motor apparatus is, it seems, a kind of
file room in which blueprints, each one
representing a possible movement of a
particular body part, are stored. The
brain, with its descending fiber systems,
reaches down and selects the appropri-
ate blueprint.

What, then, are the sources of the de-
scending systems? What influences the
local motor apparatus? Motor neurons
lie within the spinal cord and the hind-
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brain and the midbrain; there are none
in the forebrain. Here, however, we can
consider only the projections that con-
verge on the spinal cord. They origi-
nate at all levels of the central nervous
system. Within the cord itself many of
them originate in secondary sensory cell
groups, or even, in the case of monosyn-
aptic reflex arcs, as the collaterals of cer-
tain primary sensory fibers. Within the
rhombencephalon the projections origi-
nate mainly in the inner two-thirds of
the rhombencephalic reticular forma-
tion, a district known as the magnocellu-
lar reticular formation in recognition of
its content of large and very large neu-
ronal cell bodies. Within the mesen-
cephalon the projections originate in the
superior colliculus and also in a large
cell mass called the red nucleus. Gen-
erally speaking, all three of these fiber
systems descending into the spinal cord
(reticulospinal, tectospinal and rubro-
spinal tracts by name) must be seen as
bearing information—commands, if
you wish—that may have antecedents in
wide regions of the brain. The superior
colliculus receives input not only from
the optic nerve but also from large areas
of the cerebral cortex, including the vi-
sual cortex and much else. The red nu-
cleus receives input primarily from the
cerebellum and the motor cortex.

As for the reticular formation, it is

AUDITORY CORTEX

OLFACTORY
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o {f\,’ﬂrﬂ'

NASAL
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THREE SENSORIA (hearing, vision and olfaction) send their infor-
mation to the cerebral cortex in different ways. The pathways for
hearing pass successively through the cochlear nuclei of the hind-
brain, the inferior colliculus of the midbrain and the medial genicu-
late body of the thalamus before they reach the auditory area of the
cerebral cortex. The pathways for vision begin in the retina (which is
actually a part of the brain) and then enter two different channels:
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one traveling by way of the lateral geniculate body in the thalamus to
the visual cortex, the other projecting by way of the superior colliculus
in the midbrain to a way station in the thalamus and then to a cortical
area near the visual cortex. In the olfactory system the receptor neu-
roiis in the nasal mucosa project without the mediation of the thala-
mus to the olfactory buib, which is a part of the cerebral cortex. The
olfactory bulb then projects in turn to the olfactory cortex proper.
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particularly notable as a place of con- |

vergence for information of widespread
origin. We suggested this above, of
course, when we were speaking of as-
cending systems; it also applies here, in a
context of descent. A neuron that repre-
sents it appears in the illustration on the
next page; it is modeled on neurons
whose electrical activity was recorded
by Giuseppe Moruzzi of the University
of Pisa and others. It lies in the rhomb-
encephalic reticular formation, and it
will respond, it seems, to inputs from a
secondary sensory cell group in the spi-
nal cord. A flash of light, however, may
also provoke it, because a report of that
event could conceivably reach the retic-
ular formation by a descending path
originating in the superior colliculus.
Further still, the cell may respond to a
message from the cerebellum, or from
the neocortex, or from the mesencephal-
ic reticular formation. In short, a large
number of heterogeneous inputs con-
verge on the cell. Clearly the reticular
formation must integrate this vast vari-
ety of neural afflux, ascending and de-
scending in the brain, and then it may
dispatch impulses over reticulospinal
fibers that terminate on spinal interme-
diate neurons, or even, although infre-
quently, on motor neurons directly. Per-
haps the reader will hear again the out-
cry of the engineer that the reticular
formation makes no engineering sense.

It now remains to superimpose on the
encephalospinal systems of the hind-
brain and midbrain the descending sys-
tems that have their origin in the fore-
brain. In the first place essentially all
areas of the neocortex project to the stri-
atum, the outer zone of the corpus stria-
tum. The layout is a topographical one:
the somatic sensory cortex projects to a
striatal district distinct from that receiv-
ing the visual projection, or the auditory
projection, or the projections from the
association areas or from the motor cor-
tex. From the striatum a massive projec-
tion converges on the globus pallidus (or
pallidum), the inner division of the cor-
pus striatum. There are many fewer
neurons in the globus pallidus than there
are in the striatum, so that this system
must be seen as a kind of funneling.
From the globus pallidus the path
continues downward in a fiber bundle
called the ansa lenticularis, downward
except for a curious exception: a large
part of the ansa lenticularis curves back
on itself and enters the upper part of the
ventral nucleus. We have noted that this
cell mass of the thalamus receives the
two great somatic sensory lemnisci, the
medial lemniscus and the spinothalamic
tract, and that it projects to the somatic
sensory cortex. Only the posterior part
of the ventral nucleus, however, is a so-
matic sensory way station. The more
forward part of the same cell group re-
ceives two large systems: the ansa lentic-
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ularis and the cerebellum’s upward pro-
jection, the brachium conjunctivum. It
too projects to neocortex, not to any sen-
sory area but to the motor cortex.

Pathologies that disrupt this curious
looping circuitry cause great havoc in
bodily movements. One such pathology
involves an input to the striatum that
does not come from the cerebral cor-
tex. It comes from a cell group in the
midbrain whose neurons are pigment-
ed; in man they are black even in un-
stained preparations. For that reason
the cell group became known late in the
18th century as the substantia nigra, the
black substance. Extensive loss of the
black-pigmented neurons causes the dis-
order of movement known as Parkin-
sonism. It is characterized by a muscu-
lar rigidity that greatly hampers move-
ment and is betrayed by, among other
things, a masklike face. There is also a
peculiar tremor, of low frequency and
almost rotatory, that affects the arms
and hands. The patient’s first complaint,
however, is typically that he has difficul-
ty initiating the movementshe intends to
make. He may want to adjust his cloth-
ing, but somehow he cannot start.

The corpus striatum can therefore
be considered an important influence
on bodily movement. To speak more
broadly it can be regarded as one among
the large number of brain structures

RETICULOSPINAL
TRACT

CEREBELLUM

MONOSYNAPTIC RUBROSPINAL

REFLEX ARC

MOTOR NEURONS of the brain and spinal cord (solid triangles) re-
ceive information from highly convergent channels. Here motor neu-
rons are shown receiving input from a primary sensory neuron, from
a secondary sensory cell group in the spinal cord, from the reticular
formation of the brain stem, from the red nucleus of the midbrain and
from the motor cortex of the forebrain. The red nucleus and the retic-
ular formation receive inputs from a variety of sources. One example
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CONJUCTIVUM

whose output seems channeled toward
motor neurons. Yet the remarkable fact
remains that the corpus striatum cannot
directly affect such neurons, or even di-
rectly affect the neuronal pools that act
as their gatekeepers. We have just seen
that a part of its outgoing tract, the ansa
lenticularis, turns upward and enters the
ventral nucleus of the thalamus. The
rest of the ansa lenticularis continues
downward past this turning but goes no
farther than the caudal limit of the mid-
brain, where a single neuron in the illus-
tration below symbolizes a group of
several thousand neurons composing
the pedunculopontine nucleus. It is a
part of the mesencephalic reticular for-
mation. From here the descending path
becomes vague. The reticular formation
is a site of formidable difficulty in both
anatomical and functional analysis.

he projections from the neocortex to

the striatum are by no means the
only corticofugal fibers. As we have not-
ed, some of the neocortical outflow ter-
minates in the various thalamic nuclei
and reciprocates the projections from
the thalamus to the neocortex. Some
penetrates into the midbrain, to termi-
nate in the superior colliculus, the red
nucleus and the mesencephalic reticu-
lar formation. Still another contingent,
arising from all parts of the neocortex,

SUPERIOR
COLLICULUS

BRACHIUM

MUCLEUS
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makes its synapses in the pons, a district
of the hindbrain, which projects in turn
to the cerebellum. The remaining corti-
cofugal fibers, the ones that extend be-
yond the pons, originate mostly in the
motor cortex. Some of them will reach
no farther than the rhombencephalic re-
ticular formation; others will attain all
levels of the spinal cord.

These latter fibers, which compose
the corticospinal tract, are particularly
noteworthy. It is remarkable in itself
that they travel from the cortex to the
spinal cord, since fibers descending from
the corpus striatum get no farther than
the midbrain. It also is remarkable that
an estimated 5 percent of the corticospi-
nal fibers synapse directly on motor neu-
rons. That is a formidable bypass; these
fibers not only enter the spinal cord but
also avoid the neuronal pools of the lo-
cal motor apparatus. It turns out that
they synapse preferentially on the motor
neurons that animate the musculature
of the extremities. Doubtless the exis-
tence of the corticospinal tract accounts
for the observation that of all the areas
of the cerebral cortex the motor cor-
tex needs the least electrical stimulation
to elicit experimental bodily movement.
The explanation is that of all the areas
of the cerebral cortex the motor cortex
lies the fewest synapses away from mo-
tor neurons.

MOTOR
CORTEX

! STRIATAL
CORTICOSPINAL ANSA NEURON
TRACT LENTICULARIS
PALLIDAL
-/ HINDBRAIN NEURON
RETICULAR MIDBRAIN RETICULAR FORMATION
FORMATION (PEDUNCULOPONTINE NUCLEUS)

of convergence on the motor neurons is particularly striking: the en-
tire neocortex, which includes auditory, visual, somatic sensory and
motor fields and other fields as well, sends projections to the corpus
striatum. This cell mass projects its fibers in turn to the reticular for-
mation, which ultimately acts on motor neurons. A second pathway
from the corpus striatum sérves as a feedback loop: it sends its fibers
to a part of the thalamus that projects back again to the motor cortex.



The motor system almost defies ex-
amination from the standpoint of voli-
tional behavior, as opposed to nonvo-
litional. Consider a humiliating expe-
rience common among tennis players.
The player makes a brilliant return and
feels elated. Then he decides it was sim-
ply a fluke; the next time a tennis ball
rushes at him with a similar trajectory
he will probably hit it badly. It is true
that a difficult volitional movement has
been performed successfully, but does
the person who performed it deserve
any credit?

In spite of the enigma of volitional
control, the subjective experience
of volition has given a name to the
motor system that innervates skeletal
musculature: it is the voluntary, or so-
matic, nervous system, as distinguished
from the involuntary, or autonomic,
nervous system that innervates glands
and the smooth musculature of the vis-
cera. A misunderstanding is implicit in
this latter nomenclature, however, just
as surely as one was implicit in the
former. It has to do with the term “au-
tonomic,” which means “self-govern-
ing.” The autonomic nervous system is
not self-governing at all. Its functions
are integrated with voluntary move-
ments no less than with motivations
and affects. In short, its roots are in the
brain: one’s experiences from moment
to moment dictate not only the contrac-
tions of one’s skeletal muscles but also
large functional shifts in the body’s in-
ternal organs. The term autonomic has
nonetheless won out in the English-
speaking world. Other languages use
other terms. In German one speaks of
das viszerale Nervensystem, in French of
le systeme nerveux végétatif.

The autonomic periphery is suggested
in the illustration on the next page by a
tubelike hollow organ, perhaps the in-
testinal tract or the urinary bladder or a
bronchus or an artery; all are in essence
tubelike structures whose width is de-
termined by one or more coatings of
smooth musculature. The motor inner-
vation of such muscle tissue (or of
gland) employs two neurons. The first
neuron lies within the central nervous
system. It entrains a rather thin axon
that synapses in the periphery on a sec-
ond neuron, which is often situated in
a ganglion. The second neuron in turn
sends its axon to terminate in the viscer-
al effector tissue.

Within the brain neurons that specifi-
cally affect the activity of the autonomic
nervous system appear to be concentrat-
ed in the hypothalamus. The evidence is
clear: When the hypothalamus of al-
most any animal, emphatically includ-
ing man, is suddenly destroyed, its pos-
sessor dies, with upheavals in what
Claude Bernard called the internal mi-
lieu, a term embracing tissue fluids and
organ functions, as determined by blood

LT
AT St e g |

- STRAIGHT

sty Whiskey

FYNCHRURG. TN,

Jack DANIE L
f, g

MR. JACK DANIEL hardly ever used these
old labels. But, we believe, they have plenty
of good uses today.

Our founder maintained that
what went in his bottle was
more important than what went
on it. So he only used these
beautiful labels for a few special
e bottlings. Today, of course,
folks put them on countless
things — from table tops

to lampshades to bar trays. CHARCOAL
And we'd be glad to send MELLOWED
you a set if you'll drop us 5 1909

a line. We're certain you'll 5
find them useful. Even if BY DROP

Mr. Jack never did.

Tennessee Whiskey 90 Proof « Distilled and Bottled by Jack Daniel Distillery
Lem Motlow, Prop., Inc., Lynchburg (Pop. 361), Tennessee 37352
Placed inthe National Register of Historic Places by the United States Government.

109

© 1979 SCIENTIFIC AMERICAN, INC



pressure, heart rate, respiration rate and
so on. Neurosurgeons obliged to operate
near the hypothalamus therefore are al-
ways concerned lest the structure be so
much as buffeted. Indeed, patients have
died of hyperthermia (an acute ris¢ in
body temperature) after otherwise suc-
cessful brain surgery in which caution
about injuring the hypothalamus seems
to have been exemplary. On the other
hand, when a massive lesion of the hy-
pothalamus develops slowly, perhaps in
the form of a slow-growing tumor, there
may be no dramatic effects at all. It is as
if there were a chain of command in the
autonomic nervous system, or, as Ber-
nard put it, an automatism of levels:
when the hypothalamus is slowly inca-
pacitated, regions of the brain below the
hypothalamus can keep the internal mi-
lieu stable, albeit within narrow limits.

11 of this accords well with what is
known about the autonomic cir-
cuitry. Fibers passing without interrup-
tion from the hypothalamus to the au-
tonomic motor neurons of the spinal
cord’s gray matter have recently been
found, but they seem to constitute a
small minority of the outgoing hypo-
thalamic fibers; the hypothalamus has
nothing like a corticospinal tract to car-
ry its downflowing output. Instead it ap-
pears in large measure to project no far-
ther than the midbrain, where neurons
of the reticular formation take over. In

MIDBRAIN RETICULAR

FORMATION

—_, VISCERAL MOTOR

/ NEURONS

\ \0
[ S

LOOPING CIRCUITS center on the hypothalamus, which regulates
the activities of glands and smooth muscle (such as the involuntary
muscle of the viscera) through the autonomic nervous system and the
pituitary complex. The hypothalamus receives projections from the
hippocampus and the amygdala, which are the principal components
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fact, the pathways descending to auto-
nomic motor neurons typically are in-
terrupted at numerous levels. At each
such interruption various further in-
structions can enter the descending con-
duction lines. It is appropriate that this
should be the case. Life depends on
the innervation of the viscera; in a way
all the rest is biological luxury. And vi-
tal systems ought to be organized on
the principle that no single excitation
should greatly affect their workings. In-
deed, the convergence of information
on motor neurons may be as character-
istic of the autonomic nervous system as
it is of the somatic.

So much for the descending neural in-
fluences that ultimately act on the effec-
tor tissues of the viscera. What acts to
set these influences? More specifically,
what projects to the hypothalamus? The
illustration below shows an input that
originates in a cell of the mesencephal-
ic reticular formation, a cell whose own
input derives from a fiber of the spino-
thalamic tract. The supposition is that
in such fashion the hypothalamus may
monitor the state of the internal milieu.
Beyond that the search for input to the
hypothalamus leads one deep into a
realm of brain tissue implicated in af-
fect and motivation, a realm in which
epileptic seizures, for example, include
among their signs a change in mood,
sometimes to anguish or an unreasoning
fear. This should not be surprising. Af-

HIPPOCAMPUS

HYPOTHALAMUS -~

ter all, affect and motivation find ob-
servable expression in visceral and en-
docrine changes.

There can be little doubt, then, that
the major influence exerted on the hypo-
thalamus from the cerebral hemisphere
derives from the hippocampus and the
amygdala. They share this influence
with few other parts of the cerebral
hemisphere. For that reason a collective
reference to hippocampus and amygda-
la is justified: they are the two principal
components of what is called the limbic
system. In the illustration below note
the presence of a two-way fiber sys-
tem that curves along the edge of the
neocortex from the hippocampus to the
hypothalamus. The bundle is the for-
nix. It marks the free edge of the cere-
bral mantle. In both the cat and the mon-
key approximately two-thirds of the
bundle’s fibers leaving the hippocam-
pusextend into the hypothalamus direct-
ly. The remaining third establish their
synapses in the septum, from which, as
the illustration shows, the lines are ex-
tended, again to the hypothalamus.

We have noted that the hippocam-
pus is a destination for sequential
projections that span the neocortical
sheet. It therefore becomes apparent in
the tracing of visceral motor gover-
nance, as it did in the tracing of somatic,
that when the tracing is done counter-
current, against the direction of impulse

SEPTUM

FRONTAL
ASSOCIATION
CORTEX

\ FORNIX
POSTERIOR _— e
PITUITARY | | =
ANTERIOR /  AMYGDALA
PITUITARY /
/ OLFACTORY
VENTRAL AMYGDALOFUGAL PATH CORTEX
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of what is known as the limbic system. Input to the hypothalamus
also derives from the reticular formation. A further source of input
is the frontal cortex, in the most forward part of the cerebral hemi-
spheres. The limbic system is the destination for pathways from the
cerebral cortex, including direct projections from olfactory cortex.



transmission, one implicates ever great-
cr portions of the great intermediate net.
Of course, there is a difference. From a
given area of neocortex, say the prima-
ry visual cortex, the road to the hippo-
campus must pass, with interruption,
through a series of intermediate neocor-
tical fields. The end of the neocortical
road is the entorhinal area, a region of
the cerebral cortex adjoining the hippo-
campus and intermediate in structure
between it and neocortex. From here a
final link completes the fiber pathways
to the hippocampus. In contrast, the
rcad to the striatum from any neocorti-
cal field whatsoever is an uninterrupted
projection.

Consider next the amygdala. Al-
though its cell architecture is quite dif-

crent from that of the hippocampus, it
too directs its outflow in large part to the
hypothalamus. For its part the amygda-
la is the recipient of fibers from a district
of ncocortex synaptically remote from
any primary sensory field. It is also,
however, the recipient of fibers that
originate in the olfactory cortex; indeed,
so is the entorhinal area. Moreover, a
part of the amygdala receives fibers
from the olfactory bulb. In olfaction,
therefore, the transmission of sensory
data to the limbic system is remarka-
bly direct. Why should this be so? Why
should olfaction, among all the sensoria,
be privileged?

One conceivable answer lies in the
probability that the olfactory sensorium
constitutes the earliest appearance in ev-
olution of a capacity for sensory appre-
hension at a distance; it is perhaps the
earliest system whereby free-ranging or-
ganisms could track sources of food and
identify members of their own species
and members of others. Perhaps the ol-
factory system, having arrived earliest,
made some rather direct connections. A
second conceivable answer, which does
not negate the first, is that the visual rec-
ognition of an object (to take only one
example) calls for complicated process-
ing: in its highest form it requires that
the arriving sensory data be made to
yield a representation free from the cir-
cumstances of viewing angle, distance
and illumination. How else could the
object be recognized, that is, matched
with past experience? Even at its sim-
plest, say the recognition of a stripe (as
by one fish viewing the flank of another)
or of a moving dot (as by a frog viewing
a fly), it requires the preservation well
into the neural processing of topological
relations in the input to the sensory
sheet: the retina. Olfaction, in contrast,
functions simply as a discriminator of
intensity gradients. In short, olfaction as
a guide to life-supporting behavior lacks
much of the computational difficulty, if
you will, that is inherent in vision and
other sensoria.

To be sure, arguments such as these
may not seem entirely convincing. If the

limbic system requires of the visual, the |

auditory and the somatic sensoria a neo-
cortical march, and therefore a cascad-
ing re-representation of data that origi-
nally were sensory, then why not, to an
equal degree, the striatum? And why,
moreover, does the striatum receive in-
put both from the primary sensory fields
and from the various association areas,
in which the primary cortical data un-
dergo successive transformations? Per-
haps the heart of the difficulty is the
mystery of any brain structure whose
input derives, one way or another, from
all (or most of) the neocortical expanse.
To glibly characterize such input seems
impossible, and so it is beyond us to
imagine what the structure that gets it is
doing with it. Yet we are presented by
the central nervous system with several
such structures: the limbic system, the
striatum, the pons (and through it the
cerebellum) and the superior colliculus.

Our survey of the mammalian central

nervous system is here at its end. Its
shortcomings are necessarily many. In
the first place it could do little justice to
the true complexity of the circuitry; if
all the known systems of conduction
had been mentioned, the illustrations
for the article might have been rendered
a hopeless tangle. For example, we left
out the pons, even though that struc-
ture receives massive projections from
all parts of the neocortex and sends a
massive projection to the cerebellum.
The lines representing those projections
would have cut across several ascend-
ing and descending systems in the hind-
brain.

In the second place we could make
few distinctions between projections
comprising millions of fibers and those
comprising only a fraction of that num-
ber. It happens, for example, that the
spinothalamic fibers attaining the ven-
tral nucleus of the thalamus may num-
ber no more than a few hundred in pri-
mates, whereas the medial lemniscus
has a million fibers, maybe more. Then
too we could give no indication of which
projections cross the midplane to the
opposite side of the central nervous sys-
tem and which have destinations on
the same side as their origin. The central
nervous system, like the rest of the body,
is bilaterally symmetrical. Such distinc-
tions play a crucial role in clinical di-
agnosis.

Most important, in addressing only
the connectedness of the brain—that is
to say, only the origins and destinations
of the various fiber systems—we can
evoke no more than a rough sketch of
neuroanatomy: the three-dimensional
architecture of the tissues stationed in-
side the cranium and down the core of
the vertebral column. We have thereby
neglected a view that has tantalized men
for millenniums: the very appearance of
the brain.
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The Development of the Brain

As the human brain develops in utero it gains neurons at the rate

of hundreds of thousands a minute. One problem of neurobiology

is how the neurons find their place and make the right connections

The gross changes that take place
during the embryonic and fetal
development of the brain have
been known for almost a century, but
comparatively little is known about the
underlying cellular events that give rise
to the particular parts of the brain and
their interconnections. What is clear is
that the nervous system originates as a
flat sheet of cells on the dorsal surface
of the developing embryo (the neural
plate), that this tissue subsequently folds
into an elongated hollow structure (the
neural tube) and that from the head end
of the tube three prominent swellings
emerge, prefiguring the three main parts
of the brain (the forebrain, the midbrain
and the hindbrain).

It is not on these changes in the exter-
nal form of the developing brain, how-
ever, that the attention of developmen-
tal neurobiologists has focused in recent
years. More interesting questions in-
trude. How, for instance, are the various
components that constitute the major
parts of the nervous system generated?
How do they come to occupy their de-
finitive locations within the brain? How
do the neurons and their supporting gli-
al cells become differentiated? How do
neurons in different parts of the brain
establish connections with one another?
In spite of a great deal of research effort
it is still not possible to give a complete
account of the development of any part
of the brain, let alone of the brain as a
whole. By determining what the main
events in neural development are, how-
ever, one can begin to see how the criti-
cal issues are likely to be resolved.

by W. Maxwell Cowan

Eight major stages can be identified
in the development of any part of the
brain. In the order of their appearance
they are (1) the induction of the neural
plate, (2) the localized proliferation of
cells in different regions, (3) the migra-
tion of cells from the region in which
they are generated to the places where
they finally reside, (4) the aggregation
of cells to form identifiable parts of
the brain, (5) the differentiation of the
immature neurons, (6) the formation of
connections with other neurons, (7) the
selective death of certain cells and (8)
the elimination of some of the connec-
tions that were initially formed and the
stabilization of others.

he process whereby some cells in the

ectoderm, or outer layer, of the de-
veloping embryo become transformed
into the specialized tissue from which
the brain and spinal cord develop is
called neural induction. It has been
known since the 1920’s that the criti-
cal event in neural induction is an in-
teraction of the ectoderm and a part of
the underlying layer of tissue called
the mesoderm. The nature of this in-
teraction remains to be elucidated, but
there are good reasons for thinking that
it involves the specific transfer of sub-
stances from the mesoderm to the ecto-
derm, and that as a result of that transfer
the generalized tissue of the ectoderm
becomes irreversibly committed to the
formation of neural tissue. It is also
clear that the sequential interaction of
different parts of the ectoderm and the
mesoderm results in the regional deter-

MIGRATION OF A YOUNG NEURON from its birthplace deep in the cerebellum of a fetal
monkey toward its final destination closer to the outer surface of the developing brain is cap-
tured in the electron micrograph on the opposite page, made by Pasko Rakic of the Yale Uni-
versity School of Medicine. The migrating neuron is the broader of the two diagonal bands run-
ning all the way across the micrograph from the top left to the bottom right; the dark, oblong
object inside the upper part of this band is the nucleus of the nerve cell. The lighter, narrower
band along the underside of the neuron is the elongated process of a glial cell, which serves both
as a supporting structure and as a guide for the migrating neuron. The neuron travels through
a dense neuropile, or feltwork of nerve fibers, which run in various directions. (Most of the cir-
cular structures in this view, for example, are the cross sections of axons that run more or less
at right angles to the plane of the page.) Although the migrating neuron is therefore in con-
tact with thousands of other cellular processes, it remains intimately associated with the glial
cell along its entire length. This section of brain tissue is magnified about 25,000 diameters.
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mination of the major parts of the fu-
ture brain and spinal cord. The first part
of the mesoderm to become associated
with the ectoderm specifically induces
forebrain structures, the next part leads
to the formation of midbrain and hind-
brain structures, and the last part to
grow under the ectoderm is responsible
for the later formation of the spinal
cord.

Exactly how these regional determi-
nations are brought about remains baf-
fling. Experiments with disaggregated
ectodermal and mesodermal cells from
embryos of the appropriate age suggest
that the critical element may be therela-
tive concentration of two factors that
are thought to be proteins with a low
molecular weight. One of these, the
neuralizing factor, seems to “prime” the
ectoderm and to ensure its future neural
character; the other, the mesodermaliz-
ing factor, appears in differing concen-
trations to determine the regional differ-
ences within the ectoderm.

Although a major effort was made in
the 1930’s and 1940’s to isolate the puta-
tive inducing agents, it is clear in retro-
spect that much of the work was prema-
ture. Only in the past two decades has
anything substantial been learned about
the nature of gene induction generally,
and it is still far from evident that the
inductive mechanisms that have been
identified in microorganisms operate
in the same way in animal cells. There
is another reason the problem of neural
induction has proved to be so intracta-
ble. The only assay system suitable for
the study of neural induction is ecto-
derm taken from embryos of the ap-
propriate age, and since there is a lim-
ited period in development when the
ectoderm is able to respond to the rele-
vant inductive signals, it is necessary to
work with extremely small amounts of
tissue. Indeed, it is a tribute to the inge-
nuity and experimental skill of those
who have addressed this problem that so
much progress has already been made.

Once the major regions of the devel-
oping nervous system have been deter-
mined their potentialities become pro-
gressively limited as development pro-
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GENESIS OF THE NERVOUS SYSTEM from the ectoderm, or outer cell layer, of a human
embryo during the third and fourth weeks after conception is represented in these four pairs of
drawings, which show both an external view of the developing embryo (/efr) and a correspond-
ing cross-sectional view at about the middle of the future spinal cord (right). The central ner-
vous system begins as the neural plate, a flat sheet of ectodermal cells on the dorsal surface of
the embryo. The plate subsequently folds into a hollow structure called the neural tube. The
head end of the central canal widens to form the ventricles, or cavities, of the brain. The pe-
ripheral nervous system is derived largely from the cells of the neural crest and from motor-
nerve fibers that leave the lower part of the brain at each segment of the future spinal cord.
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ceeds. For example, the entire head end
of the neural plate initially constitutes a
forebrain-eye field from which both the
forebrain and the neural part of the eye
develop. If one removes a small piece of
ectodermal tissue at this stage, the de-
fect is quickly replaced by the prolifera-
tion of the neighboring cells, and the
development of both the forebrain and
the eye proceeds quite normally. If the
same operation is done at a slightly later
stage, there is a permanent defect in ei-
ther the forebrain or the eye, depending
on the location of the piece of tissue that
was removed. In other words, at this
later stage it is possible to identify a
forebrain field that will give rise to de-
finitive forebrain structures, and an eye
field that will form only the neural part
of the eye.

At still later stages specific regions of
the forebrain become delimited within
the overall forebrain field. With the aid
of a variety of cell-marking techniques
it has been possible to construct “fate
maps” that define rather precisely the
final distribution of the cells in each part
of the early forebrain field [see illustra-
tion on page 119]. The factors that lead to
this progressive blocking out of smaller
and smaller units, giving rise to specific
parts of the brain, are not known, but
it is not unreasonable to suppose that
when more is learned about cellular dif-
ferentiation in general, the problem will
be clarified.

From studies of the embryos of am-
phibians it appears that the number
of cells in the neural plate is compar-
atively small (on the order of 125,000)
and that this number does not change
much during the formation of the neu-
ral tube. Once the neural tube has been
closed off, however, cell proliferation
proceeds at a brisk pace, and before long
the simple layer of epithelial cells that
formed the neural plate is transformed
into a rather thick epithelial layer in
which the cell nuclei reside at several
levels. Microscopic examination of the
cells, aided in some cases by the use of
radioactively labeled thymidine, a spe-
cific DNA precursor, has established
that all the cells in the wall of the neural
tube are capable of proliferation and
that the characteristic “pseudostrati-
fied” appearance of the epithelium is at-
tributable to the fact that the nuclei of
the cells are at different levels. The nu-
clei synthesize DNA while they lie in the
depths of the epithelium, and then they
migrate toward the ventricular surface
and withdraw their peripheral processes
before dividing. After mitosis (cell divi-
sion) the daughter cells re-form their pe-
ripheral processes, and their nuclei re-
turn to the deeper part of the epithelium
before reentering the mitotic cycle. The
migration of the nuclei of proliferating
neurons is characteristic of epithelial
cells of this kind.

After the cells pass through a number
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of such cycles (the number varies from
region to region and from population to
population within any one region) they
apparently lose their capacity for syn-
thesizing DNA, and they migrate out of
the epithelium to form a second cellular
layer adjacent to the ventricular zone.

intermediate, layer are young neurons,
which never again divide, and glial-cell
precursors, which retain their capacity
for proliferation throughout life.
Although it is not known what turns
the proliferative mechanism on and off
in any region of the nervous system, it is
clear that the relative times at which dif-

ferent populations of cells cease divid-
ing is rigidly determined, and there is
now a sizable body of evidence to sug-
gest that this is a critical stage in the life
of all neurons. Not only does the with-
drawal of a cell from the mitotic cycle
seem to trigger its subsequent migration

The cells that constitute this mantle, or

25 DAYS

FIVE MONTHS

EIGHT MONTHS

DEVELOPING HUMAN BRAIN is viewed from the side in this se-
quence of drawings, which show a succession of embryonic and fe-
tal stages. The drawings in the main sequence (bottom) are all repro-
duced at the same scale: approximately four-fifths life-size. The first
five embryonic stages are also shown enlarged to an arbitrary com-
mon size to clarify their structural details (fop). The three main parts
of the brain (the forebrain, the midbrain and the hindbrain) originate
as prominent swellings at the head end of the early neural tube. In
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human beings the cerebral hemispheres eventually overgrow the mid-
brain and the hindbrain and also partly obscure the cerebellum. The
characteristic convolutions and invaginations of the brain’s surface
do not begin to appear until about the middle of pregnancy. Assum-
ing that the fully developed human brain contains on the order of 100
billion neurons and that virtually no new neurons are added after
birth, it can be calculated that neurons must be generated in the de-
veloping brain at an average rate of more than 250,000 per minute.
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DERIVATION of each of the major regions of the brain can be
traced by labeling different regions of the neural plate of an experi-
mental animal at a very early embryonic stage with the aid of a vari-
cty of cell-marking techniques. In this demonstration of how such
“fate maps” are constructed three regions have been marked on the

ccll seems at the same time to acquire a
definitive “address,” in the sense that if
its “birth date” (defined as the time when
a cell loses its capacity for DNA synthe-
sis) is known, it is possible to predict
where the cell will finally reside. Fur-
thermore, it seems in some cases that the
pattern of connections the neuron will
ultimately form is also determined at
this time.

From experiments in which small
amounts of radioactively labeled thymi-
dine have been administered to embryos
(or in the case of mammals to their preg-
nant mothers) investigators now know
the birth dates of the cells in many parts
of the brain for a number of different
species. From these studies it is now pos-
sible to make several generalizations
about the patterning of cell proliferation
in the brain. First, the larger neurons,
including most of the cells whose proc-
esses extend for considerable distances,
such as the cells in the retina that project
to the visual centers of the brain, are
usually generated earlier than the small-
er neurons, whose fibers are confined to
the region of the cell body. Second, the
scquence of cell proliferation is charac-
teristic for each region of the brain. For
example, in the cerebral cortex the first
cells to withdraw from the prolifera-
tive cycle will in time come to occupy
the deepest cortical layer, whereas those
that are generated at successively later
times form the progressively more su-
perficial layers of the cortex.

On the other hand, in the neural retina
(which is actually an extension of the
brain) the sequence of cell proliferation
is essentially the reverse; the first popu-
lation of cells to be generated (the gan-
glion cells) migrates to the most superfi-
cial layer of the retina, and subsequent
populations of cells occupy progressive-
ly deeper layers. In other regions of the

brain the sequences are more complex,
but in each region it is evident that cells
occupying similar positions are always
generated at the same time; conversely,
cells generated at different times invar-
iably come to reside in different zones
within the region. A third generalization
that can be made is that in most parts of
the brain the first supporting cells to be
formed appear at about the same time as
the first neurons, but as a rule the pro-
liferation of glial cells continues for a
much longer period.

The number of neurons initially
formed in any region of the brain is de-
termined by three factors. The first fac-
tor is the duration of the proliferative
period as a whole; in the regions that
have been studied to date, it has been
found torange from a few days to sever-
al weeks. The second factor is the dura-
tion of the cell cycle; in young embryos
it is usually on the order of a few hours,
but as development progresses it may
become as long as four or five days. The
third factor is the number of precursor
cells from which the neuronal popula-
tion is derived.

A number of methods are now avail-
able for determining the duration of the
proliferative period and the length of
the cell cycle, but except in a few cases it
is not possible to estimate the size of the
precursor pool of cells. Part of the rea-
sonfor this difficulty is that it is impossi-
ble at present to follow the fate of indi-
vidual cells in the developing mammali-
an brain, as has been done in the much
simpler nervous systems of certain in-
vertebrates. In these organisms the em-
bryos are often quite transparent, and
individual cells can be followed through
several mitotic divisions with the aid of
a light microscope equipped with differ-
ential-interference optics. Alternatively,
the precursor cells in such organisms
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neural plate of the early embryo of the axolotl, a large amphibian
(/eft). The final positions of the cells in the marked regions are then
plotted as they would be seen in a sagittal section of the brain at a later
stage of embryonic development (right). This illustration is adapted
from the work of D. C.-O. Jacobson of the University of Uppsala.

may be so large that they can be read-
ily labeled by the intracellular injection
of marker molecules such as horserad-
ish peroxidase; if the marker is not de-
graded, it can be distributed to all the
cell’s progeny, at least over several cell
generations.

Since most neurons are generated in or
close to the ventricular lining of the
neural tube and finally come to rest at
some distance from this layer, they have
to go through at least one phase of mi-
gration after withdrawing from the pro-
liferative cycle. There are a few situa-
tions in which cells migrate away from
the ventricular zone but continue to
proliferate. This is usually observed
in a special region found between the
ventricular and the intermediate zone,
known as the subventricular zone. This
layer, which is particularly prominent in
the forebrain, gives rise to many of the
smaller neurons in some of the deep
structures of the cerebral hemisphere
(the basal ganglia), to certain small cor-
tical neurons and to many of the glial
cells in the cerebral cortex and the un-
derlying white matter. In-the hindbrain
some of the cells in the corresponding
subventricular region undergo a second
migration under the surface of the de-
veloping cerebellum, where they set up
a special proliferative zone known as the
external granular layer. In the human
brain proliferation in this layer contin-
ues for several weeks and gives rise to
most of the interneurons in the cerebel-
lar cortex, including the billions of gran-
ule cells that are a distinctive feature of
the cerebellum. With these and a few
other exceptions, most migrations of
neurons involve the movement of post-
mitotic cells.

The process of neuronal migration
appears in most cases to be amoeboid.
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INNER SURFACE

NUCLEI OF NERVE CELLS MIGRATE in the layer of epithelial tissue that forms the wall
of the neural tube in the developing embryo, as this multistage schematic diagram shows. When
the cells in this layer, called the neuroepithelium or ventricular zone, replicate their DNA, their
nuclei migrate toward the inner surface of the epithelium, their peripheral processes become
detached from the outermost layer and the cells become rounded before dividing. After mito-
sis (cell division) the daughter cells either extend a new process so that their nuclei can mi-
grate back to the middle level of the epithelium, or (if the cells have stopped dividing) they
migrate out of the epithelium to form part of the intermediate zone in the wall of the brain.

4

MZ

PROGRESSIVE THICKENING of the wall of the developing brain is illustrated. At the earli-
est stage (1) the wall consists only of a “pseudostratified” epithelium, in which the ventricular
zone (VZ) contains the cell bodies and the marginal zone (MZ) contains only the extended out-
er cell processes. When some of the cells lose their capacity for synthesizing DNA and with-
draw from the mitotic cycle (2), they form a second layer, the intermediate zone (/Z). In the
forebrain the cells that pass through this zone aggregate to form the cortical plate (CP), the
region in which the various layers of the cerebral cortex develop (3). At the latest stage (4) the
original ventricular zone remains as the ependymal lining of the cerebral ventricles, and the
comparatively cell-free region between this lining and the cortex becomes the subcortical white
matter, through which nerve fibers enter and leave the cortex. Subventricular zone (SZ) is a sec-
ond proliferative region in which many glial cells and some neurons in forebrain are generated.
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The migrating cells extend a leading
process that attaches itself to some ap-
propriate substrate; the nucleus flows
or is drawn into the process, and the
trailing process behind the nucleus is
then withdrawn. It is a fairly slow pro-
cedure, the average rate of migration be-
ing on the order of a tenth of a millime-
ter per day. In a few cases the cell as a
whole does not migrate. Instead it be-
gins to form some of its processes at an
early stage in its development, and later
the cell body begins to move progres-
sively farther away from the first proc-
esses, which remain essentially where
they originated.

Since neurons often migrate over con-
siderable distances, it would be interest-
ing to know to what types of directional
cue they respond. In particular, how do
they know when to stop migrating and
to begin aggregating with other neurons
of the same kind? It has been known
for some time that there are specialized
glial cells within the developing brain
whose cell bodies lie inside the ventricu-
lar zone and whose processes extend ra-
dially to the surface. Since these cells
appear at an early stage of development
and persist until some time after neuro-
nal migration has ceased, it has been
suggested that they might provide an ap-
propriate scaffolding along which the
migrating neurons might move. Certain-
ly in electron micrographs of most parts
of the developing brain the migrating
cells are almost invariably found to be
closely associated with the neighboring
glial processes. This relation has led
Pasko Rakic of the Yale University
School of Medicine to postulate that mi-
grating cells are directed to their defin-
itive locations by such glial processes.
In support of this view Rakic and Rich-
ard L. Sidman of the Children’s Hospi-
tal Medical Center in Boston have noted
that in one of the most striking genetic
mutations affecting the cerebellum of
the mouse the radial glial processes de-
generate at a comparatively early stage;
apparently as a result of this degenera-
tion the migration of most of the granule
cells is severely disrupted.

Considering the distances over which
many neurons move in the course of de-
velopment, it is perhaps not surprising
that during their migration some cells
are misdirected and end up in distinctly
abnormal positions. Such neuronal mis-
placements (termed ectopias) have long
been recognized by pathologists as a
concomitant of certain gross disorders
in brain development, but it is not gener-
ally appreciated that even during nor-
mal development a proportion of the
migrating cells may respond inappropri-
ately to the usual directional cues and
end up in aberrant locations. Recent
technical advances have made it possi-
ble to recognize cells of this kind in sev-
eral situations, and it is significant that
the majority of such misplaced neurons
appear to be eliminated during the later



Burglar Alarm
Breakthrough

A new computerized burglar alarm requires no

installation and protects your home or business
like a thousand dollar professional system.

It's a security system computer. You can
now protect everything—windows, doors,
walls, ceilings and floors with a near fail-safe
system so advanced that it doesn’t require
installation.

The Midex 55 is a new motion-sensing com-
puter. Switch it on and you place a harmless
invisible energy beam through more than
5,000 cubic feet in your home. Whenever this
beam detects motion, it sends a signal to the
computer which interprets the cause of the
motion and triggers an extremely loud alarm.

The system’s alarm is so loud that it can
cause pain—Iloud enough to drive an intruder
out of your home before anything is stolen or
destroyed and loud enough to alert neighbors
to call the police.

The powerful optional blast horns can also be
placed outside your home or office to warn
your neighbors.

Uniike the complex and expensive com-
mercial alarms that require sensors wired into
every door or window, the Midex requires no
sensors nor any other additional equipment
other than your stereo speakers or an optional
pair of blast horns. Its beam actually pene-
trates walls to set up an electronic barrier
against intrusion.

NO MORE FALSE ALARMS

The Midex is not triggered by noise, sound,
temperature or humidity—just motion—and
since a computer interprets the nature of the
motion, the chances of a false alarm are very
remote.

An experienced burglar can disarm an ex-
pensive security system or break into a home
or office through a wall. Using a Midex system
there is no way a burglar can penetrate the
protection beam without triggering the loud
alarm. Even if the burglar cuts off your power,
the four-hour rechargeable battery pack will
keep your unit triggered, ready to sense
motion and sound an alarm.

ARRIVE HOME SAFE

There’s personal danger in arriving home
and finding a burglary in progress. And, if you
surprise the burglar, you risk the chance of
serious injury. With the Midex 55 protecting
your home, you can open your front door with
the confidence of knowing that no burglar lurks
inside.

When the Midex senses an intruder, it re-
mains silent for 20 seconds. It then sounds the
alarm until the burglar leaves. One minute

after the burglar leaves, the alarm shuts off
and resets, once again ready to do its job. This
shut-off feature, not found on many expensive
systems, means that your alarm won’t go wail-
ing all night long while you're away. When your
neighbors hear it, they’ll know positively that
there’s trouble.

PROFESSIONAL SYSTEM

Midex is portable so it can be placed any-
where in your home. You simply connect it to
your stereo speakers or attach the two op-
tional blast horns.

Operating the Midex is as easy as its instal-
lation. To arm the unit, you remove a specially
coded key. You now have 30 seconds to leave
your premises. When you return, you enter
and insert your key to disarm the unit. You
have 20 seconds to do that. Each key is regis-
tered with Midex, and that number is kept in
their vault should you ever need a duplicate.
Three keys are supplied with each unit.

As an extra security measure, you can leave
your unit on at night and place an optional
panic button by your bed. But with all its
optional features, the Midex system is com-
plete, designed to protect you, your home and
property just as it arrives in its well-protected
carton.

The Midex 55 system is the latest electronic
breakthrough by Solfan Systems, Inc.—a com-
pany that specializes in sophisticated profes-
sional security systems for banks and high
security areas. JS&A first became acquainted
with Midex after we were burglarized. At the
time we owned an excellent security system,
but the burglars went through a wall that could
not have been protected by sensors. We then
installed over $5,000 worth of the Midex com-
mercial equipment in our warehouse. When
Solfan Systems announced their intentions to
market their units to consumers, we immedi-
ately offered our services.

COMPARED AGAINST OTHERS

In a recent issue of a leading consumer
publication, there was a complete article
written on the tests given security devices
which were purchased in New York. The
Midex 55 is not available in New York
stores, but had it been compared, it would
have been rated tops in space protection
and protection against false alarms—two
of the top criteria used to evaluate these
systems. Don’t be confused. There is no
system under $1,000 that provides you
with the same protection.

YOU JUDGE THE QUALITY

Will the Midex system ever fail? No product
is perfect, but judge for yourself. All com-
ponents used in the Midex system are of aero-
space quality and of such high reliability that
they pass the military standard 883 for thermal
shock and burn-in. In short, they go through
the same rugged tests and controls used on
components in manned spaceships.

Each component is first tested at extreme
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The Midex security computer looks like a
handsome stereo system component and
measures only 4”’x 10v2"x 7.

tolerances and then retested after assembly.
The entire system is then put under full elec-
trical loads at 150 degrees Fahrenheit for an
entire week. If there is a defect, these tests will
cause it to surface.

PEOPLE LIKE THE SYSTEM

Wally Schirra, a scientist and former astro-
naut, says this about the Midex 55. “I know of
no system that is as easy to use and provides
such solid protection to the homeowner as the
Midex. | would strongly recommend it tc any-
one. | am more than pleased with my unit.”

Many more people can attest to the quality
of this system, but the true test is how it per-
forms in your home or office. That is why we
provide a one month trial period. We give you
the opportunity to see how fail-safe and easy
to operate the Midex system is and how
thoroughly it protects you and your loved ones.

Use the Midex for protection while you sleep
and to protect your home while you're away or
on vacation. Then after 30 days, if you're not
convinced that the Midex is nearly fail-safe,
easy to use, and can provide you with a
security system that you can trust, return your
unit and we'll be happy to send you a prompt
and courteous refund. There is absolutely no
obligation. JS&A has been serving the con-
sumer for over a decade—further assurance
that your investment is well protected.

To order your system, simply send your
check in the amount of $199.95 (lllinois resi-
dents add 5% sales tax) to the address shown
below. Credit card buyers may call our toll-free
number below. There are no postage and
handling charges. By return mail you will
receive your system complete with all con-
nections, easy to understand instructions and
a one year limited warranty. If you do not have
stereo speakers, you may order the optional
blast horns at $39.95 each, and we recom-
mend the purchase of two.

With the Midex 55, JS&A brings you: 1) A
system built with such high quality that it com-
plies with the same strict government stan-
dards used in the space program, 2) A system
so advanced that it uses a computer to deter-
mine unauthorized entry, and 3) A way to buy
the system, in complete confidence, without
even being penalized for postage and hand-
ling charges if it's not exactly what you want.
We couldn’t provide you with a better oppor-
tunity to own a security system than right now.

Space-age technology has produced the
ultimate personal security computer. Order
your Midex 55 at no obligation, today.

3) INPRODUCTS
S/ANTHAT
>N THINK

Dept.SA One JS&A Plaza
Northbrook, Iil. 60062 (312) 564-7000
Call TOLL-FREE ........ 800 323-6400
Inlllinois Call ............ (312) 564-7000
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Is it the brain of a killer or a saint? The mind of a
genius or a cretin? Is there any way to tell? Any way to
change it?

Mysteries of the Mind, a newNational Geographic
Special, explores the most powerful force on earth,
the human brain.

This mind-expanding hour for the entire family,
produced by the National Geographic Societyand -

WQED/Pittsburgh with a grant from Gulf Oil

Corporation, looks at pain control, sleep, and

hypnosis researcE in America, as well as

yogis in India, and acupuncture in China.

Gulf made a commitment with

the National Geographic Society and the

" Public Broadcasting Service five years ago
to American-made Public Television.

o Together, weve set Public Television

37%% viewing records.

¥ 4 In fact. the shows are consistently the
" highestrated specials on PBS.

. For an hour of discovery television,

7 4 remember the first Monday of January,

February, March, and April in 1980.
And enjoy great television that has
% /+  sentfilm crews around the world, diving to the
4/~ depths of the ocean, diggin% into new worlds, and
exploring the most powertul force on earth.

e GULF OIL CORPORATION
z NATIONAL GEOGRAPHIC SOCIETY
PUBLIC TELEVISION

Partners in Discovery e

e

Gulf Qil Corporation
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SPECIALIZED SUPPORTING CELLS, the radial glial cells, arise during the early stages of
the development of the nervous system. These cells are distinguished by their extremely long
processes, which span the entire thickness of the wall of the neural tube and its derivative struc-
tures. The drawing at the top shows how the radial glial cells look in a Golgi-stained prepara-
tion of a thick transverse section through the wall of the cerebral hemisphere of a fetal monkey.
The cell bodies lie in the ventricular zone and their processes extend to the outer surface of the
surrounding layers, where they appear to form expanded terminal attachments. An enlarged
view of a segment of this transverse section is shown at the bottom left. The small portion of
tissue inside the colored rectangle in this enlargement is further magnified in the detailed three-
dimensional view at the bottom right, which is based on the microscopic studies of Rakic. This
illustration reveals the close relation between the processes of the radial glial cells and the
migrating neurons, a relation that is observed in the development of most parts of the brain.
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stages of development. In one popula-
tion of neurons that has been carefully
studied from this point of view, about
3 percent of the cells have been found
to migrate to some abnormal location;
all but a handful of these misplaced
neurons, however, degenerate during
the later phase of naturally occurring
cell death.

When the migrating neurons reach
their definitive locations, they generally
aggregate with other cells of a similar
kind to form either cortical layers or nu-
clear masses. The tendency of develop-
ing cells of the same embryonic origin
to selectively adhere to one another was
first demonstrated more than 50 years
ago, but it is only in the past decade that
this subject has attracted the attention
it deserves from neuroembryologists.
Much of the initial stimulus for the
more recent work stemmed from the
search for the molecular mechanisms
underlying the formation of specific
connections between related groups of
neurons. Unfortunately that problem
has proved to be intractable, but much
of the work that was done on it bears
directly on the important issue of how
discrete populations of neurons are
formed in the developing brain.

Perhaps the most important finding to
come out of these studies is that when
cells from two or three regions of the
developing nervous system are dissoci-
ated (usually mechanically or by mild
chemical treatment), mixed together
and then allowed to reaggregate in an
appropriate medium, they tend to sort
themselves out so that the cells from
each region preferentially aggregate
with other cells from the same region.
This selective adhesiveness seems to be
a general property of all living cells and
is probably due to the appearance on
their surfaces of specific classes of large
molecules that serve both to “recog-
nize” cells of the same kind and to bind
the cells together. These molecules,
which function as ligands between cells,
appear to be highly specific for each ma-
jor type of cell. Moreover, they appear
to change in either number or distribu-
tion as development proceeds. At pres-
ent workers in several laboratories are
endeavoring to isolate and characterize
these and other surface ligands, and it
seems likely that this may be the first
major problem in neural development
to be successfully analyzed at the molec-
ular level.

One special feature of cell aggrega-
tion in the developing nervous system is
that in most regions of the brain the cells
not only adhere to one another but also
adopt some preferential orientation.
For example, in the cerebral cortex the
majority of the large pyramidal neurons
are consistently aligned with their prom-
inent apical dendrites directed toward
the surface and their axons directed to-
ward the underlying white matter. It is
not evident how cells come to be aligned



“Last year I switched to rum.
This year graduated to Myers’s Rum?’

White rums may be what vou learn on. But
Myvers's dark rum will advance vour edu-
cation. It will teach you just how good tasting
rum can be. Because with Myers's Rum
you get a smoother. softer taste that comes
from master-blending and longer aging.

What makes Myers’s precious im ported
rum cost more, makes Myers’s taste better.

In cola. soda, fruit juice or anv of vour
favorite mixers. '

wom.o FAMO 3
: IMPORTED
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BALTIMORE

EDL MYERS & SONCO

MYERS’S MAKES IT BETTER. Taste how Myers’s improves on cola. soda. tonic. fruit juice.
Free Recipe Book: Myers’s Rum. P.O. Box 1622, FDR Station. New York. N.Y. 10022. Offer expires December 31. 1980.
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A new erain
photography:
Sharp
sonar-focused
pictures
every time.
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Now the world's finest instant camera
gives you sharp. precisely-focused pictures
every time —at the touch of one button.

Polaroid’s SX-70" Sonar OneStep camera
automatically focuses itself —even in total b
darkness —with sonar.

You simply press one button. Sonar automatically
measures the exact distance to your subject.The 4-element 4
glass lens rotates to the precise focus—from as close as 10.4 inches
to infinity. All within a split second. And simultaneously. the single-lens
reflex viewfinder shows you through the lens what your picture will be.
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In fact. sonar can change focus so quickly.
vou can shoot as fast as every 1.5 seconds.
Polaroid’s SX-70 Sonar OneStep camera sets
all exposures automatically. too. Including auto-
matic time exposures up to 14 seconds. And [lash
pictures up to 20 feet. Its built-in motor even hands
vou the developing picture.
There are two Polaroid  Sonar OneStep Land cameras: the
folding SX-70 Sonar OneStep (described here).in genuine leather
and brushed chrome finish. And the Pronto’ Sonar OneStep. at £99.95:
No other cameras make precision photography so automatic.
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Our pilot’'s tradition
was born
more than

50 years
ago.

0ur pilot’s professional tradition has
followed one of the most brilliant tra-
jectories in the history of commercial aviation.

And we feel that our prestigious Pilots
School has played a significant role in building
the solid reputation of Spanish pilots.

They, our pilots—and those of some
15 other airlines—are continually brought
up-to-date with the latest techniques and
some of the most modern equipment in the
world.

Our school’s teaching system inte-
grates the latest advances in aeronautic tech-
nology, flight simulation and real flight. We
even employ a fleet of planes for this.

The result? Don’t be surprised if, some-
day, the rest of the passengers applaud one of
our pilot’s soft landings. It has been earned
with thousands of hours of experience.

This is Iberia today.
But we want to be better.

< 4

y 4

INTERNATIONAL AIRLINES OF SPAIN
MORE THAN 50 YEARS MAKING FRIENDS.
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GROWTH CONES (expanded, highly motile structures found at the
ends of growing neuronal processes) are seen in these two electron
micrographs. The transmission electron micrograph at the left shows
a pair of growth cones at the end of an axonlike process of a sym-
pathetic ganglion cell from a rat. The cell had been dissociated and
grown in tissue culture, and the process seen here had branched just a
few minutes before the cell was fixed and prepared (without section-
ing) for viewing in the electron microscope. The fine, fingerlike ex-

tensions are filopodia; the flattened veil-like sheets between them are
lamellipodia. The scanning electron micrograph at the right shows a
growing dendrite of a neuron obtained from the hippocampus of a fe-
tal rat’s brain. The growth cones in this surface view were formed af-
ter the neuron had been dissociated and grown in tissue culture for
only two hours. Both pictures were made at the Washington Univer-
sity School of Medicine, the one at the left by J. Michael Cochran
and Mary Bartlett Bunge, the one at the right by Steven R. Rothman.

in this way, but it seems likely that it is
attributable either to the existence of dif-
ferent classes of cell-surface molecules
specifically concerned with cell-cell ori-
entation or to the selective redistribution
of surface molecules responsible for the
cell’s initial aggregation.

One of the most striking features in
the development of neurons is the
progressive elaboration of their proces-
ses, but this is only one aspect of their
differentiation. Equally important are
their adoption of a particular mode of
transmission (most neurons generate ac-
tion potentials but some show only dec-
remental transmission) and the selection
of one or the other of two modes of
interaction with other cells (either by the
formation of conventional synapses to
provide for the release of a chemical
transmitter or by the formation of gap
junctions to provide for electrical inter-
actions of cells), Neurobiologists are
only now beginning to learn something
of these more covert aspects of neuronal
differentiation, and it is becoming clear
that neurons may be considerably more
complex than had been imagined. For
example, it hasrecently been shown that
some neurons can switch from one
chemical transmitter to another (specifi-
cally from norepinephrine to acetylcho-
line) under the influence of certain envi-
ronmental factors, whereas others can
show a change in the principal ion they

use for the propagation of nerve im-
pulses at different developmental stages
(changing, for instance, from calcium to
sodium).

Rather more is known about the for-
mation of neuronal processes. Most
neurons in the brain of mammals are
multipolar, with several tapering den-
drites, which generally function as re-
ceptive processes, and a single axon,
which serves as the cell’s main effector
process. Although some cells are known
to form processes before they start mi-
grating, the majority begin to generate
processes only after reaching their final
position. Exactly what stimulates the
formation of processes is not clear.
Studies in which immature neurons
have been isolated and maintained in
tissue culture reveal that processes are
formed only when the cells are able to
adhere to an appropriate substrate and
that under these conditions the cells are
often able to form a fairly normal com-
plement of both dendrites and axons. In
some cases, in spite of the highly artifi-
cial conditions in which the neurons are
grown, the overall appearance of the
dendrites that are formed closely resem-
bles that seen in the intact brain, even
though the cells are deprived of all con-
tact with other neurons or even glial
cells. Observations of this kind suggest
that the information required for a neu-
ron to generate its distinctive dendritic
branching is genetically determined.
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It is also evident, however, that during
the normal development of the brain
most neurons are subject to a variety of
local mechanical influences that may
modify their form. Certainly the num-
ber and distribution of the inputs the
cells receive may critically affect their
final shape. A striking example of this
effect is seen in the cerebellum. The den-
drites of the most distinctive class of
neurons in the cerebellar cortex, the
Purkinje cells, normally have a charac-
teristic planar arrangement that is ori-
ented at right angles to the axons of the
granule cells that constitute their prin-
cipal input; if for any reason the usu-
al regular arrangement of the granule
cells’ axons is disrupted, the planar dis-
tribution of the dendrites of the Purkinje
cells is correspondingly altered.

The actual mechanism by which the
processes of a neuron are elongated is
now quite well understood. Most proc-
esses bear distinctive structures at their
growing ends called growth cones.
These expanded, highly motile struc-
tures, which in the living state seem to be
continually exploring their immediate
environment, are the sites where most
new material is added to the growing
process. When a process branches, it al-
most always does so by the formation of
a new growth cone. Although the evi-
dence is largely indirect, there are rea-
sons for thinking the growth cone has
encoded within (or on) it the necessary
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ONE EXPERIMENTAL APPROACH to the study of how neurons make specific patterns
of connections in the developing brain involves manipulating the projection of the retina on the
optic tectum of the midbrain. In this approach, pioneered by Roger W. Sperry of the California
Institute of Technology, the eyes of adult frogs (or tadpoles at various stages in development)
are rotated or transplanted. Later, when the optic nerve has regenerated (or when the tadpoles
have grown into frogs and the axons of the retinal ganglion cells, which comprise the optic
nerve, have made connections in the optic tectum), one can observe what effect the operation
has had on the frogs’ visual behavior; one can also map the retinal projection on the tectum
electrophysiologically. This series of drawings, based on the work of Sperry, shows first the be-
havior of a control frog with its eyes in the normal positions (a). In experiment b the right eye
had been rotated through 180 degrees; when the frog was tested some time after the optic nerve
had regenerated, the frog’s attempt to strike at a lure placed in its upper field of view was exact-
ly 180 degrees in the wrong direction. In experiment ¢ the left eye had been substituted for the
right eye, inverting only the dorsoventral axis (thick arrow); in this case the frog directed its
strike forward toward the lure, but in the direction of the lower visual field instead of the upper
one. In experiment 4 a similar transplantation had been done, but this time inverting the eye
only in the anteroposterior direction (thin arrow); the frog sensed that the lure was in the upper
visual field, but it now struck forward instead of backward. The outcome of these experiments
is consistent with the view that during regeneration the fibers of the optic nerve always grow
back to the part of the optic tectum they originally innervated, and that during normal devel-
opment they similarly “find their way” to their correct positions in the tectum. These find-
ings are best explained by the hypothesis that both the retinal ganglion cells and their target
neurons in the tectum have chemical characteristics that enable them to identify each other.
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molecular features that enable it both
to detect appropriate substrates along
which to grow and to identify appropri-
ate targets. Experiments in which neu-
rons have been grown on a variety of
artificial substrates indicate that most
processes grow preferentially along sur-
faces of high adhesiveness.

One of the least well understood prob-
lems in the entire field of developmental
neurobiology is how axons are able to
find their way. It is particularly difficult
to see how they do so when they may
have to extend for considerable dis-
tances within the brain and at one or
more points along their course deviate
either to the right or to the left, cross to
the opposite side of the brain and give
off one or more branches before finally
reaching their predetermined destina-
tion. In some systems it looks as if the
axons simply grow under the influence
of certain gradients that act along the
major axes of the brain and spinal cord;
in other systems the axons seem to be
guided by their relation to their nearest
neighbors. In many cases, however, it
appears that the growing axon has en-
coded within it a sophisticated molecu-
lar mechanismthat enables it to correct-
ly respond to structural or chemical
cues along its route.

Such directionally guided growth has
recently been demonstrated by Rita
Levi-Montalcini of the Laboratory of
Cell Biology of the National Research
Council in Rome. When she and her col-
leagues injected the protein known as
nerve-growth factor into the brain of
young rats, there was an abnormal
growth of axons from sympathetic gan-
glion cells (peripheral neurons that lie
alongside the vertebral column and are
known to be sensitive to nerve-growth
factor) into the spinal cord and up
toward the brain, apparently along the
route of diffusion of the injected nerve-
growth factor. In this case the nerve-
growth factor was acting not so much
as a trophic, or growth-promoting, sub-
stance (as it usually does) but rather as
a tropic, or direction-determining, sub-
stance, and the sympathetic nerve axons
were responding chemotropically to its
presence.

There are two other features of the
growth of nerve processes that merit
comment. The first is that most neurons
seem to generate many more processes
than are needed or than they are subse-
quently able to maintain. Hence most
young neurons bear large numbers of
short dendritelike processes, all but a
few of which are later retracted as the
cells mature. Similarly, most developing
axons appear to make many more con-
nections than are needed in the mature
state, and commonly there is a phase of
process elimination during which many
(and in some cases all but one) of the
initial group of connections are with-
drawn. The second feature is that there
is a strong tendency for axons to grow in



close association with their neighbors,
a phenomenon known as fasciculation.
Recent work suggests that the tendency
to fasciculate may be associated with
the appearance along the length of most
axons of surface ligands that enable
them to join up and grow with other
axons of a similar kind. In at least one
instance it seems that because of this
type of lateral association only the first
axon in the group needs to develop a
conventional growth cone; the other ax-
ons simply follow the leader.

Undoubtedly the most important un-
resolved issue in the development
of the brain is the question of how neu-
rons make specific patterns of connec-
tions. Earlier notions that most of the
connectivity of the brain was function-
ally selected from a randomly generat-
ed set of connections are now seen to
be untenable. Most of the connections
seem to be precisely established at an
early stage of development, and there
is much evidence that the connections
formed are specific not only for particu-
lar regions of the brain but also for par-
ticular neurons (and in some cases par-
ticular parts of the neurons) within these
regions.

Several hypotheseshave been put for-
ward to explain how this remarkable
precision is brought about. Some work-
ers have argued that it can be simply
explained on the basis that growing ax-
ons maintain the same topographical re-
lation to one another as their parent cell
bodies have. Others have suggested that
the timing of events (in particular the
time at which different groups of fibers
reach their target regions) is critical. The
one explanation that seems to fit all the
observed phenomena is the chemoaffini-
ty hypothesis, first formulated by Rog-
er W. Sperry of the California Institute
of Technology. According to this view
most neurons (or more likely most small
populations of neurons) become chemi-
cally differentiated at an early stage in
their development depending on the po-
sitions they occupy, and this aspect of
their differentiation is expressed in the
form of distinguishing labels that enable
the axons of the neurons to recognize
either a matching label or a comple-
mentary one on the surface of their tar-
get neurons.

Although the problem is a general one
affecting all parts of the nervous system,
it has been most intensively studied in
two systems: the innervation of the limb
musculature by the relevant motor neu-
rons in the spinal cord and the projec-
tion of the ganglion cells in the retina of
the eye to their principal terminus in
the brain of lower vertebrates, the optic
tectum. Studies of muscle innervation
indicate that under normal circumstan-
ces small populations of motor neurons,
called motor-neuron pools, become seg-
regated at an early stage in develop-
ment, and that each motor-neuron pool

preferentially innervates a specific limb
muscle, few errors being made in the
process. Although the specificity of the
innervation pattern is normally precise,
it is not absolute. Hence if a supernu-
merary hindlimb from a donor chick
embryo is transplanted alongside the
normal hindlimb of a host embryo, the
muscles in the supernumerary limb in-
variably become innervated by motor-
neuron pools that normally innervate ei-
ther parts of the trunk or the limb-girdle
musculature. The pattern of innervation
is clearly aberrant, but the fact that the
muscles in the transplanted limb are
always innervated by the same popula-
tions of cells strongly suggests that even
under these unusual conditions the ax-
ons of the motor neurons obey some (as
yet unidentified) set of rules.

The retinotectal system has proved to
be particularly advantageous for the
analysis of the problem. In amphibians
it is possible at the embryonic and larval
stages to carry out a variety of experi-
mental manipulations such as rotating
the eye, making compound eyes with
pieces of tissue obtained from different
segments of two or more retinas and ab-
lating or rotating parts of the tectum.
Later, when the system is fully devel-
oped, it is quite easy to determine the
connections formed by the retinal gan-
glion cells anatomically, electrophysio-
logically or behaviorally. Furthermore,
in fishes and amphibians the optic nerve
(which is formed by the axons of the
retinal ganglion cells) is capable of re-
generation after its fibers have been in-
terrupted, so that it is possible to carry
out many of the same kinds of experi-
mental manipulation in juvenile or adult
animals. Since there is now a vast body
of literature on this system, only some
of the major findings can be summa-
rized here.

Perhaps the most important findings
to have emerged from this work
come from two main groups of experi-
ments. In the first group of experiments
an optic nerve was cut in frogs and sal-
amanders, and the eye was rotated
through 180 degrees. In the other experi-
ments portions of the optic tectum of
goldfish and frogs were excised and the
excised portions were either rotated or
transferred to another part of the tec-
tum. In both groups of experiments the
regenerating fibers of the optic nerve
could be shown, either electrophysio-
logically or behaviorally, to have grown
back to the same parts of the tectum
as those they originally innervated. The
simplest explanation for this finding is
that the axons of the ganglion cells and
their target neurons in the optic tectum
are labeled in some way, and that the
regenerating axons grow back until they
“recognize” the appropriate labels on
the neurons in the relevant part of the
optic tectum.

It is difficult to refute the argument
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that under such circumstances the fibers
from different parts of the retina had
earlier “imprinted” themselves on the
related groups of tectal cells, and that
the axons or the tectal neurons simply
“remembered” their previous position.
There is some evidence to suggest, how-
ever, that a similar mechanism may ac-
count for the initial development of the
system. If the developing eye of a frog is
rotated before a certain critical stage in
development, the resulting projection of
the retina on the tectum tends to be nor-
mal. If the rotation is done after the crit-
ical period, however, the retinal projec-
tion is invariably rotated to the same
degree. Similarly, if the entire embryon-
ic optic tectum is rotated by 180 degrees
in the head-to-tail dimension (together
with a portion of the forebrain that lies
just in front of it), the retinal projection
that is formed is again inverted.

These experiments suggest that there
is a certain stage in the development of
most neural centers during which they
become topographically polarized in
such a way that the constituent neurons
acquire some determining characteristic
that establishes the spatial organization
of the projection as a whole. Marcus
Jacobson of the University of Miami
School of Medicine showed some years
ago that in the clawed frog Xenopus lae-
vis the retina becomes polarized in this
way at about the time the first ganglion
cells withdraw from the mitotic cycle.
Although at this stage only about 1 per-
cent of the ganglion cells are present,
the entire future patterning of the retin-
al projection on the tectum seems to be
established at the same time. It is not at
all clear how neurons acquire positional
information of this type or how it is ex-
pressed in the outgrowth of their proc-
esses. It appears, however, that the po-
larity-determining mechanisms are not
confined to the nervous system but oper-
ate throughout the organism. R. Kevin
Hunt of Johns Hopkins University and
Jacobson have found that if a develop-
ing eye is transplanted into the flank
of a larval frog before the period of
axial specification and allowed to pass
through the critical period in this abnor-
mal position, then when it is retrans-
planted into the orbit, or eye socket, the
ganglion cells form connections within
the optic tectum that reflect the orienta-
tion of the eye during the period it was in
the flank, rather than its position after it
was replaced in the orbit.

When a growing axon reaches its ap-
propriate target, whether it is another
group of neurons or an effector tissue
such as a collection of muscle or gland
cells, it forms specialized functional
contacts—synapses—with these cells. It
is at such sites that information is trans-
mitted from one cell to another, usually
through the release of small quantities
of an appropriate transmitter [see “The
Chemistry of the Brain,” by Leslie L.
Iversen, page 134]. A large body of phe-
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WHISKERS AND BARRELS in a young mouse are one of many systems that have been found
to demonstrate the critical dependence of the developing nervous system on its inputs. The
whiskers in this case are the sensory hairs on a mouse’s snout; the barrels are specialized aggre-
gations of neurons in the fourth layer of the mouse’s cerebral cortex. Each barrel receives its
input from a single whisker on the opposite side of the mouse’s snout (a). If one row of whiskers
is destroyed shortly after birth, the corresponding row of barrels in the cerebral cortex will later
be found to be missing and the adjoining barrels to be enlarged (b, ¢). If all the whiskers are
destroyed, the entire group of barrels will have disappeared (d). There must be a considerable
degree of plasticity in the developing cortex, since the fibers that innervate the whiskers are not
directly connected to the cortex but are linked to it through at least two synaptic relays. Illus-
tration is based on work of Thomas A. Woolsey of Washington University School of Medicine.
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nomenological evidence suggests that at
synapses there is an important two-way
transfer of substances essential for the
survival and normal functioning of both
the presynaptic and the postsynaptic
cells. These substances, which are col-
lectively referred to as trophic factors,
are for the most part hypothetical; only
one (nerve-growth factor) has been
identified and chemically characterized.
This substance, which was first identi-
fied by Viktor Hamburger and Levi-
Montalcini at Washington University in
the 1950’s, has been found to be a pro-
tein that normally exists in the form of a
pair of identical amino acid chains, each
with a molecular weight of slightly more
than 13,000 daltons.

Although the mode of action of
nerve-growth factor has not yet been de-
fined, it is known to be essential for the
growth and survival of sympathetic gan-
glion cells, and during development it
specifically promotes the outgrowth of
processes from these and from certain
spinal ganglion cells. In addition, as I
have already noted, in some cases it may
influence the directed outgrowth of
sympathetic nerve fibers. Conversely, if
an antibody to nerve-growth factor is
administered to newborn mice, it leads
to the destruction of the entire sympa-
thetic nervous system. Even in adult an-
imals nerve-growth factor appears to
be continually supplied to sympathetic
neurons by their target tissues, the pro-
tein being taken up by the terminal por-
tions of their axons and transported
back to the cell body. If the supply is
interrupted by cutting the axons of the
sympathetic neurons, their functional
iutegrity is seriously disturbed and the
synapses that end on the cells are
promptly withdrawn. It seems probable
that in the next few years several other
substances of this kind will be isolat-
ed, and it may well be shown that most
classes of neurons are dependent on a
specific agent for their survival and for
the directed growth of their processes.

It has become evident in recent years
that the development of many struc-
tures and tissues is sculptured by highly
programmed phases of cell death. This
is true also of the developing brain. In
many regions of the brain the number of
neurons originally generated greatly ex-
ceeds the number of neurons that sur-
vive beyond the developmental period.
In each region for which quantitative
data are available it has been found that
the number of neurons is adjusted dur-
ing a phase of selective cell death that
always occupies a predictable period
(usually at about the time when the pop-
ulation of neurons as a whole is forming
synaptic connections with its target tis-
sue). It is not known whether this phe-
nomenon operates in every part of the
brain (it has been studied mainly in
small groups of cells), but in those where
it has been documented it involves be-



tween 15 and 85 percent of the initial
neuronal population.

It seems, therefore, that in many parts
of the brain the final size of the neuronal
population is established in two stages:
an early stage in which a comparatively
large number of cells are generated, and
a later stage in which the number of neu-
rons is adjusted to match the size of the
field they innervate. It is commonly as-
sumed that the limiting factor determin-
ing the final number of cells is the num-
ber of functional contacts available to
the axons of the developing neurons.
Certainly if one experimentally reduces
the size of the projection field, the mag-
nitude of the naturally occurring cell
death is accentuated to a proportional
degree. In the case of the spinal mo-
tor neurons that innervate the hindlimb
musculature it has been possible to re-
duce the amount of cell death in chick
embryos by experimentally adding a su-
pernuinerary limb. Recent experiments
suggest, however, that it may not be the
formation of connections that is critical
but rather the amount of trophic materi-
al available to the cells.

At a somewhat later stage in develop-
ment there is a second adjustment, not in
the size of the neuronal population as a
whole but in the number of processes
its cells maintain. The phenomenon of
process (and synapse) elimination was
first observed in the innervation of the
limb muscles in young rats. Whereas in
mature animals most muscle cells are
innervated by a single axon, during the
first postnatal week as many as five or
six separate axons can be shown to form
synapses with each muscle fiber. Over
the course of the next two or three weeks
the additional axons are successively
eliminated, until only one axon survives.
A comparable phase of process elimina-
tion has also been found in certain neu-
ron-to-neuron connections both in the
peripheral nervous system and in the
brain. To cite just one example, in the
cerebellum of adult animals each Pur-
kinje cell receives only a single incoming
nerve fiber of the class known as climb-
ing fibers, but during the immediate
postnatal period several such fibers may
contact each Purkinje cell. Except in
certain genetic mutations that affect the
cerebellum all but one of these fibers are
eliminated.

The finding that many early processes
are later eliminated raises an interest-
ing question: What determines which
processes survive and which are elimi-
nated? At present one can only surmise
that during development fibers compete
among themselves in some way. There is
evidence to suggest that one factor that
may give some fibers a competitive edge
over the others is their functional activi-
ty. Certainly in many systems the final
form of the relevant neuronal popula-
tions emerges only gradually from a
rather amorphous structure, and it is of-
ten possible to alter markedly the final

appearance of the structure and its con-
nections by interfering with its function
during certain critical periods in its de-
velopment. Two examples drawn from
the sensory areas of the cerebral cortex
will serve to make this point.

In the macaque monkey information
from the retina reaches the fourth layer
of the visual cortex by way of a structure
called the lateral geniculate nucleus. At
this level in the cortex the inputs from
the two eyes are quite separate, a fact
that has been directly demonstrated in
experimental animals by injecting large
amounts of a radioactively labeled ami-
no acid into one eye. The retinal gangli-
on cells take up the labeled amino acid,
incorporate it into protein and transport
it to the lateral geniculate nucleus. Here
some fraction of the label is released
and becomes available for incorpora-
tion by the geniculate cells, which can
then transport it along their axons to the
visual cortex. In suitably prepared auto-
radiographs (in which the distribution
of the labeled fibers reaching the cor-
tex can be visualized) it is evident that
the primary visual area is arranged into
alternating eye-dominance bands, each
band about 400 micrometers wide, that
receive their input from either the right
eye or the left eye. David H. Hubel, Tor-
sten N. Wiesel and Simon LeVay of the
Harvard Medical School have shown
that if the eyelids of one eye of an exper-
imental animal are sutured shut shortly
after birth (so that the retina of the eye
is never exposed to patterned illumina-
tion), the eye-dominance bands connect-
ed to the deprived eye are much narrow-
er than normal bands. At the same time
the bands connected with the open eye
are correspondingly wider (the overall
width of two adjoining bands remaining
constant).

This result appears to be brought
about partly by the shrinkage of the eye-
dominance bands connected to the de-
prived eye, accompanied by a second-
ary expansion of those associated with
the nondeprived, normal eye, and part-
ly by the persistence of an earlier, more
widespread distribution of the fibers
from the nondeprived eye. If the inputs
from the two eyes are examined at dif-
ferent stages in development, it can be
shown that when the fibers from the
lateral geniculate nucleus first reach the
visual cortex, the inputs from one eye
extensively overlap those from the oth-
er. It is not until about the end of the first
postnatal month thatthe eye-dominance
bands become clearly defined. In the
light of this discovery (and the results of
experiments in which the deprived eye is
reopened and the other eye is sutured
shut) it seems likely that the effect of
visual deprivation is to place geniculo-
cortical cells that are connected with a
deprived eye at some disadvantage, so
that they become less effective in com-
peting for synaptic sites on the target
cells in the fourth layer of the cortex.
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In the corresponding layer in the sen-
sory cortex of the mouse the cells are
arranged in a number of distinctive
groupings called barrels. Physiological
studies have shown that each barrel re-
ceives its input from a single whisker on
the opposite side of the mouse’s snout,
the whiskers being among the most im-
portant sense organs in mice. Thomas
A. Woolsey of the Washington Univer-
sity School of Medicine, who first recog-
nized the importance of the barrels, has
found that if a small group of whiskers
is removed during the first few days
after birth, the corresponding group of
barrels in the cortex fails to develop.
This is a particularly interesting finding
because there are at least two interven-
ing groups of neurons between the sen-
sory neurons that innervate the whiskers
and the neurons that constitute the corti-
cal barrels.

These and many other observations
make it clear that the developing brain
is an extremely plastic structure. Al-
though many regions may be “hard-
wired,” others (such as the cerebral cor-
tex) are open to a variety of influences,
both intrinsic and environmental. The
ability of the brain to reorganize itself in
response to external influences or to lo-
calized injury is currently one of the
most active areas in neurobiological
research, not only because of its obvi-
ous relevance for such phenomena as
learning and memory, and its bearing
on the capacity of the brain to recover
after injury, but also because of what it
is likely to reveal about normal brain
development.

Finally, it is worth pointing out that
the development of the brain, like
the development of most other bio-
logical structures, is not without er-
ror. I have already indicated that errors
may appear during neuronal migration.
There are also several known cases in
which errors are made during the for-
mation of connections. In the visual sys-
tem it has been noted by a number of
workers that some optic-nerve fibers
that should cross the midline in the op-
tic chiasm grow back aberrantly to the
same side of the brain. In some of these
situations if one eye is removed from an
experimental animal early in develop-
ment, the number of aberrantly direct-
ed fibers can be considerably increased.
Since such aberrant fibers are often not
seen in the mature brain, it looks as if
the misdirected axons (and whatever in-
appropriate connections they form) are
eliminated at later stages in develop-
ment. How they are recognized as being
erroneous and how they are subsequent-
ly removed remains a puzzle. Consider-
ing the complexity of the developmental
mechanisms involved, it is hardly sur-
prising that errors are found. What is
surprising is that they appear infre-
quently and that they are often effective-
ly eliminated.
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The Chemistry of the Brain

Signals are sent from one neuron to another by diverse chemical

cransmitters. These chemical systems, overlaid on the neuronal

circuits of the brain, add another dimension to brain function

eurons share the biochemical
N machinery of all other living

cells, including the ability to
generate chemical energy from the oxi-
dation of foodstuff and to repair and
maintain themselves. Among the spe-
cialized features they possess and other
cells do not are those that have to do
with the special function of neurons as
transmitters of nerve impulses, such as
their need to maintain ionic gradients,
involving a high rate of energy con-
sumption, and those associated with the
ability of neurons to manufacture and
release a special array of chemical mes-
sengers known as neurotransmitters. At
synapses, the microscopic regions of
close proximity between the terminal
of one neuron and the receiving sur-
face of another, the arrival of an im-
pulse causes a sudden release of mol-
ecules of transmitter from the terminal.
The transmitter molecules then diffuse
across the fluid-filled gap between the
two cells and act on specific receptor
sites in the postsynaptic membrane,
thereby altering the electrical activity of
the receiving neuron.

Some 30 different substances are
known or suspected to be transmitters in
the brain, and each has a characteristic
excitatory or inhibitory effect on neu-
rons. The transmitters are not randomly
distributed throughout the brain but are
localized in specific clusters of neurons
whose axons project to other highly spe-
cific brain regions. The superimposition
of these diverse chemically coded sys-
tems on the neuronal circuitry endows
the brain with an extra dimension of
modulation and specificity.

Considerable progress has been made
in recent years in characterizing the var-
ious transmitter substances (although
many more undoubtedly remain to be
discovered), in mapping their distribu-
tion in the brain and in elucidating the
molecular events of synaptic transmis-
sion. Such research has revealed that
the behavioral effects of many drugs
and neurotoxins arise from their abili-
ty to disrupt or modify chemical trans-
mission between neurons. It has also
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hinted that the causes of mental illness
may ultimately be traced to defects in
the functioning of specific transmitter
systems in the brain.

In terms of general energy metabolism
the brain is the most active energy
consumer of all body organs, a fact re-
flected in its large blood supply and oxy-
gen uptake. Although the human brain
represents only 2 percent of the total
body weight, its rate of oxygen utiliza-
tion (50 milliliters per minute) accounts
for 20 percent of the total resting utiliza-
tion of oxygen. This enormous expendi-
ture of energy is thought to be due to
the need to maintain the ionic gradients
across the neuronal membrane on which
the conduction of impulses in the bil-
lions of brain neurons depends. More-
over, there is no respite from this energy
demand: the rate of brain metabolism
is relatively constant day and night and
may even increase somewhat during the
dreaming phases of sleep. To put mat-
ters in perspective, however, the total
energy equivalent of brain metabolism
is only some 20 watts.

An important recent advance in stud-
ies of energy metabolism in the brain
is the development by Louis Sokoloff
and his colleagues at the National Insti-
tute of Mental Health of a method that
makes it possible to visualize the rate of
energy metabolism in brain cells. Neu-
rons adjust the rate at which they take
up glucose to fulfill their metabolic
needs at the time. Hence active neu-
rons take up glucose more rapidly than
quiescent ones. The glucose taken up
is normally metabolized rapidly, but a

chemical analogue of glucose, 2-deoxy-
glucose, is taken up into the cells by the
same uptake mechanism but is not me-
tabolized there. If radioactively labeled
deoxyglucose is injected into the blood-
stream, it will accumulate in neurons,
and the rate at which it accumulates can
serve as an indicator of the cells’ meta-
bolic activity. The accumulation of ra-
dioactive deoxyglucose can be seen and
measured by placing thin sections of
frozen brain on radiation-sensitive film.
Areas that are rich in labeled material
show up when the film is developed.
The technique has opened an entirely
new realm in brain research, since it
makes it possible to detect what cells in
the brain were active during a given ex-
perimental procedure. For example, the
precise areas of the brain receiving visu-
al inputs from the left or right eye can
be visualized by flashing a light into
one eye or the other.

Whereas the other body organs are
able to utilize a variety of alternative
fuels (such as sugars, fats and amino ac-
ids), neurons can utilize only blood glu-
cose. Moreover, whereas tissues such as
muscle are able to function for short pe-
riods in the absence of oxygen, the brain
is entirely dependent on oxidative me-
tabolism. If the supply of oxygenated
blood to the brain is interrupted, con-
sciousness is lost within 10 seconds and
permanent damage to the brain ensues.
Similar effects result from any condition
that lowers blood glucose, such as when
a diabetic injects himself with an over-
dose of insulin. Although elaborate con-
trol mechanisms ensure that the blood
pressure will remain stable and that

NEURONS CONTAINING NOREPINEPHRINE, a chemical transmitter in the brain, glow
brilliantly in this section of rat brain viewed in the fluorescence microscope. The norepineph-
rine-containing cells, situated in a region of the brain stem called the locus coeruleus, were
made visible by reacting them with glyoxylic acid, which converts norepinephrine into a fluo-
rescent chemical derivative. Thousands of other neurons are also present in the field, but be-
cause they contain other transmitters they are not visible. The norepinephrine neurons in the
locus coeruleus project their axons to many parts of the brain, including the cerebellum and
the forebrain. They are thought to be involved in sleep, mood and brain reward. Micrograph
was made by Floyd E. Bloom, Gary S. Jones and Jacqueline F. McGinty of the Salk Institute.
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—Lidocaine fails to control ven-
tricular arrhythmias in as many as
20 percent of acute M.I. patients.
Procainamide, given by a bolus
and continuous infusion method,
is effective in most of these cases.

—Poorly ventilated recreational
vehicles are a new, significant car-
bon monoxide poisoning hazard.

—Cerebral embolism, producing
both transient ischemic attacks

and permanent strokes, is a com-
plication of mitral valve prolapse.

—Spectinomycin is effective
for disseminated gonococcal
disease caused by penicillinase-
producing organisms.
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—Adenine arabinoside has been
licensed for treatment of herpes
simplex encephalitis.
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CHEMICAL TRANSMISSION across the synapse, the narrow gap
between two neurons in the brain, involves an elaborate sequence of
molecular events. Here the process of transmission at a norepineph-
rine synapse is diagrammed. First norepinephrine is manufactured
from the amino acid tyrosine in three steps, each of which is cata-
lyzed by an enzyme. The transmitter is then stored within membrane-
bound vesicles in association with storage proteins (indicated by green
pathways). The arrival in the axon terminal of a nerve impulse trig-
gers an influx of calcium ions, which induces the release of norepi-
nephrine from the vesicles into the synaptic space (red pathways).

138

The liberated transmitter molecules bind to specific receptor proteins
embedded in the postsynaptic membrane, triggering a series of reac-
tions that culminate in short-term (electrical) and long-term effects
on the receiving neuron (purple pathways). The action of norepineph-
rine is then terminated by a variety of means, including rapid reup-
take of the transmitter into the axon terminal and degradation by en-
zymes (blue pathways). The release of some norepinephrine into the
synaptic space activates presynaptic receptors on the axon terminal,
initiating production of cyclic AMP, which activates protein kinase,
thus stimulating more norepinephrine production (orange pathway).
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there will be constant levels of oxygen
and glucose in the blood, it seems clear
that the enormous behavioral flexibility
made possible by the expanded size and
capacity of the mammalian brain has
been acquired during evolution at a high
metabolic cost.

A cells go, neurons are exceedingly
sensitive: their function can be dis-
rupted by toxic substances that find their
way into the bloodstream and also by
small molecules that are normally pres-
ent in the blood, such as amino acids.
This sensitivity may explain why the
brain is isolated from the general circu-
lation by the selective filtration system
known as the blood-brain barrier. The
effectiveness of the barrier is due to the
relative impermeability of the blood
vessels in the brain and to the presence
of tight sheaths of glial cells (the sup-
porting cells of the brain) around the
blood vessels. Although small mole-
cules such as those of oxygen can pass
readily through the barrier, most of the
larger molecules required by brain cells,
such as those of glucose, must be active-
ly taken up by special transport mecha-
nisms. The blood-brain barrier has im-
portant consequences for the design of
drugs that act directly on the brain: if
such substances are to cross the bairier,
their molecules must be either very
small or readily soluble in the fatty
membranes of the glial cells. A few se-
lect regions of the brain are not shieided
by the blood-brain barrier; they include
structures that are specifically respon-
sive to blood-borne hormones or whose
job it is to monitor the chemical compo-
sition of the blood.

Within individual neurons other
transport problems are presented by the
fact that part of the cell is represented by
extended thin fibers. The axon that car-
ries the nerve impulse away from the
cell body of a neuron can be millimeters
or centimeters long. The neurons of the
adult brain cannot be replaced and must
last a lifetime, so that there must be
mechanisms to renew all their compo-
nents. This requirement calls for the
synthesis by the cell of enzymes and
other-complex molecules, and such syn-
thesis can proceed only in the region
of the cell nucleus, that is, in the cell
body of the neuron. Therefore replacing
the components of the axon requires a
means of transporting components sub-
stantial distances within the cell. Indeed,
there is a constant movement of proteins
and other components from the cell
body down the entire length of the axon.

This phenomenon of axonal transport
was discovered more than 30 years ago
by Paul A. Weiss and his colleagues at
the University of Chicago. Until that
time it was generally assumed that the
axoplasm—the jellylike fluid inside the
axon—was merely an inert mechanical
support for the excitable membrane that
propagated the nerve impulse. When

SPINE SYNAPSE

DENDRITE -

MITOCHONDRION

DENDRITES

SYNAPTIC VESICLES
SPINE

EXCITATORY SYNAPSE

POSTSYNAPTIC
DENSITY

DENDRITE

INHIBITORY SYNAPSE

AXON

SYNAPSES impinging on a typical neuron in the brain are either excitatory or inhibitory, de-
pending on the type of transmitter that is released. Such synapses can be distinguished mor-
phologically in the electron microscope: excitatory synapses tend to have round vesicles and a
continuous dense thickening of the postsynaptic membrane, and inhibitory synapses tend to
have flattened vesicles and a discontinuous postsynaptic density. Synapses can also be classified
according to their position on the surface of the receiving neuron. They may be on the cell
body, on the trunk of the dendrites, on “spines” projecting from the dendrites or on the axon.
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Weiss constricted the axon at a given
point, however, he found that after sev-
eral days the fiber bulged out on the side
of the constriction toward the cell body
and narrowed on the side away from the
cell body. When he released the con-
striction, the dammed-up axoplasm re-
sumed its flow.

It is now known that the axoplasm is
an artery for a busy molecular traffic
moving in both directions between the
cell body of the neuron and its axon ter-
minals. There are several different sys-
tems involved, including a slow-trans-
port system in which material flows
away from the cell body at a speed of
about a millimeter a day, and a faster-
transport system in which material flows
in both directions at speeds of between
10 and 20 centimeters a day. The slow-
transport system represents a bulk flow
of axoplasm carrying components im-
portant for the growth and regeneration
of the axon; the faster-transport system
represents the flow of more specialized
cellular components, including some of
the enzymes involved in the manufac-
ture of transmitters.

It is not yet understood how such dif-
ferential rates of transport are achieved,
but both the slow and the fast mecha-
nisms seem to involve the numerous
fibrous proteins in the axon that are
visible in electron micrographs. By fol-
lowing the transport of radioactively la-
beled proteins outward along axons it
has been possible to trace the precise
anatomical connections between neu-
rons in the brain. The connections be-
tween the terminals of a neuron in one
region of the brain and the cell body in
another region can also be mapped by
means of the enzyme horseradish perox-
idase, which has the special ability to
travel rapidly up the axon in a retro-
grade fashion.

he functional chemistry of the brain

is exceedingly difficult to study. Not
only are the transmitter substances pres-
ent in vanishingly small quantities but
also the brain tissue is structurally and
chemically so complex that it is not easy
to isolate a given transmitter system for
examination. New techniques have been
developed, however, to overcome these
formidable obstacles. One major ad-
vance came in the early 1960’s with the

AXONAL TRANSPORT is responsible for
moving cellular components such as vesicles
and enzymes from their site of manufacture
in the neuronal cell body to the axon termi-
nals, which may be millimeters or centimeters
away. Transport in the retrograde direction
from the axon terminals to the cell body car-
ries factors essential to health of the neuron.
Axonal transport can be exploited to trace
pathways by observing the movement along
axons of radioactively labeled molecules or
of enzymes such as horseradish peroxidase.
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discovery by Victor P. Whittaker of the
University of Cambridge and Eduardo
De Robertis of the University of Buenos
Aires that when brain tissue is gently
disrupted by being homogenized in a
sugar solution, many of the nerve termi-
nals break away from their axons and
form intact, closed particles named syn-
aptosomes. The synaptosomes contain
the mechanisms of synthesis, storage,
release and transmitter inactivation as-
sociated with the nerve terminal, and
they can be purified from the other neu-
ronal components by spinning them in a
centrifuge. This technique has enabled
neurochemists to study the mechanisms
of synaptic transmission in the test tube.

Perhaps the most far-reaching techni-
cal advance has been the development
of methods that allow for the selective
staining of neurons containing a particu-
lar transmitter. One approach is to con-
vert the natural transmitter into a fluo-
rescent derivative that will glow when it
is exposed to ultraviolet radiation in the
fluorescence microscope. A second ap-
proach is to inject radioactively labeled
molecules of a transmitter into the brain
of an experimental animal, where they
are selectively taken up by the nerve ter-
minals that release that transmitter; the
radioactive terminals can then be de-
tected by placing thin sections of the tis-
sue on radiation-sensitive film. A third
approach exploits the high specificity of
antibodies. An enzyme involved in the
synthesis of a particular transmitter is
purified from brain tissue and injected
into an experimental animal, where it
induces the manufacture of antibodies
that combine with it specifically. The
antibodies are then purified, labeled
with a fluorescent dye or some other
marker and utilized to selectively stain
neurons containing the relevant enzyme.

These selective-staining techniques
have provided a flood of information
about the detailed anatomical distribu-
tion of individual transmitters in the
complex neuronal circuits of the brain.
They have revealed that the transmitters
are not distributed diffusely throughout
the brain tissue but are highly localized
in discrete centers and pathways. The
best-mapped transmitters are the mono-
amines norepinephrine, dopamine and
serotonin (so named because each con-
tains a single amine group). As was first
shown by Bengt Falck of the Universi-
ty of Lund and Nils-Ake Hillarp of the
Karolinska Institute in Sweden, neurons
containing monoamines will fluoresce
green or yellow if the transmitters are
converted into fluorescent derivatives
by reacting them with formaldehyde or
glyoxylic acid. Such studies have dem-
onstrated that many of the norepineph-
rine-containing cells in the brain are
concentrated in the small cluster of neu-
rons in the brain stem known as the lo-
cus coeruleus. The axons of these neu-
rons are highly branched and project to



diverse regions, such as the hypothala-
mus, the cerebellum and the forebrain.
The norepinephrine system has been im-
plicated in the maintenance of arousal,
in the brain system of reward, in dream-
ing sleep and in the regulation of mood.

The neurons containing the mono-
amine transmitter dopamine are con-
centrated in the regions of the midbrain
known as the substantia nigra and ven-
tral tegmentum. Many of the dopamine-
containing neurons project their axons
to the forebrain, where they are thought
to be involved in regulating emotional
responses. Other dopamine fibers termi-
nate in the region near the center of the
brain called the corpus striatum. In the
corpus striatum dopamine appears to
play a crucial role in the control of com-
plex movements. The degeneration of
the dopamine fibers projecting to this
region gives rise to the muscular rigidity
and tremors of Parkinson’s disease.

The monoamine transmitter seroto-
nin is concentrated in the cluster of neu-
rons in the region of the brain stem
known as the raphe nuclei. The neurons
of this center project to the hypothala-
mus, the thalamus and many other brain
regions. Serotonin is thought to be in-
volved in temperature regulation, senso-
ry perception and the onset of sleep.

Many other transmitters have been
identified, some of which are designated
“putative” because their involvement in
synaptic transmission in the brain is still
somewhat equivocal. For example, sev-
eral amino acids—the building blocks of
proteins—appear to act as transmitters.
The common and abundant amino acids
glutamic acid and aspartic acid exert
powerful excitatory effects on most neu-
rons and may well be the commonest
excitatory transmitters at brain synap-
ses. The simplest of all amino acids, gly-
cine, is known to be an inhibitory trans-
mitter in the spinal cord.

he commonest inhibitory transmit-

ter in the brain is gamma-aminobu-
tyric acid (GABA), an amino acid that is
not incorporated into proteins. GABA is
unique among amino acids in that it is
manufactured almost exclusively in the
brain and spinal cord. It has been esti-
mated that as many as a third of the
synapses in the brain employ GABA
as a transmitter. Neurons that contain
GABA can be identified in two ways: by
labeling them with radioactive GABA
or by staining them with antibodies
against glutamic acid decarboxylase,
the enzyme that catalyzes the manufac-
ture of GABA. It is of interest to note
that glutamic acid is a candidate excit-
atory transmitter in the brain, whereas
GABA, which differs from it by a single
chemical group, is an inhibitory trans-
mitter. Clearly slight differences in the
molecular structure of transmitters can
give rise to completely different physio-
logical effects.

The investigation of GABA mecha-
nisms in the brain has been stimulated in
recent years by the discovery by Thom-
as L. Perry of the University of British
Columbia that a specific deficit in brain
GABA occurs in Huntington’s chorea,
which is an inherited neurological syn-

MONOAMINES

DOPAMINE
A

ACETYLCHOLINE

HISTAMINE

drome. The uncontrolled movements of
the disease are caused by progressive
deterioration of the corpus striatum in
middle life. Postmortem analysis has re-
vealed that the brain damage involves a
loss of inhibitory neurons that normally
contain GABA, suggesting that a deficit

AMINO ACIDS

GAMMA-AMINOBUTYRIC ACID (GABA)

GLUTAMIC ACID

GLYCINE
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TRANSMITTER CHEMICALS tend to be small molecules that incorporate a positively
charged nitrogen atom. Each has a characteristic excitatory or inhibitory effect on neurons, al-
though some transmitters are excitatory in one part of the brain and inhibitory in another. His-
tamine and taurine are considered putative transmitters because the experimental evidence for
them is not yet complete. According to Dale’s principle only one transmitter is released from
all the terminals of an axon. Exceptions to this principle, however, have been found recently.
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of the transmitter might be specifical-
ly responsible for the disease. Unfor-
tunately attempts to treat patients by
replacing the missing brain GABA is
currently not possible, since GABA
analogues that are capable of penetrat-
ing the blood-brain barrier have not yet
been developed.

Recently GABA has also been impli-
cated as a likely target for the actions of
antianxiety agents such as diazepam
(Valium) and other drugs of the benzo-
diazepine class. The benzodiazepines
are the most widely prescribed of all
psychoactive drugs, and their mecha-
nism of action has hitherto not been
known. The available evidence suggests
that these drugs increase the effective-
ness of GABA at its receptor sites in the
brain. Although specific diazepam bind-
ing sites have been identified in the brain
that are clearly distinguishable from the
GABA receptors, the two types of re-
ceptors appear to interact. The intrigu-
ing possibility exists that the brain con-
tains some undiscovered substance that
normally acts on the diazepam recep-
tors, perhaps a natural anxiety-produc-
ing or -relieving compound.

n addition to identifying the molecu-

lar structure and anatomical distri-
bution of the various transmitter sub-
stances, neurochemists have made large
strides in understanding the precise se-
quence of biochemical events involved
in synaptic transmission. The process of
chemical transmission requires a series
of steps: transmitter synthesis, storage,
release, reaction with receptor and ter-
mination of transmitter actions. Each of
these steps has been characterized in de-
tail, and drugs have been discovered
that selectively enhance or block specif-
ic steps. This research has yielded in-
sight into the mechanism of action of

MESCALINE

HALLUCINOGENIC DRUGS show a strong structural resem-
blance to the monoamine transmitters, suggesting that they may ex-
ert their potent effects on consciousness by mimicking these natural
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psychoactive drugs and also into how
certain neurological and mental disor-
ders might be related to specific defects
in synaptic mechanisms.

The first step in chemical transmission
is the synthesis of the transmitter mole-
cules in the nerve terminals. Each neu-
ron usually possesses only the biochemi-
cal machinery it needs to make one kind
of transmitter, which it releases from all
the terminals of its axon. The transmit-
ter molecules are not manufactured de
novo but are prepared by the modifica-
tion of a precursor molecule, usually an
amino acid, through a series of enzymat-
ic reactions.

The manufacture of a transmitter may
require one enzyme-catalyzed step (as
in the case of acetylcholine) or as many
as three steps (for norepinephrine). In
the synthesis of norepinephrine the start-
ing material is the amino acid tyrosine,
which is taken up into the nerve ter-
minal from the bloodstream. Tyrosine
is first converted into the intermediate
substance L-DOPA; a second enzyme
then converts L-DOPA into dopamine
(a transmitter in its own right); a third
enzyme converts dopamine into norepi-
nephrine.

After the molecules of the transmitter
have been manufactured they are stored
in the axon terminal in the tiny mem-
brane-bound sacs called synaptic vesi-
cles. There may be thousands of syn-
aptic vesicles in a single terminal, each
of which contains between 10,000 and
100,000 molecules of the transmitter.
The vesicles serve to protect the trans-
mitter molecules from enzymes inside
the terminal that would otherwise de-
stroy them.

The arrival of a nerve impulse at an
axon terminal causes large numbers of
transmitter molecules to be discharged
from the terminal into the synaptic

PSILOCYBIN

? PHOSPHORUS

-
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space. The mechanism of release is still
controversial: some investigators be-
lieve the synaptic vesicles fuse directly
with the presynaptic membrane and dis-
charge their contents into the synaptic
space; others contend that a mobile pool
of transmitter molecules is liberated
through special channels. In any case the
nerve impulse is known to trigger re-
leasc by increasing the permeability of
the nerve terminal to calcium ions,
which then rush into the terminal and
activate the release mechanism.

he released transmitter molecules

travel rapidly across the fluid-filled
space between the axon terminal and
the membrane of the receiving neuron.
There they interact with specific recep-
tor sites on the postsynaptic membrane.
The receptors are actually large protein
molecules embedded in the semifluid
matrix of the cell membrane, with parts
sticking out above and below the mem-
brane like floating icebergs. A region on
the surface of the receptor protein is
precisely tailored to match the shape
and configuration of the transmitter
molecule, so that the latter fits into the
former with the precision and specificity
of a key entering a lock.

The interaction of the transmitter
with its receptor alters the three-dimen-
sional shape of the receptor protein,
thereby initiating a sequence of events.
The interaction may cause a neuron to
become excited or inhibited, a muscle
cell to contract or a gland cell to manu-
facture and secrete a hormone. In each
case the receptor translates the message
encoded by the molecular structure of
the transmitter molecule into a specific
physiological response. Some of the re-
sponses, such as the contraction of vol-
untary muscle, take place in a fraction
of a second; others, such as the secretion

LYSERGIC ACID
DIETHYLAMIDE (LSD)

transmitters at synaptic receptors in the brain. Mescaline possesses
the benzene-ring structure of dopamine and norepinephrine, and psi-
locybin and LSD incorporate the indole-ring structure of serotonin.



of a hormone, require a span of minutes
and sometimes hours.

Many transmitter receptors have two
functional components: a binding site
for the transmitter molecule and a pore
passing through the membrane that is
selectively permeable to certain ions.
The binding of the transmitter to the re-
ceptor changes its shape so that the pore
is opened and ions inside and outside the
cell membrane flow down their concen-
tration gradients, resulting in either an
excitatory or an inhibitory effect on the
neuron’s firing rate. Whether the electric
potential generated by a transmitter is
excitatory or inhibitory depends on the
specific ions that move and the direction
of their movement. Acetylcholine is ex-
citatory at the synapse between nerve
and muscle because it causes positively
charged sodium ions to move into the
cell and depolarize its negative resting
voltage. GABA, on the other hand, has a
receptor whose pore is selectively per-
meable to negatively charged chloride
ions. When these ions flow through the
open pores into the target cell, they in-
crease the voltage across the membrane
and temporarily inactivate the cell.

Other transmitters, such as dopamine
and norepinephrine, appear to oper-
ate by a more elaborate mechanism.
In the mid-1950’s Earl W. Sutherland,
Jr., and his colleagues at Case Western
Reserve University demonstrated that
these and other transmitters increase or
decrease the concentration of a “second
messenger” substance in the target cells.
The second messenger then mediates the
electrical or biochemical effects of the
transmitter, or “first messenger.” In a
discovery that later brought him the
1971 Nobel prize in physiology and
medicine, Sutherland identified the sec-
ond-messenger substance as the small
molecule cyclic adenosine monophos-
phate, or cyclic AMP.

According to Sutherland’s hypothesis
the receptor protein for norepinephrine
(and many other transmitters) is cou-
pled in the target-cell membrane to the
enzyme adenylate cyclase, which cata-
lyzes the conversion of the cellular ener-
gy-carrying molecule adenosine triphos-
phate (ATP) into cyclic AMP. Adenyl-
ate cyclase is usually inactive, but when
norepinephrine binds to the postsynap-
tic receptor, the enzyme is automatical-
ly switched on and begins to rapidly
convert ATP into cyclic AMP inside the
cell. Cyclic AMP then acts on the bio-
chemical machinery of the cell to initi-
ate the physiological response charac-
teristic of the transmitter.

he second-messenger system is

therefore analogous to a relay race,
in which the transmitter passes along its
message to cyclic AMP at the cell mem-
brane. Of course, the signal is passed not
to one but to the many thousands of
molecules of cyclic AMP that are gener-
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DOPAMINE PATHWAYS in the human brain are shown schematically. The neurons that
contain dopamine have their cell bodies clustered in two small regions of the midbrain: the sub-
stantia nigra and the tegmentum. These neurons send out widely branching fibers that termi-
nate in the corpus striatum, which regulates motor activity, and in the limbic forebrain, which
is involved in emotion. A small set of dopamine neurons in the hypothalamus also regulates se-
cretion of hormones from pituitary. Dopamine has been associated with two brain disorders: a
deficiency of the transmitter in the corpus striatum causes the rigidity and tremor of Parkin-
son’s disease, and an excess of dopamine in limbic forebrain may be involved in schizophrenia.

ated by the activated adenylate cyclase
associated with each occupied receptor.
As a result the very weak signal provid-
ed by the transmitter-receptor inter-
action is amplified several thousand-
fold inside the cell through the mass
production of cyclic AMP.

The application of Sutherland’s sec-
ond-messenger theory to brain function
is one of the most exciting areas in neu-
rochemistry today. In 1971 Floyd E.
Bloom and his co-workers at the Na-
tional Institute of Mental Health dem-
onstrated that cyclic AMP could affect
signaling in neurons. Later Paul Green-
gard and his group at the Yale Universi-
ty School of Medicine implicated cyclic
AMP in the synaptic actions of sever-
al brain transmitters, including norepi-
nephrine, dopamine, serotonin and his-
tamine. Greengard has proposed the
unifying hypothesis that cyclic AMP ac-
tivates specific enzymes in the target cell
called protein kinases; these enzymes
then act to catalyze the incorporation of
phosphate groups into special proteins
in the neuronal membrane, altering the
permeability of the membrane to ions
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and thereby changing the level of excit-
ability of the target cell. Because the sec-
ond-messenger system works relatively
slowly on the time scale of neuronal
events it is best suited for mediating the
longer-lasting actions of transmitters in
the brain such as slow shifts in mem-
brane potential and perhaps the forma-
tion of long-term memories. Once cyclic
AMP has relayed its message it is inacti-
vated within the cell by the enzyme
phosphodiesterase. Drugs that inhibit
this enzyme therefore raise the level of
cyclic AMP within the target cells and
enhance the effect of the transmitter.
To sum up, there appear to be two
basic types of transmitter receptor: rap-
idly acting receptors that mediate the
transfer of information by controlling
the permeability state of an ion pore,
and longer-acting receptors that induce
the formation of a second-messenger
substance, which in turn mediates the
effects of the transmitter inside the tar-
get neuron. Many transmitters possess
two or more types of receptor. For ex-
ample, the response to acetylcholine at
the synapse between a motor neuron
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and a muscle cell is mediated by a sim-
ple flow of sodium ions across the mem-
brane. In the brain, however, most of
the effects of acetylcholine appear to be
mediated by another second-messenger
molecule: cyclic guanosine monophos-
phate, or cyclic GMP. Similarly, evi-
dence recently acquired suggests that
dopamine acts at two different types of
receptor in the brain: the D1 receptor,
which is coupled to a second-messenger
cyclic-AMP system, and the D2 recep-
tor, which is not.

nce a transmitter molecule has
bound to its receptor it must be
rapidly inactivated; otherwise it would
act for too long and precise control of
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transmission would be lost. Nerve fibers
can conduct several hundred impul-
ses per second only if the postsynaptic
membrane recovers its resting voltage
within a fraction of a millisecond. Some
transmitters are inactivated by enzymes
situated in the synaptic space. For ex-
ample, acetylcholine is destroyed by the
enzyme acetylcholinesterase, which can
cleave 25,000 molecules of the transmit-
ter per second. Norepinephrine is inacti-
vated at the synapse by an entirely dif-
ferent mechanism,

Julius Axelrod and his colleagues at
the National Institute of Mental Health
found that after norepinephrine is re-
leased from the axon terminal it is rapid-
ly pumped back inside. Then the recap-

tured molecules of norepinephrine ei-
ther are destroyed by the enzymes cate-
chol-O-methyltransferase (COMT) and
monoamine oxidase (MAOQO) present in
the nerve terminal or are recycled back
into the synaptic vesicles. Similar reup-
take mechanisms have since been identi-
fied for other transmitters, such as dopa-
mine, serotonin and GABA. Reuptake
has the obvious advantage over enzy-
matic degradation in that the transmit-
ter molecules can be conserved through
several cycles of release and recapture.

The working out of the steps of syn-
aptic transmission has shed much light
on the operation of psychoactive drugs.
Some drugs exert their effects by either
enhancing or inhibiting the release of a
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NEUROPEPTIDES are short chains of amino acids found in brain
tissue. Many of them are localized in axon terminals and are released
by a calcium-dependent process, suggesting that they are transmit-
ters. Neuropeptides differ from previously identified transmitters,
however, in that they appear to orchestrate complex phenomena such
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as thirst, memory and sexual behavior. Moreover, they play a mul-
tiplicity of roles in different parts of the body. For example, somato-
statin inhibits the release of human growth hormone from the pitui-
tary, regulates the secretion of insulin and glucagon by the pancreas
and appears to function as a transmitter in the spinal cord and brain,



Chess Challenger-10 did more than win the
Penrod Memorial Microchess Tournament,
it literally trounced all opponents. Personal
Computing Magazine, February, 1979, re-
ports, “Chess Challenger-10 emerged as the
easy victor with ten wins, two draws and no
losses.”

All Top Name Performers

There were no amateurs in the champion-
ship playoff. Every contender bore the brand
of a well-known electronic chess game, and
each was accompanied by its entourage of
coaches, programmers, and engineers. After
each contestant had played all of the oppo-
nents in round robin fashion, the brilliant
Challenger-10, stood far ahead of its second
place runner-up.

Nobody Knew

Unknown to the other companies, the unde-
feated tournament leader was being retired
after the contest. Taking its place was a far
more powerful chess computer, the Chal-
lenger “7’! This new micro-computer had
already beaten the official undefeated champ
during a series of pre-tournament warm-up
games at the factory. Its engineers explain
that it is simply 14 months ahead in tech-
nology, in finer algorithm sophistication
and in its superb performance.

Improve Your Game to Near Brilliant
Within its seven different levels of play, you
can enjoy every degree of chess competi-
tion, from beginner to tournament skill. Its

Final Results

Genius
Offspring

“Chess Challenger-10 Wins Microchess Tourney”

—Personal Computing Magazine
February, 1979

“Its successor, the new Chess Challenger ‘7

total flexibility lets you change games mid-
stream or switch sides with the computer to
see how it would handle your dilemna. You
can add pieces to your side or take away the
computer’'s Queen. It is a superb teacher!

Touch the PV key and the “7’s” total recall
memory will verify every piece position on
the board. You can even set up hypothetical
encounters to test its reaction at each level.

Fidelity’s Challenger “7” is abletoanalyze
over 3,024,000 board positions. It master-
fully handles over one thousand book open-
ings and will respond to any deviation.
Academic openings as Sicilian, French, Ruy
Lopez and Queen Gambit Declined, are just
some of the challenges to keep you on your
toes.

It Knows Every Rule in the Book

The Challenger “7” will permit you to castle
or perform an En Passant capture or do so
itself, if that is its best move. When your
pawn has reached the eighth rank, it will be
automatically raised to a Queen, unless you
tell the computer to promote it to another
piece. It will take on any player and sharpen
his skills considerably...but it won’t permit
illegal moves.

Sound Signals
Youjust cannot believe the chess 1.Q. of this
phenomenal unit. The Challenger “7” has a
beep audio feedback which sounds to ac-
knowledge your move, and double beeps
when the computer has made its response.

Reprinted Courtesy of Personal Computing. February, 1979. P. 66. (Darker lines ours.)
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is infinitely more powerful’

—S. Samole
President, Fidelity Electronics

At Level 1, its average response time is 5
seconds. At Tournament Level 7, the Chal-
lenger makes championship decisions in
just 3 minutes.

Unbeatable in Price As Well As Play
Best of all, the Chess Challenger “7” is the
most affordable electronic unit you can own.
Itis just $89.95 complete with Staunton de-
signed pieces and UL approved 110V AC
adaptor.

All pieces are magnetized, to stay where
you place them on the permanent metal
board. The set is mounted in a simulated
wood-grained housing which measures
12%" x 8" x 1" Bright, one-half inch tall LED
electronic digits, provide unmistakably clear
readout. The unit is backed by a 90-day
manufacturer’s limited parts and labor war-
ranty.

Enjoy It for 10 Days—At Our Expense
As a gift or for yourself, the “7” is unques-
tionably the finest chess computer you can
select...but, if within 10 days, you are not
satisfied, simply return it for a prompt, no-
questions-asked refund.

CREDIT CARD ORDERS CALL TOLL FREE
800-621-5809
ILLINOIS RES: 800-972-5858
24 HOURS—7 DAYS/WEEK

o —— —— —— —— —— —— ——
] Please send me_________Chess Challenger
“7(s)" at $89.95 plus $3.00 for shipping and |
| insurance. lll. residents add 5% sales tax. If |
| not satisfied, | can return it within 10 days
1 for a refund. |
I Enclosed please find check or money order. I
Charge My Credit Card:
l 0O American Express Master Charge [ Carte I
O BankAmer./Visa Diners Club Blanche l
I Credit Card No. I
I Master Charge # — _ __ __  Exp. Date I
l Name l
| Adaress
l City '
l State Zip =
| Stonstue —— — T |
o e o — - - -— — — —

C I
Camelor
DIRECT
801 Green Bay Rd., Lake Bluff, IL 60044

A DIVISION OF UNITED EDUCATORS, INC
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particular transmitter from axon termi-
nals. For example, the potent stimulant
amphetamine triggers the release from
nerve terminals in the brain of dopa-
mine, a transmitter associated with the
arousal and pleasure systems in the
brain. Excessive use of amphetamine by
addicts can lead tc disruption of thought
processes, hallucinations and delusions
of persecution, symptoms very similar
to those found in some forms of schizo-
phrenia. This and other evidence has led
to the hypothesis that an overactivity in
the brain dopamine systems may under-
lie the symptoms of schizophrenia.
Another intriguing finding is that the
wide variety of antischizophrenic drugs
that have been developed, such as chlor-
promazine (Thorazine) and haloperidol
(Haldol), share the property of binding
tightly to dopamine receptors in the
brain, thereby preventing the natural
transmitter from activating them. This
discovery has proved to be one of the
most promising leads in modern schizo-
phrenia research. The latest evidence
suggests that schizophrenia is associated
with an overproduction of dopamine or
anoverresponsiveness to the transmitter
in certain regions of the brain. Work in
my laboratory at the Neurochemical
Pharmacology Unit of the British Medi-
cal Research Council and by T. J. Crow
at the Medical Research Council’s Clin-
ical Research Centre in London and by
Philip Seeman at the University of To-
ronto has revealed abnormally high
concentrations of dopamine and dopa-
mine receptors in the brains of deceased
schizophrenics, particularly in the lim-
bic system, a system of brain regions

RECEIVING NEURON
(IN SPINAL CORD)

SUBSTANCE P RECEPTORS
ENKEPHALIN RECEPTORS

ENKEPHALIN

SPINAL INTERNEURON -

involved in emotional behavior. The do-
pamine pathways in these regions may
therefore be a primary target for anti-
psychotic drugs.

Many psychoactive drugs may act by
mimicking natural transmitters at their
postsynaptic receptors. Many halluci-
nogenic drugs, for example, bear a
structural resemblance to natural trans-
mitters: mescaline is similar to norepi-
nephrine and dopamine, and both LSD
and psilocybin are related to serotonin.
These drugs may therefore operate on
monoamine mechanisms,although their
precise modes of action are still not
known. LSD is unusual because of its
extraordinary potency: as little as 75 mi-
crograms (a barely visible speck) is suffi-
cient to induce hallucinations.

The methylxanthine drugs, such as
caffeine and theophylline, are thought to
exert their effects by acting through the
second-messenger system. Specifically
they inhibit the enzyme phosphodiester-
ase, which degrades cyclic AMP, so that
they ultimately increase the amount of
cyclic AMP that is generated in re-
sponse to the transmitter. As a result
these drugs exert a general mild stimu-
lant action on the brain. Caffeine is the
principal active ingredient of coffee and
tea; the weaker stimulant theophylline
is found primarily in tea. Billions of
pounds of coffee and tea are consumed
each year, making the methylxanthines
among the most widely used drugs.

Finally, certain drugs potentiate the
effects of a transmitter by blocking its
degradation in the synapse. One such
group of drugs is represented by ipro-
niazid (Marsilid) and other drugs that

SUBSTANCE P

PRIMARY SENSORY NEURON

HYPOTHETICAL GATING MECHANISM at the first synaptic relay in the spinal cord may
regulate the transmission of pain information from the peripheral pain receptors to the brain. In
the dorsal horn of the spinal cord, interneurons containing the peptide transmitter enkephalin
make synapses onto the axon terminals of the pain neurons, which utilize substance P as their
transmitter. Enkephalin released from the interneurons inhibits the release of substance P, so
that the receiving neuron in the spinal cord receives less excitatory stimulation and hence sends
fewer pain-related impulses to the brain. Opiate drugs such as morphine appear to bind to un-
occupied enkephalin receptors, mimicking the pain-suppressing effects of enkephalin system.
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inhibit the enzyme monoamine oxidase,
which degrades norepinephrine, dopa-
mine and serotonin. As a result of the
blockage of this enzyme the arousing
effects of these monoamines are en-
hanced, accounting for the antidepres-
sant actions of the drugs. A second
group of antidepressant drugs, the tri-
cyclics, also amplify the effects of nor-
epinephrine and serotonin in the brain.
These drugs, of which the best-known
are imipramine (Tofranil) and amitrip-
tyline (Elavil), block the reuptake of
norepinephrine and serotonin from the
synapse; the stimulant drug cocaine ap-
pears to work by the same mechanism.
Such observations have suggested that
depression may be associated with low
levels of amine transmitters at brain
synapses, whereas mania may be associ-
ated with excessively high levels of these
transmitters.

he number of chemical-messenger

systems known to exist in the brain
has expanded dramatically in recent
years with the discovery of a new family
of brain chemicals: the neuropeptides.
These molecules are chains of amino ac-
ids (ranging from two to 39 amino acids
long) that have been localized within
neurons and are considered to be pu-
tative transmitter substances. Some of
them were first identified as hormones
secreted by the pituitary gland (ACTH,
vasopressin), as local hormones in the
gut (gastrin, cholecystokinin) or as hor-
mones secreted by the hypothalamus to
control the release of other hormones
from the pituitary gland (luteinizing-
hormone releasing hormone, somato-
statin).

The newest and most exciting of the
neuropeptides are the enkephalins and
the endorphins: chemicals occurring
naturally in the brain that bear a surpris-
ing similarity to morphine, the narcotic
drug derived from the opium poppy.
The discovery of these peptides fol-
lowed the realization that certain re-
gions of the brain bind opiate drugs with
high affinity. The opiate receptors were
detected by measuring the binding of ra-
dioactively labeled opiate compounds
to fragments of neuronal membranes.
Three research groups, led by Solomon
H. Snyder and Candace B. Pert at the
Johns Hopkins University School of
Medicine, by Eric J. Simon at the New
York University School of Medicine
and by Lars Terenius at the Universi-
ty of Uppsala, developed such receptor-
labeling techniques and found that opi-
ate receptors were concentrated in those
regions of the mammalian brain and
spinal cord that are involved in the per-
ceptionand integration of pain and emo-
tional experience.

Then in 1975 John Hughes and Hans
W. Kosterlitz of the University of Aber-
deen isolated two naturally occurring



HEAVEN HELP US
IF THEY EVER TURN
THE SALINAS VALLEY

INTOANATIONAL PARK.

Actually, it probably could never
happen. America loves salad
too much.

We've seen how reducing the
supply of any commodity raises
prices. Shortages of lettuce crops
produce dollar a head prices. Oil
shortages have pushed the cost
of gasoline up at the pump.

And the same kind of situa-
tion is now becoming more ap-
parent in our national timber-
lands.

Today, more and more tim-
berlands are being tied up in
studies that seek to define what
areas should be designated as
federal wilderness.

This has reduced the supply

of timber. And it’s reflected in the
prices of everything from paper
napkins to a new house.

We’re not for reducing the
number of national parks and
wilderness areas. Far from it.

In fact, this company has sup-
ported legislation that would in-
crease the existing 19 million
acres of wilderness to as much
as 30 million acres.

What we recommend is sim-
ple. Just like the Salinas Valley
is ideally suited for growing vege-
tables, there are some parts of
our forest resource ideally suited
for growing timber. Areas that
would make truly outstanding
wilderness should be immediately
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designated as such. The rest of
the land should be returned for
use in providing timber.

Nature has provided us with
a tremendous gift. With a little
clear thinking and immediate
action, America can enjoy all of
the best that our timberlands
can offer.

For more information on the
need for a national timber policy,
please write: Louisiana-Pacific,
1300 Southwest Fifth Avenue,
Portland, Oregon 97201.

U/B Louisiana-pacific
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peptides in the brain that bound tight-
ly to the opiate receptors and named
them enkephalins. Both enkephalins are
chains of five amino acids; they are iden-
tical in sequence except for the terminal
amino acid, which in one is methionine
and in the other is leucine. Other mor-
phinelike peptides, named endorphins,
were subsequently isolated from the pi-
tuitary gland. Recent experiments have
suggested that several procedures em-
ployed to treat chronic pain—acupunc-
ture, direct electrical stimulation of the
brain and even hypnosis—may act by
eliciting the release of enkephalins or
endorphins in the brain and spinal cord.
This hypothesis is based on the finding
that the effectiveness of all these proce-
dures can be largely blocked by the ad-
ministration of naloxone (Narcan), a
drug that specifically blocks the binding
of morphine to the opiate receptor.
Many of the neuropeptides found in
the mammalian brain have been shown
to be concentrated in the terminals of
particular sets of neurons, and several
are known to be released from axon ter-
minals by a calcium-dependent process.
Such findings, together with the obser-
vation that minute amounts of neuro-
peptides exert significant effects on neu-
ronal activity or on the behavior of
experimental animals, strongly suggest
that these chemicals may well be a new
family of transmitters. In most cases,
however, the evidence is not yet strong
enough to support a definite conclusion.

Perhaps the strongest candidate
among the neuropeptides for trans-
mitter status is substance P, a chain of

11 amino acids. It is present in a number
of specific neuronal pathways in the
brain and also in primary sensory fibers
of peripheral nerves. Some of these sen-
sory neurons, whose cell bodies lie in
sensory ganglia on each side of the spi-
nal cord, contain substance P and re-
lease it from their axon terminals at syn-
apses with spinal-cord neurons. Because
substance P excites those spinal neurons
that respond most readily to painful
stimuli the substance has been suggested
to be a sensory transmitter that is specifi-
cally associated with the transmission of
pain-related information from peripher-
al pain receptors into the central ner-
vous system.

The morphinelike peptide enkephalin
is also present in abundance in small
neurons in the part of the spinal cord
that receives the fiber input containing
substance P. Thomas Jessel and I at the
Neurochemical Pharmacology Unit of
the Medical Research Council have
shown that enkephalin and opiate drugs
are able to suppress the release of sub-
stance P from sensory fibers. The en-
kephalin-containing neurons may there-
fore regulate the input of painful stimuli
to the brain by modulating the release of
substance P at the first relay in the cen-
tral nervous system. Similar inhibitory
interactions may also take place at high-
er levels of the brain. Substance P is not
the only putative transmitter shown to
be localized in sensory neurons; the oth-
ers so far identified include angioten-
sin, cholecystokinin, somatostatin and
glutamic acid. A bewildering chemi-
cal complexity is therefore beginning to
emerge as more is learned about the sen-

LOCALIZATION OF SUBSTANCE P in the spinal cord of the monkey was achieved by

treating the tissue with specific antibodies that were labeled with a dark-staining chemical. The

stain is present only in the dorsal horns of the spinal cord, which receive input from the pe-
ripheral pair fibers. The micrograph was made by Stephen Hunt of University of Cambridge.
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sory transmitters and their modulating
mechanisms in the spinal cord.

A remarkable feature of the neuro-
peptides in the brain is the global nature
of some of their effects. Administration
of very small amounts of a neuropeptide
(usually directly into the brain to cir-
cumvent the blood-brain barrier) can
trigger a complex and highly specific
pattern of behavior in experimental ani-
mals. For example, injection into the
brain of nanogram amounts of the neu-
ropeptide angiotensin II elicits intense
and prolonged drinking behavior in ani-
mals that were not previously thirsty.
Another peptide, luteinizing-hormone
releasing hormone, induces characteris-
tic female sexual behavior when it is in-
jected into the brain of a female rat.
Even more striking, as has been shown
by David de Wied and his colleagues at
the University of Utrecht, the adminis-
tration of small amounts of the neuro-
peptide vasopressin markedly improves
the memory of learned tasks in labora-
tory animals. Preliminary clinical trials
of this agent are now in progress to as-
certain whether it may have beneficial
effects on human patients suffering from
memory loss.

It therefore seems that the neuropep-
tides may be chemical messengers of
a character different from that of the
previously identified transmitters: they
appear to represent a global means of
chemical coding for patterns of brain
activity associated with particular func-
tions, such as body-fluid balance, sexual
behavior and pain or pleasure. An unex-
pected observation is that biologically
active peptides originally found in the
gastrointestinal tract, such as gastrin,
substance P, vasoactive intestinal poly-
peptide (VIP) and cholecystokinin, are
also present in the central nervous sys-
tem. Conversely some peptides original-
ly found in the brain have later been
found in the gut (somatostatin, neuro-
tensin, enkephalins). It therefore ap-
pears that these peptides serve a multi-
plicity of roles, acting as local hormones
or transmitters in the gastrointestinal
tract and as global transmitters in the
brain. Roger Guillemin of the Salk Insti-
tute has suggested that the multiple
functions of neuropeptides may be due
to the opportunism of the evolution-
ary process, in which a molecule that
serves one function may be adapted to
serve another function at a different
time and place.

A number of other chemicals appear
to play a modulatory role in neuronal
communication. The prostaglandins,
which consist of a five-carbon ring with
two long carbon chains attached to it,
are present at high levels in brain tissue
and elicit a variety of excitatory and in-
hibitory effects on neurons, depending
on the precise molecular structure of the
prostaglandin and the identity of the tar-



get cell. Whereas the transmitters have
rapid and transient effects, the prosta-
glandins elicit long-term shifts in the po-
larization of the neuronal membrane,
suggesting that they play a modulatory
role rather than a transmitter role. It is
possible that they act in concert with
transmitters to subtly alter their effects.

Still another set of chemicals plays a
nutritive role rather than a messenger
role. These “trophic” substances are
thought to be secreted from nerve termi-
nals and to maintain the viability of the
target cell; other trophic substances are
taken up by the nerve terminal and
transported along the axon in a retro-
grade fashion to nourish the neuron it-
self. The well-known phenomenon of
muscle atrophy after an innervating
nerve has been severed may result from
the inability of the muscle cells to obtain
the trophic substances they require. A
number of degenerative brain diseases
may result from the failure of central
neurons to exchange trophic substan-
ces. The best-characterized trophic sub-
stance to date is the nerve-growth factor
(NGF), a protein that is essential for the
differentiation and survival of peripher-
al sensory and sympathefic neurons and
that may also be involved in maintain-
ing central monoamine neurons.

part from the ever increasing list of
chemical transmitters, the variety
of different mechanisms by which trans-
mitters can exert their effects is also be-
coming apparent. For example, instead
of directly exciting or inhibiting a target
neuron, a transmitter released from one
nerve terminal can act presynaptically
on an adjacent nerve terminal to in-
crease or decrease the release of trans-
mitter from that nerve terminal. It is
also clear that there may be several dif-
ferent types of receptors for a given
transmitter substance (some mediated
by second-messenger systems and some
not), accounting for the diverse excitato-
ry or inhibitory effects of a given trans-
mitter in different parts of the brain.
Even the well-established concept (first
suggested by Sir Henry Dale) that a neu-
ronreleases only one transmitter chemi-
cal from all its terminals may not be
inviolable: a number of neuropeptides
have been found to coexist in the same
neurons with norepinephrine or sero-
tonin. The functional significance of
such dual-transmitter systems is not yet
known. In addition the precise chemical
disturbances that underlie such com-
mon disorders as epilepsy, senile de-
mentia, alcoholism, schizophrenia and
depression remain largely obscure. Al-
though the study of transmitter systems
in the brain has already provided major
clues to the chemical mechanisms in-
volved in learning, memory, sleep and
mood, it seems clear that the most excit-
ing discoveries lie ahead.
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Brain Mechanisms of Vision

A functional architecture that may underlie processing of sensory

information in the cortex 1s revealed by studies of the activity and

the organization in space of neurons in the primary visual cortex

by David H. Hubel and Torsten N. Wiesel

‘ J iewed as a kind of invention by
evolution, the cerebral cortex
must be one of the great success
stories in the history of living things. In
vertebrates lower than mammals the ce-
rebral cortex is minuscule, if it can be
said to exist at all. Suddenly impressive
in the lowest mammals, it begins to
dominate the brain in carnivores, and it
increases explosively in primates; in
man it almost completely envelops the
rest of the brain, tending to obscure the
other parts. The degree to which an an-
imal depends on an organ is an index
of the organ’s importance that is even
more convincing than size, and depen-
dence on the cortex has increased rapid-
ly as mammals have evolved. A mouse
without a cortex appears fairly nor-
mal, at least to casual inspection; a man
without a cortex is almost a vegetable,
speechless, sightless, senseless.
Understanding of this large and indis-
pensable organ is still woefully defi-
cient. This is partly because it is very
complex, not only structurally but also
in its functions, and partly because neu-
robiologists’ intuitions about the func-
tions have so often been wrong. The out-
look is changing, however, as techniques
improve and as investigators learn how
to deal with the huge numbers of intri-
cately connected neurons that are the
basic elements of the cortex, with the
impulses they carry and with the syn-
apses that connect them. In this article
we hope to sketch the present state of
knowledge of one subdivision of the
cortex: the primary visual cortex (also
known as the striate cortex or area 17),
the most elementary of the cortical re-
gions concerned with vision. That will
necessarily lead us into the related sub-
ject of visual perception, since the work-
ings of an organ cannot easily be sepa-
rated from its biological purpose.

he cerebral cortex, a highly folded

plate of neural tissue about two mil-
limeters thick, is an outermost crust
wrapped over the top of, and to some
extent tucked under, the cerebral hemi-
spheres. In man its total area, if it were
spread out, would be about 1.5 square
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feet. (In a 1963 article in Scientific Amer-
ican one of us gave the area as 20 square
feet and was quickly corrected by a neu-
roanatomist friend in Toronto, who said
he thought it was 1.5 square feet—“at
least that is what Canadians have.”) The
folding is presumably mainly the result
of such an unlikely structure’s having to
be packed into a box the size of the skull.

A casual glance at cortical tissue un-
der a microscope shows vast numbers of
neurons: about 105 (100,000) for each
square millimeter of surface, suggesting
that the cortex as a whole has some 1010
(10 billion) neurons. The cell bodies are
arranged in half a dozen layers that are
alternately cell-sparse and cell-rich. In
contrast to these marked changes in cell
density in successive layers at different
depths in the cortex there is marked uni-
formity from place to place in the plane
of any given layer and in any direction
within that plane. The cortex is morpho-
logically rather uniform in two of its
dimensions.

One of the first great insights about
cortical organization came late in the
19th century, when it was gradually re-
alized that this rather uniform plate of
tissue is subdivided into a number of
different regions that have very differ-
ent functions. The evidence came from
clinical, physiological and anatomical
sources. It was noted that a brain injury,
depending on its location, could cause
paralysis or blindness or numbness or
speech loss; the blindness could be total
or limited to half or less of the visual
world, and the numbness could involve
one limb or a few fingers. The consisten-
cy of therelation between a given defect
and the location of the lesion gradually
led to a charting of the most obvious
of these specialized regions, the visual,
auditory, somatic sensory (body sensa-
tion), speech and motor regions.

In many cases a close look with a mi-
croscope at cortex stained for cell bod-
ies showed that in spite of the relative
uniformity there were structural varia-
tions, particularly in the layering pat-
tern, that correlated well with the clin-
ically defined subdivisions. Additional
confirmation came from observations
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of the location (at the surface of the
brain) of the electrical brain waves pro-
duced when an animal was stimulated
by touching the body, sounding clicks
or tones in the ear or flashing light in
the eye. Similarly, motor areas could
be mapped by stimulating the cortex
electrically and noting what part of the
animal’s body moved.

his systematic mapping of the cortex

soon led to a fundamental realiza-
tion: most of the sensory and motor
areas contained systematic two-dimen-
sional maps of the world they represent-
ed. Destroying a particular small region
of cortex could lead to paralysis of one
arm; a similar lesion in another small
region led to numbness of one hand or
of the upper lip, or blindness in one
small part of the visual world; if elec-
trodes were placed on an animal’s cor-
tex, touching one limb produced a cor-
respondingly localized series of electric
potentials. Clearly the body was system-
atically mapped onto the somatic senso-
ry and motor areas; the visual world
was mapped onto the primary visual
cortex, an area on the occipital lobe that
in man and in the macaque monkey (the
animal in which our investigations have
mainly been cond ucted) covers about 15
square centimeters.

In the primary visual cortex the map
is uncomplicated by breaks and discon-
tinuities except for the remarkable split
of the visual world down the exact mid-
dle, with the left half projected to the
right cerebral cortex and the right half
projected to the left cortex. The map of
the body is more complicated and is still
perhaps not completely understood. It is
nonetheless systematic, and it is similar-
ly crossed, with the right side of the
body projecting to the left hemisphere
and the left side projecting to the right
hemisphere. (It is worth remarking that
no one has the remotest idea why there
should be this amazing tendency for ner-
vous-system pathways to cross.)

An important feature of cortical maps
is their distortion. The scale of the maps
varies as it does in a Mercator projec-
tion, the rule for the cortex being that



OCULAR-DOMINANCE COLUMNS, one of the two major sys-
tems that characterize the functional architecture of the primary vi-
sual cortex, are revealed as periodic bright patches in this dark-field
autoradiograph of a section of macaque monkey cortex. The columns
(actually curving slabs of cortex, seen here in cross section in a brain
slice cut perpendicularly to the surface) are regions in which all neu-
rons respond more actively to the right eye than to the left one; dark
regions separating the bright patches are columns of left-eye prefer-

DOMINANCE PATTERN is seen face on in an axonal-transport
autoradiograph of a brain section parallel, rather than perpendicu-
lar, to the surface of the primary visual cortex. As can be seen in the
autoradiograph at the top of the page, the label is brightest in one
layer of the folded cortex, layer IV. This is the level at which the ax-
ons bringing visual information to the cortex terminate and where

ence. The autoradiograph was made by injecting a radioactively la-
beled amino acid into the right eye of an anesthetized animal. The
amino acid was taken up by cell bodies in the retina and transport-
ed via the lateral geniculate nucleus, a way station in the brain, to
cells in the cortex. A brain slice was coated with a photographic emul-
sion, which was exposed for several months and then developed. Ex-
posed silver grains overlying the regions of radioactivity form the
light-scattering patches that represent ocular-dominance columns.

the label therefore accumulates. This section was cut in a plane tan-
gential to the dome-shaped surface of the cortex and just below lay-
er 1V, which therefore appears as a ring of roughly parallel bright
bands. These are the radioactively labeled ocular-dominance regions,
which are now seen from above instead of edge on. The actual width
of the ocular-dominance regions is typically about .4 millimeter.
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PRIMARY VISUAL CORTEX, also known as the striate cortex or
area 17, is a region of the cerebral cortex: a layered plate of neurons
that envelops the primate brain. In the macaque brain, seen here
from the side (/eft) and from above and behind (right), the primary
visual cortex (colored areas) occupies most of the exposed surface of

the regions of highest discrimination or
delicacy of function occupy relatively
more cortical area. For the body sur-
face, a millimeter of surface on the fin-
gers, the lips or the tongue projects to
more cortex than a millimeter of trunk,
buttocks or back; in vision the central
part of the retina has a representation
some 35 times more detailed than the
far peripheral part.

Important as the advances in mapping
cortical projections were, they tended
for some time to divertthought from the
real problem of just how the brain ana-
lyzes information. It was as though the
representation could be an end in itself
instead of serving a more subtle pur-
pose—as though what the cortex did was
to cater to some little green man who sat
inside the head and surveyed images
playing across the cortex. In the course
of this article we shall show that, for
vision at least, the world is represented
in a far more distorted way; any little
green man trying to glean information
from the cortical projection would be
puzzled indeed.

The first major insight into cortical
organization was nonetheless the recog-
nition of this subdivision into areas hav-
ing widely different functions, with a
tendency to ordered mapping. Just how
many such areas there are has been a
subject of wide speculation. Anatomists’
estimates have on the whole been rather
high—up to several hundred areas, de-
pending on the individual worker’s sen-
sitivity to fine differences in microscopic
patterns and sometimes also on his abili-
ty to fool himself. Physiologists began
with lower estimates, but lately, with
more powerful mapping methods, they
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have been revising their estimates up-
ward. The important basic notion is that
information on any given modality such
as sight or sound is transmitted first to a
primary cortical area and from there,
either directly or via the thalamus, to
successions of higher areas. A modern
guess as to the number of cortical areas
might be between 50 and 100.

he second major insight into cortical

organization came from the work of
the anatomist Santiago Ramoén y Cajal
and his pupil Rafael Lorente de NO.
This was the realization that the op-
erations the cortex performs on the in-
formation it receives are local. What
that means can best be understood by
considering the wiring diagram that
emerged from the Golgi method used by
Cajal and Lorente de NO. In essence the
wiring is simple. Sets of fibers bring in-
formation to the cortex; by the time sev-
eral synapses have been traversed the
influence of the input has spread verti-
cally to all cell layers; finally several
other sets of fibers carry modified mes-
sages out of the area. The detailed con-
nections between inputs and outputs dif-
fer from one area to the next, but with-
in a given area they seem to be rather
stereotyped. What is common to all re-
gions is the local nature of the wiring.
The information carried into the cortex
by a single fiber can in principle make
itself felt through the entire thickness in
about three or four synapses, whereas
the lateral spread, produced by branch-
ing trees of axons and dendrites, is lim-
ited for all practical purposes to a few
millimeters, a small proportion of the
vast extent of the cortex.
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the two occipital lobes. It also curves around the medial surface be-
tween the two cerebral hemispheres. It continues in a complex fold
underneath the convex outer surface, as is shown in a parasagittal
section (see top illustration on opposite page) that was cut along the
colored line and is viewed in the direction indicated by the arrows.

The implications of this are far-reach-
ing. Whatever any given region of the
cortex does, it does locally. At stages
where there is any kind of detailed, sys-
tematictopographical mapping the anal-
ysis must be piecemeal. For example,
in the somatic sensory cortex the mes-
sages concerning one finger can be com-
bined and compared with an input from
elsewhere on that same finger or with
input from a neighboring finger, but
they can hardly be combined with the
influence from the trunk or from a foot.
THe same applies to the visual world.
Given the detailed order of the input to
the primary visual cortex, there is no
likelihood that the region will do any-
thing to correlate information coming
in from both far above and far below
the horizon, or from both the left and
the right part of the visual scene. It fol-
lows that this cannot by any stretch of
the imagination be the place where ac-
tual perception is enshrined. Whatever
these cortical areas are doing, it must be
some kind of local analysis of the senso-
ry world. One can only assume that as
the information on vision or touch or
sound is relayed from one cortical area
to the next the map becomes progres-
sively more blurred and the information
carried more abstract.

Even though the Golgi-method stud-
ies of the early 1900’s made it clear that
the cortex must perform local analyses,
it was half a century before physiolo-
gists had the least inkling of just what
the analysis was in any area of the cor-
tex. The first understanding came in the
primary visual area, which is now the
best-understood of any cortical region
and is still the only one where the analy-



sis and consequent transformations of
informationare known in any detail. Af-
ter describing the main transformations
that take place in the primary visual cor-
tex we shall go on to show how increas-
ing understanding of these cortical func-
tions has revealed an entire world of ar-
chitectural order that is otherwise inac-
cessible to observation.

We can best begin by tracing the vi-
sual path in a primate from the
retina to the cortex. The output from
each eye is conveyed to the brain by
about a million nerve fibers bundled
together in the optic nerve. These fibers
are the axons of the ganglion cells of the
retina. The messages from the light-sen-
sitive elements, the rods and cones, have
already traversed from two to four syn-
apses and have involved four other
types of retinal cells before they arrive
at the ganglion cells, and a certain
amount of sophisticated analysis of the
information has already taken place.
A large fraction of the optic-nerve fi-
bers pass uninterrupted to two nests of
cells deep in the brain called the lateral
geniculate nuclei, where they make syn-
apses. The lateral geniculate cells in turn
send their axons directly to the primary
visual cortex. From there, after sever-
al synapses, the messages are sent to a
number of further destinations: neigh-
boring cortical areas and also several
targets deep in the brain. One contingent
even projects back to the lateral genicu-
late bodies; the function of this feedback
path is not known. The main point for
the moment is that the primary visual
cortex is in no sense the end of the visual
path. It is just one stage, probably an
early one in terms of the degree of ab-
straction of the information it handles.
As a result of the partial crossing of
the optic nerves in the optic chiasm, the
geniculate and the cortex on the left side
are connected to the two left half retinas
and are therefore concerned with the
right half of the visual scene, and the
converse is the case for the right genicu-
late and the right cortex. Each genicu-
late and each cortex receives input from
both eyes, and each is concerned with
the opposite half of the visual world.
To examine the workings of this visu-
al pathway our strategy since the late
1950’s has been (in .principle) simple.
Beginning, say, with the fibers of the
optic nerve, we record with microelec-
trodes from a single nerve fiber and try
to find out how we can most effectively
influence the firing by stimulating the
retina with light. For this one can use
patterns of light of every conceivable
size, shape and color, bright on a dark
background or the reverse, and station-
ary or moving. It may take a long time,
but sooner or later we satisfy ourselves
that we have found the best stimulus for
the cell being tested, in thiscase a gangli-
on cell of the retina. (Sometimes we are

SECTION OF VISUAL CORTEX along the colored line in the illustration on the opposite
page was stained by the Nissl method, which makes cell bodies but not fibers visible. The visual
cortex is seen to be a continuous layered sheet of neurons about two millimeters thick. The
black rectangle outlines a section like the one that is further enlarged in the illustration below.

CROSS SECTION OF PRIMARY VISUAL CORTEX in the macaque, stained here by the
Nissl method and enlarged about 35 diameters, shows the layered structure and gives the con-
ventional designations of the six layers (leff). The white gaps are sectioned blood vessels.
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wrong!) We note the results and then go
on to another fiber. After studying a few
hundred cells we may find that new
types become rare. Satisfied that we
know roughly how the neurons at this
stage work, we proceed to the next stage
(in this case the geniculate) and repeat
the process. Comparison of the two sets
of results can tell us something about
what the geniculate does. We then go on
to the next stage, the primary cortex,
and repeat the procedure.

Working in this way, one finds that
both a retinal ganglion cell and a genic-
ulate cell respond best to a roughly cir-
cular spot of light of a particular size in
a particular part of the visual field. The
size is critical because each cell’s recep-
tive field (the patch of retinal receptor
cells supplying the cell) is divided, with
an excitatory center and an inhibitory
surround (an “on center” cell) or exactly
the reverse configuration (an “off cen-
ter” cell). This is the center-surround
configuration first described by Stephen
W. Kuffler at the Johns Hopkins Univer-
sity School of Medicine in 1953. A spot
exactly filling the center of an on-center
cell is therefore a more effective stimu-
lus than a larger spot that invades the
inhibitory area, or than diffuse light. A
line stimulus (a bar of light) is effective
if it covers a large part of the center
region and only a small part of the sur-
round. Because these cells have circular
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symmetry they respond well to such a
line stimulus whatever its orientation.
To sum up, the retinal ganglion cells and
the cells of the lateral geniculate—the
cells supplying the input to the visual
cortex—are cells with concentric, cen-
ter-surround receptive fields. They are
primarily concerned not with assessing
levels of illumination but rather with
making a comparison between the light
level in one small area of the visual
scene and the average illumination of
the immediate surround.

he first of the two major transforma-

tions accomplished by the visual
cortex is the rearrangement of incoming
information so that most of its cells re-
spond not to spots of light but to specifi-
cally oriented line segments. There is a
wide variety of cell types in the cortex,
some simpler and some more complex
in their response properties, and one
soon gains an impression of a kind of
hierarchy, with simpler cells feeding
more complex ones. In the monkey
there is first of all a large group of cells
that behave (as far as is known) just
like geniculate cells: they have circularly
symmetrical fields. These cells are all in
the lower part of one layer, called layer
IV, which is precisely the layer that re-
ceives the lion’s share of the geniculate
input. It makes sense that these least
sophisticated cortical cells should be

VISUAL PATHWAY is traced schematically in the human brain, seen here from below. The
output from the retina is conveyed, by ganglion-cell axons bundled in the optic nerves, to the
lateral geniculate nuclei; about half of the axons cross over to the opposite side of the brain,
so that a representation of each half of the visual scene is projected on the geniculate of the
opposite hemisphere. Neurons in the geniculates send their axons to the primary visual cortex.
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the ones most immediately connected to
the input.

Cells outside layer IV all respond best
to specifically oriented line segments. A
typical cell responds only when light
falls in a particular part of the visual
world, but illuminating that area dif-
fusely has little effect or none, and small
spots of light are not much better. The
best response is obtained when a line
that has just the right tilt is flashed in the
region or, in some cells, is swept across
the region. The most effective orien-
tation varies from cell to cell and is usu-
ally defined sharply enough so that a
change of 10 or 20 degrees clockwise or
counterclockwise reduces the response
markedly or abolishes it. (It is hard to
convey the precision of this discrimina-
tion. If 10 to 20 degrees sounds like a
wide range, one should remember that
the angle between 12 o’clock and one
o’clock is 30 degrees.) A line at 90 de-
grees to the best orientation almost nev-
er evokes any response.

Depending on the particular cell, the
stimulus may be a bright line on a dark
background or the reverse, or it may
be a boundary between light and dark
regions. If it is a line, the thickness is
likely to be important; increasing it be-
yond some optimal width reduces the
response, just as increasing the diameter
of a spot does in the case of ganglion and
geniculate cells. Indeed, for a particu-
lar part of the visual field the geniculate
receptive-field centers and the optimal
cortical line widths are comparable.

Neurons with orientation specifici-
ty vary in their complexity. The
simplest, which we call “simple” cells,
behave as though they received their
input directly from several cells with
center-surround, circularly symmetri-
cal fields—the type of cells found in lay-
er IV. The response properties of these
simple cells, which respond to an opti-
mally oriented line in a narrowly defined
location, can most easily be accounted
for by requiring that the centers of the
incoming center-surround fields all be
excitatory or all be inhibitory, and that
they lie along a straight line. At pres-
ent we have no direct evidence for this
scheme, but it is attractive because of
its simplicity and because certain kinds
of indirect evidence support it. Accord-
ing to the work of Jennifer S. Lund of the
University of Washington School of
Medicine, who in the past few years has
done more than anyone else to advance
the Golgi-stain anatomy of this corti-
cal area, the cells in layer IV project to
the layers just above, which is roughly
where the simple cells are found.

The second major group of orienta-
tion-specific neurons are the far more
numerous “complex” cells. They come
in a number of subcategories, but their
main feature is that they are less par-
ticular about the exact position of a line.



RIGHT EYE LEFT EYE

LATERAL GENICULATE NUCLEUS of a normal monkey (lef?)
is a layered structure in which cells in layers 1,4 and 6 (numbered from
bottom to top) receive their input from the eye on the opposite side
and those in layers 2, 3 and S receive information from the eye on
the same side. The maps are in register, so that the neurons along
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any radius (black line) receive signals from the same part of the visu-
al scene. The layered nature of the input is demonstrated in the two
geniculates of an animal that had vision in the left eye only (trwo micro-
graphs at right): in each geniculate cells in the three layers with input
from right eye have atrophied. Geniculates are enlarged 10 diameters.

Complex cells behave as though they
received their input from a number of
simple cells, all with the same receptive-
field orientation but differing slightly
in the exact location of their fields.
This scheme readily explains the strong
steady firing evoked in a complex cell as
a line is kept in the optimal orientation
and is swept across the receptive field.
With the line optimally oriented many
cells prefer one direction of movement
to the opposite direction. Several possi-
ble circuits have been proposed to ex-
plain this behavior, but the exact mecha-
nism is still not known.

Although there is no direct evidence
that orientation-sensitive cells have any-
thing to do with visual perception, it is
certainly tempting to think they repre-
sent some early stage in the brain’s anal-

a

ysis of visual forms. It is worth asking
which cells at this early stage would be
expected to be turned on by some very
simple visual form, say a dark blob on
a light background. Any cell whose re-
ceptive field is entirely inside or outside
the boundaries of such an image will
be completely unaffected by the figure’s
presence because cortical cells effective-
ly ignore diffuse changes in the illumina-
tion of their entire receptive fields.
The only cells to be affected will be
those whose field is cut by the borders.
For the circularly symmetrical cells the
ones most strongly influenced will be
those whose center is grazed by a bound-
ary (because for them the excitatory and
inhibitory subdivisions are most un-
equally illuminated). For the orienta-
tion-specific cells the only ones to be ac-

tivated will be those whose optimal ori-
entation happens to coincide with the
prevailing direction of the border. And
among these the simple cells will be
much more exacting than the complex
ones, responding optimally only when
the border falls along a line separating
an excitatory and an inhibitory region. It
is important to realize that this part of
the cortex is operating only locally, on
bits of the form; how the entire form is
analyzed or handled by the brain—how
this information is worked on and syn-
thesized at later stages, if indeed it is—is
still not known.

he second major function of the
monkey visual cortex is to combine
the inputs from the two eyes. In the lat-
eral geniculate nuclei a neuron may re-

RECEPTIVE FIELDS of various cells in the visual pathway are
compared. Retinal ganglion cells and neurons in the lateral genicu-
late nucleus have circular fields with either an excitatory center and
an inhibitory surround () or the opposite arrangement. A spot of light
falling on the center stimulates a response from such a cell; so does a
bar of light falling on the field in any orientation, provided it falls on
the center. In the visual cortex there is a hierarchy of neurons with in-

creasingly complex response properties. The cortical cells that receive
signals directly from the geniculate have circularly symmetrical fields.
Cortical cells farther along the pathway, however, respond only to a
line stimulus in a particular orientation. A “simple” cell (b)) responds
to such a line stimulus only in a particular part of its field. A “com-
plex” cell (c) responds to a precisely oriented line regardless of where
it is in its field and also to one moving in a particular direction (arrow).
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spond to stimulation of the left eye or of
the right one, but no cell responds to
stimulation of both eyes. This may seem
surprising, since each geniculate re-
ceives inputs from both eyes, but the
fact is that the geniculates are construct-
ed in a way that keeps inputs from the
two eyes segregated. Each geniculate
body is divided into six layers, three left-
eye layers interdigitated with three
right-eye ones. The opposite-side half of
the visual world is mapped onto each
layer (with the six maps in precise regis-
ter, so that in a radial pathway travers-
ing the six layers the receptive fields of
all the cells encountered have virtual-
ly identical positions in the visual field).
Since any one layer has input from only
one eye, the individual cells of that layer
must be monocular.

Even in the visual cortex the neurons
to which the geniculate cells project di-
rectly, the circularly symmetrical cells
in layer IV, are all (as far as we can tell)
strictly monocular; so are all the simple
cells. Only at the level of the complex
cells do the paths from the two eyes
converge, and even there the blending
of information is incomplete and takes
a special form. About half of the com-
plex cells are monocular, in the sense
that any one cell can be activated only
by stimulating one eye. The rest of the
cells can be influenced independently by
both eyes.

F2
-3

F5
6

7

If one maps the right-eye and left-eye
receptive fields of a binocular cell (by
stimulating first through one eye and
then through the other) and compares
the two fields, the fields turn out to have
identical positions, levels of complex-
ity, orientation and directional prefer-
ence; everything one learns about the
cell by stimulating one eye is confirmed
through the other eye. There is only one
exception: if first one eye and then the
other are tested with identical stimuli,
the two responses are usually not quan-
titatively identical; in many cases one
eye is dominant, consistently producing
a higher frequency of firing than the
other eye.

From cell to cell all degrees of ocu-
lar dominance can be found, from com-
plete monopoly by one eye through
equality to exclusive control by the oth-
er eye. In the monkey the cells with a
marked eye preference are somewhat
commoner than the cells in which the
two eyes make about equal contribu-
tions. Apparently a binocular cell in the
primary visual cortex has connections
to the two eyes that are qualitatively vir-
tually identical, but the density of the
two sets of connections is not necessar-
ily the same.

It is remarkable enough that the elab-
orate sets of wiring that produce speci-
ficity of orientation and of direction of
movement and other special properties

POSITIONS OF RECEPTIVE FIELDS (numbered from I to 9) of cortical neurons mapped
by an electrode penetrating at roughly a right angle to the surface are essentially the same (/ef?),
although the fields are different sizes and there is some scatter. In an oblique penetration (right)
from two to four cells were recorded, at .1-millimeter intervals, at each of four sites (numbered
from I to 4) one millimeter apart. Each group includes various sizes and some scatter, but now
there is also a systematic drift: fields of each successive group of cells are somewhat displaced.
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should be present in two duplicate cop-
ies. It is perhaps even more surpris-
ing that all of this can be observed in a
newborn animal. The wiring is mostly
innate, and it presumably is geneti-
cally determined. (In one particular re-
spect, however, some maturation of bin-
ocular wiring does take place mostly
after birth.)

We now turn to a consideration of
the way these cells are grouped in
the cortex. Are cells with similar char-
acteristics—complexity, receptive-field
position, orientation and ocular domi-
nance—grouped together or scattered at
random? From the description so far it
will be obvious that cells of like com-
plexity tend to be grouped in layers, with
the circularly symmetrical cells low in
layer IV, the simple cells just above
them and the complex cells in layers II,
III, V and VI. Complex cells can be fur-
ther subcategorized, and the ones found
in each layer are in a number of ways
very different.

These differences from layer to layer
take on added interest in view of the
important discovery, confirmed by sev-
eral physiologists and anatomists during
the past few decades, that fibers project-
ing from particular layers of the cortex
have particular destinations. For exam-
ple, in the visual cortex the deepest lay-
er, layer VI, projects mainly (perhaps
only) back to the lateral geniculate
body; layer V projects to the superior
colliculus, a visual station in the mid-
brain; layers II and III send their pro-
jections to other parts of the cortex.
This relation between layer and projec-
tion site probably deserves to be ranked
as a third major insight into cortical or-
ganization.

The next stimulus variable to be con-
sidered is the position of the receptive
field in the visual field. In describing the
lateral geniculate nucleus we pointed
out that in each layer the opposite-half
visual field forms an ordered topograph-
ical map. In the projection from lateral
geniculate to primary visual cortex this
order is preserved, producing a cortical
map of the visual field. Given this or-
dered map it is no surprise that neigh-
boring cells in this part of the cortex
always have receptive fields that are
close together; usually, in fact, they
overlap. If one plunges a microelectrode
into the cortex at a right angle to the
surface and records from cell after cell
(as many as 100 or 200 of them) in suc-
cessively deeper layers, again the recep-
tive fields mostly overlap, with each new
field heaped on all the others. The ex-
tent of the entire pile of fields is usually
several times the size of any one typi-
cal field.

There is some variation in the size of
these receptive fields. Some of the varia-
tion is tied to the layering: the largest
fields in any penetration tend to be in
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with the observation that a microelectrode penetrating the cortex per-
pendicularly encounters only cells that prefer the same orientation
(apart from the circularly symmetrical cells in layer IV, which have
no preferred orientation), suggested that the cortex is subdivided into
roughly parallel slabs of tissue, with each slab, called an orientation
column, containing neurons with like orientation specificity (right).

ORIENTATION COLUMNS are visualized as anatomical struc-
tures in a deoxyglucose autoradiograph made by the authors and
Michael P. Stryker. Radioactively labeled deoxyglucose was injected
into a monkey; it was taken up primarily by active neurons, and an
early metabolite accumulated in the cells. Immediately after the in-

jection the animal was stimulated with a pattern of vertical stripes, so
that cells responding to vertical lines were most active and became
most radioactive. In this section perpendicular to surface active-cell
regions are narrow bands about .5 millimeter apart. Layer IV (with
no orientation preference) is, as expected, uniformly radioactive.

ORIENTATION PATTERN, seen face on, is unexpectedly com-
plex. This deoxyglucose autoradiograph is of a section tangential to
the somewhat curved layers of the cortex. The darker regions repre-

sent continuously labeled layer IV. In the other layers the orientation
regions are intricately curved bands, something like the walls of a
maze seen from above, but distance from one band to next is uniform.
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HORIZONTAL

VERTICAL

RIGHT EYE

HORIZONTAL

VERTICAL

BINOCULAR CELL in the cortex can be influenced independently by both eyes or more
strongly by both eyes together. Here the left-eye and right-eye fields are mapped for a com-
plex cell whose receptive field is in the upper left quadrant of the visual field. (The lines repre-
sent the horizontal and vertical meridians of the field, intersecting at the point of fixation.) The
two receptive fields are identical, but the amount of response may differ depending on whether
the left eye or the right eye is stimulated. Preference for one eye is called ocular dominance.

layers III, V and VI. The most important
variation, however, is linked to eccen-
tricity, or the distance of a cell’s recep-
tive field from the center of gaze. The
size of the fields and the extent of the
associated scatter in the part of the cor-
tex that maps the center of gaze are tiny
compared to the size and amount of
scatter in the part that maps the far pe-
riphery. We call the pile of superim-
posed fields that are mapped in a pene-
tration beginning at any point on the
cortex the ‘“aggregate field” of that
point. The size of the aggregate field is
obviously a function of eccentricity.

If the electrode penetrates in an
oblique direction, almost parallel to
the surface, the scatter in field position
from cell to cell is again evident, but
now there is superimposed on the scatter

SURFACE OF CORTEX 2

a consistent drift in field position, its di-
rection dictated by the topographical
map of the visual fields. And an interest-
ing regularity is revealed: it turns out
that moving the electrode about one or
two millimeters always produces a dis-
placement in visual field that is roughly
enough to take one into an entirely new
region. The movement in the visual
field, in short, is about the same as the
size of the aggregate receptive field. For
the primary visual cortex this holds
wherever the recording is made. At the
center of gaze the fields and their associ-
ated scatter are tiny, but so is the dis-
placement corresponding to a one-milli-
meter movement along the cortex. With
increasing eccentricity (farther out in
the visual field) both the field and scat-
ter and the displacement become larger,
in parallel fashion. It seems that every-

LAYER IV

y

GROUPING OF CELLS according to ocular dominance was revealed by physiological
studies. In one typical vertical penetration of the cortex () a microelectrode encounters only
cells that respond preferentially to the left eye (L,) and, in layer IV, cells that respond only to the
left eye (L); in another vertical penetration (2) the cells all have right-eye dominance (R)) or, in
layer IV, are driven exclusively by the right eye (R). In an oblique penetration (3) there is a
regular alternation of dominance by one eye or the other eye. Repeated penetrations suggest
that the cortex is subdivided into regions with a cross-sectional width of about .4 millimeter and
with walls perpendicular to the cortical surface and layers: the ocular-dominance columns.
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where a block of cortex about one or
two millimeters in size is what is needed
to take care of a region of the visual
world equivalent to the size of an aggre-
gate field.

These observations suggest the way
the visual cortex solves a basic problem:
how to analyze the visual scene in detail
in the central part and much more
crudely in the periphery. In the retina,
which has the same problem, for obvi-
ous optical reasons the number of milli-
meters corresponding to a degree of vi-
sual field is constant. The retina handles
the central areas in great detail by hav-
ing huge numbers of ganglion cells, each
subserving a tiny area of central visual
field; the layer of ganglion cells in the
central part of the retina is thick, where-
as in the outlying parts of the retina it is
very thin. The cortex, in contrast, seems
to want to be uniform in thickness ev-
erywhere. Here there are none of the
optical constraints imposed on the reti-
na, and so area is simply allotted in
amounts corresponding to the problem
at hand.

The machinery in any square millime-
ter of cortex is presumably about the
same as in any other. A few thousand
geniculate fibers enter such a region, the
cortex does its thing and perhaps 50,000
fibers leave—whether a small part of the
visual world is represented in great de-
tail or a larger part in correspondingly
less detail. The uniformity of the cortex
is suggested, as we indicated at the out-
set, by the appearance of stained sec-
tions. It is compellingly confirmed when
we examine the architecture further,
looking specifically at orientation and at
ocular dominance.

or orientation we inquire about

groupings of cells just as we did with
field position, looking first at two cells
sitting side by side. Two such cells al-
most invariably have the same optimal
stimulus orientation. If the electrode is
inserted in a direction perpendicular to
the surface,’all the cells along the path
of penetration have identical or almost
identical orientations (except for the
cells deep in layer IV, which have no
optimal orientation at all). In two per-
pendicular penetrations a millimeter or
so apart, however, the two orientations
observed are usually different. The cor-
tex must therefore be subdivided by
some kind of vertical partitioning into
regions of constant receptive-field ori-
entation. When we came on this sys-
tem almost 20 years ago, it intrigued us
because it fitted so well with the hier-
archical schemes we had proposed to
explain how complex cells are supplied
by inputs from simple cells: the circuit
diagrams involve connections between
cells whose fields cover the same part
of the visual world and that respond to
the same line orientation. It seemed em-
inently reasonable that strongly inter-



connected cells should be grouped to-
gether.

If the cortex is diced up into small
regions of constant receptive-field orien-
tation, can one say anything more about
the three-dimensional shape of the re-
gions than that their walls are perpen-
dicular to the surface? Are neighboring
regions related in any systematic way or
are regions subserving all the possible
orientations scattered over the cortex at
random? We began to study these ques-
tions simply by penetrating the cortex
obliquely or parallel to the surface.
When we first did this experiment in
about 1961, the result was so surpris-
ing that we could hardly believe it. In-
stead of a random assortment of succes-
sive orientations there was an amazing
orderliness. Each time the electrode
moved forward as little as 25 or 50 mi-
crometers (thousandths of a millimeter)
the optimal orientation changed by a
small step, about 10 degrees on the aver-
age; the steps continued in the same di-
rection, clockwise or counterclockwise,
through a total angle of anywhere from
90 to 270 degrees. Occasionally such a
sequence would reverse direction sud-
denly, from a clockwise progression to
a counterclockwise one or vice versa.
These reversals were unpredictable,
usually coming after steady progres-
sions of from 90 to 270 degrees.

Since making this first observation we
have seen similar order in almost every
monkey. Either there is a steady pro-
gression in orientation or, less frequent-
ly, there are stretches in which orien-
tation stays constant. The successive
changes in orientation are small enough
so that it is hard to be sure that the re-
gions of constant orientation are finite in
size; it could be that the optimal orienta-
tion changes in some sense continuously
as the electrode moves along the cortex.

We became increasingly interested in
the three-dimensional shape of these
regional subdivisions. From considera-
tions of geometry alone the existence of
small or zero changes in every direction
during a horizontal or tangential pene-
tration points to parallel slabs of tissue
containing cells with like orientation
specificity, with each slab perpendicular
to the surface. The slabs would not nec-
essarily be planar, like slices of bread;
seen from above they might well have
the form of swirls, which could easily
explain the reversals in the direction
of orientation changes. Recording large
numbers of cells in several parallel elec-
trode penetrations seemed to confirm
this prediction, but it was hard to exam-
ine more than a tiny region of brain with
the microelectrode.

Fortunately an ideal anatomical meth-
od was invented at just the right time
for us. This was the 2-deoxyglucose
technique for assessing brain activity,
devised by Louis Sokoloff and his group

at the National Institute of Mental
Health and described elsewhere in this
issue [see “The Chemistry of the Brain,”
by Leslie L. Iversen, page 134]. The
method capitalizes on the fact that brain
cells depend mainly on glucose as a
source of metabolic energy and that the
closely similar compound 2-deoxyglu-
cose can to some extent masquerade as
glucose. If deoxyglucose is injected into
an animal, it is taken up actively by neu-
rons as though it were glucose; the more

active the neuron, the greater the up-
take. The compound begins to be me-
tabolized, but for reasons best known
to biochemists the sequence stops with
a metabolite that cannot cross the cell
wall and therefore accumulates within
the cell.

The Sokoloff procedure is to inject an
animal with deoxyglucose that has been
labeled with the radioactive isotope car-
bon 14, stimulate the animal in a way
calculated to activate certain neurons

ANATOMICAL CONFIRMATION of ocular-dominance columns came from various stain-
ing methods and from axonal-transport autoradiographs such as those shown in color on page
151. This composite autoradiograph visualizing the pattern over an area some 10 millimeters
wide was made by cutting out and pasting together the regions representing layer IV in a num-
ber of parallel sections: the one in bottom illustration on page 151 and others at different depths.

oy

RECONSTRUCTION of the ocular-dominance pattern over the entire exposed part of the
right primary visual cortex was made by the authors and Simon LeVay from a series of sec-
tions stained by a reduced-silver method he developed. The left-hand margin is at the medial
edge of occipital lobe, where cortex folds downward; pattern is enlarged about six diameters.
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and then immediately examine the brain
for radioactivity, which reveals active
areas where cells will have taken up
more deoxyglucose than those in quies-
cent areas. The usual way of examining
the brain for this purpose is to cut very
thin slices of it (as one would for mi-
croscopic examination) and press them
against a photographic plate sensitive
to the radioactive particles. When the
film is developed, any areas that were
in contact with radioactive material are
seen as dark masses of developed silver
grains. Together with Michael P. Stry-
ker we adapted the Sokoloff method to
our problem, injecting an anesthetized
animal with deoxyglucose and then
moving a pattern of black and white ver-
tical stripes back and forth 1.5 meters in
front of the animal for 45 minutes. We
then cut the brain into slices, either per-
pendicular to the surface of the cortex
or parallel to it.

The autoradiographs quickly con-
firmed the physiological results. Sec-
tions cut perpendicular to the surface
showed narrow bands of radioactivity
about every 570 micrometers (roughly
half a millimeter), extending through
the full thickness of the cortex. Evident-
ly these were the regions containingcells
responsive to vertical lines. The deep

N

part of layer IV was uniformly radioac-
tive, as was expected from the fact that
the cells in the layer have circularly
symmetrical receptive fields and show
no orientation selectivity.

Sections cut parallel to the surface
showed an unexpectedly complex set of
periodically spaced bands, often swirl-
ing, frequently branching and rejoining,
only here and there forming regular par-
allel slabs. What was particularly strik-
ing was the uniformity of the distance
from one band to the next over the en-
tire cortex. This fitted perfectly with the
idea of a uniform cortex. Moreover, the
distance between stripes fitted well with
the idea that the cortical machinery
must repeat itself at least every millime-
ter. If the distance were, for example, 10
millimeters from vertical through 180
degrees and back to vertical, sizable
parts of the visual field would lack cells
sensitive to any given orientation, mak-
ing for a sketchy and extremely bizarre
representation of the visual scene.

he final variable whose associated
architecture needs to be considered
is eye preference. In microelectrode
studies neighboring cells proved almost
invariably to prefer the same eye. If in
vertical penetrations the first cell we en-

v
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BLOCK OF CORTEX about a millimeter square and two millimeters deep (/ight color) can be
considered an elementary unit of the primary visual cortex. It contains one set of orientation
slabs subserving all orientations and one set of ocular-dominance slabs subserving both eyes.
The pattern is reiterated throughout the primary visual area. The placing of the boundaries
(at the right or the left eye, at a vertical, horizontal or oblique orientation) is arbitrary; rep-
resentation of the slabs as flat planes intersecting at right angles is an oversimplification.
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countered preferred the right eye, then
so did all the cells, right down to the
bottom of layer VI; if the first cell pre-
ferred the left eye, so did all the rest.
Any penetration favored one eye or the
other with equal probability. (Since the
cells of layer IV are monocular, there it
was a matter not of eye preference but
of eye monopoly.) If the penetration was
oblique or horizontal, there was an al-
ternation of left and right preferences,
with a rather abrupt switchover about
every half millimeter. The cortex thus
proved to be diced up into a second set
of regions separated by vertical walls
that extend through the full cortical
thickness. The ocular-dominance sys-
tem was apparently quite independent
of the orientation system, because in
oblique or tangential penetrations the
two sequences had no apparent relation
to each other.

The basis of these ocular-dominance
columns, as they have come to be called,
seems to be quite simple. The terminals
of geniculate fibers, some subserving
the left eye and others the right, group
themselves as they enter the cortex so
that in layer IV there is no mixing. This
produces left-eye and right-eye patches
at roughly half-millimeter intervals. A
neuron above or below layer IV receives
connections from that layer from up to
about a millimeter away in every direc-
tion. Probably the strongest connections
are from the region of layer IV closest
to the neuron, so that it is presumably
dominated by whichever eye feeds that
region.

Again we were most curious to learn
what these left-eye and right-eye regions
might look like in three dimensions; any
of several geometries could lead to the
cross-sectional appearance the physi-
ology had suggested. The answer first
came from studies with the silver-degen-
eration method for mapping connec-
tions, devised by Walle J. H. Nauta of
the Massachusetts Institute of Technol-
ogy. Since then we have found three oth-
er independent anatomical methods for
demonstrating these columns.

A particularly effective method (be-
cause it enables one to observe in a sin-
gle animal the arrangement of columns
over the entire primary visual cortex) is
based on the phenomenon of axonal
transport. The procedure is to inject a
radioactively labeled amino acid into an
area of nervous tissue. A cell body takes
up the amino acid, presumably incorpo-
rates it into a protein and then transports
it along the axon to its terminals. When
we injected the material into one eye
of a monkey, the retinal ganglion cells
took it up and transported it along their
axons, the optic-nerve fibers. We could
then examine the destinations of these
fibers in the lateral geniculate nuclei by
coating tissue slices with a silver emul-
sion and developing the emulsion; the
radioactive label showed up clearly in



the three complementary layers of the
geniculate on each side.

This method does not ordinarily trace
a path from one axon terminal across a
synapse to the next neuron and its termi-
nals, however, and we wanted to follow
the path all the way to the cortex. In
1971 Bernice Grafstein of the Cornell
University Medical College discovered
that after a large enough injection in the
eye of a mouse some of the radioactive
material escaped from the optic-nerve
terminals and was taken up by the cells
in the geniculate and transported along
their axons to the cortex. We had the
thought that a similarly large injection
in a monkey, combined with autoradi-
ography, might demonstrate the genicu-
late terminals from one eye in layer IV
of the visual cortex.

Our first attempt yielded dismayingly
negative results, with only faint
hints of a few silver grains visible in lay-
er IV. It was only after several weeks
that we realized that by resorting to
dark-field microscopy we could take ad-
vantage of the light-scattering proper-
ties of silver grains and so increase the
sensitivity of the method. We borrowed
a dark-field condenser, and when we
looked at our first slide under the mi-
croscope, there shining in all their glory
were the periodic patches of label in lay-
er 1V [see top illustration on page 151].

The next step was to try to see the
pattern face on by sectioning the cortex
parallel to its surface. The monkey cor-
tex is dome-shaped, arid so a section par-
allel to the surface and tangent to layer
IV shows that layer as a circle or an
oval, while a section below layer IV
shows it as a ring. By assembling a series
of such ovals and rings from a set of
sections one can reconstruct the pattern
over a wide expanse of cortex.

From the reconstructions it was im-
mediately obvious that the main overall
pattern is one of parallel stripes repre-
senting terminals belonging to the in-
jected eye, separated by gaps represent-
ing the other eye. The striping pattern is
not regular like wallpaper. (We remind
ourselves occasionally that this is, after
all, biology!) Here and there a stripe
representing one eye branches into two
stripes, or else it ends blindly at a point
where a stripe from the other eye
branches. The irregularities are com-
monest near the center of gaze and
along the line that maps the horizon.
The stripes always seem to be perpen-
dicular to the border between the pri-
mary visual cortex and its neighbor,
area 18, and here the regularity is great-
est. Such general rules seem to apply to
all macaque brains, although the details
of the pattern vary from one individual
to the next and even from one hemi-
sphere to the other in the same monkey.

The width of a set of two stripes is
constant, about .8 millimeter, over the

VERTICAL
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HYPOTHETICAL PATTERN OF CORTICAL ACTIVITY that might result from stimula-
tion of the left eye with a single short horizontal line, placed in the upper left quadrant of the
visual field, is shown by the colored patches on a diagram of an area of the right cortex, seen
face on. The area receiving input from the object in the visual field is indicated by the broken
black line. If ocular-dominance and orientation columns are arrayed as shown, activated cells
will be those that respond optimally to approximately horizontal stimuli from the left eye.

entire primary visual cortex, once more
emphasizing the uniformity of the cor-
tex. Again the widths fit perfectly with
the idea that all of the apparatus needed
to look after an area the size of an aggre-
gate field must be contained within any
square millimeter of cortex. The two
techniques, deoxyglucose labeling and
amino acid transport, have the great ad-
vantage of being mutually compatible,
so that we have been able to apply both
together, one to mark orientation lines
and the other to see the ocular-domi-
nance columns. The number of brains
examined so far is too small to justify
any final conclusions, but the two sys-
tems appear to be quite independent,
neither parallel nor at right angles but
intersecting at random.

The function served by ocular-domi-
nance columns is still a mystery. We
know there are neurons with all grades
of eye preference throughout the entire
binocular part of the visual fields, and it
may be that a regular, patterned system
of converging inputs guarantees that the
distribution will be uniform, with nei-
ther eye favored by accident in any one
place. Why there should be all these
grades of eye preference everywhere is
itself not clear, but our guess is that it
has something to do with stereoscopic
depth perception.

Given what has been learned about
the primary visual cortex, it is clear
that one can consider an elementary
piece of cortex to be a block about a
millimeter square and two millimeters
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deep. To know the organization of this
chunk of tissue is to know the organiza-
tion for all of area 17; the whole must be
mainly an iterated version of this ele-
mentary unit. Of course the elementary
unit should not be thought of as a dis-
crete, separable block. Whether the set
of orientation slabs begins with a slab
representing a vertical orientation, an
oblique one or a horizontal one is com-
pletely arbitrary; so too is whether an
ocular-dominance sequence begins with
a left-plus-right pair of dominance slabs
or aright-plus-left pair. The same thing
is true for a unit crystal of sodium chlo-
ride or for any complex repetitive pat-
tern such as is found in wallpaper.
What, then, does the visual scene real-
ly look like as it is projected onto the
visual cortex? Suppose an animal fixes
its gaze on some point and the only ob-
ject in the visual field is a straight line
above and a bit to the left of the point
where the gaze is riveted. If each active
cell were to light up, and if one could
stand above the cortex and look down at
it, what would the pattern be? To make
the problem more interesting, suppose
the pattern is seen by one eye only. In
view of the architecture just described
the pattern turns out to be not a line but
merely a set of regularly spaced patches
[seeillustration above]. The reasoning can
be checked directly by exposing a mon-
key with one eye closed to a set of verti-
cal stripes and making a deoxyglucose
autoradiograph. The resulting pattern
should not be a great surprise: it is a set
of regularly spaced patches, which sim-
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ply represents the intersection of the two
sets of column systems. Imagine the sur-
prise and bewilderment of a little green
man looking at such a version of the
outside world!

Why evolution has gone to the trouble
of designing such an elaborate architec-
ture is a question that continues to fasci-
nate us. Perhaps the most plausible no-
tion is that the column systems are a
solution to the problem of portraying
more than two dimensions on a two-di-
mensional surface. The cortex is dealing
with at least four sets of values: two for
the x and y position variables in the visu-
al field, one for orientation and one for
the different degrees of eye preference.
The two surface coordinates are used up
in designating field position; the other
two variables are accommodated by
dicing up the cortex with subdivisions so
fine that one can run through a complete
set of orientations or eye preferences
and meanwhile have a shift in visual-
field position that is small with respect
to the resolution in that part of the visu-
al world.

The strategy of subdividing the cortex
with small vertical partitions is certainly
not limited to the primary visual area.
Such subdivisions were first seen in the
somatic sensory area by Vernon B.
Mountcastle of the Johns Hopkins Uni-
versity School of Medicine about 10
years before our work in the visual area.
In the somatic sensory area, as we point-

ed out above, the basic topography is a
map of the opposite half of the body,
but superimposed on that there is a two-
fold system of subdivisions, with some
areas where neurons respond to the
movement of the joints or pressure on
the skin and other areas where they re-
spond to touch or the bending of hairs.
As in the case of the visual columns, a
complete set here (one area for each
kind of neuron) occupies a distance of
about a millimeter. These subdivisions
are analogous to ocular-dominance col-
umns in that they are determined in the
first instance by inputs to the cortex
(from either the left or the right eye and
from either deep receptors or receptors
in the upper skin layers) rather than by
connections within the cortex, such as
those that determine orientation selec-
tivity and the associated system of ori-
entation regions.

The columnar subdivisions associated
with the visual and somatic sensory sys-
tems are the best-understood ones, but
there are indications of similar vertical
subdivisions in some other areas: several
higher visual areas, sensory parietal re-
gions recently studied by Mountcastle
and the auditory region, where Thomas
J. Imig, H. O. Adridn and John F.
Brugge of the University of Wisconsin
Medical School and their colleagues
have found subdivisions in which the
two ears seem alternately to add their
information or to compete.

ACTUAL PATTERN of cortical activity was elicited by exposing only the left eye to a set of
vertical stripes. The deoxyglucose autoradiograph is of a tangential section in the outer layers
of the cortex. The pattern of regularly spaced dark patches of radioactivity represents inter-
section of ocular-dominance and orientation systems. Magnification is about eight diameters.
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For most of these physiologically de-
fined systems (except the visual ones)
there are so far no anatomical corre-
lates. On the other hand, in the past few
years several anatomists, notably Ed-
ward G. Jones of the Washington Uni-
versity School of Medicine and Nauta
and Patricia Goldman at M.I.T., have
shown that connections from one region
of the cortex to another (for example
from the somatic sensory area on one
side to the corresponding area on the
other side) terminate in patches that
have a regular periodicity of about a
millimeter. Here the columns are evi-
dent morphologically, but one has no
idea of the physiological interpretation.
It is clear, however, that fine periodic
subdivisions are a very general feature
of the cerebral cortex. Indeed, Mount-
castle’s original observation of that fea-
ture may be said to supply a fourth pro-
found insight into cortical organization.

t would surely be wrong to assume
that this account of the visual cortex
in any way exhausts the subject. Color,
movement and stereoscopic depth are
probably all dealt with in the cortex, but
to what extent or how is still not clear.
There are indications from work we and
others have done on depth and from
work on color by Semir Zeki of Uni-
versity College London that higher cor-
tical visual areas to which the primary
area projects directly or indirectly may
be specialized to handle these variables,
but we are a long way from knowing
what the handling involves.

What happens beyond the primary vi-
sual area, and how is the information on
orientation exploited at later stages? Is
one to imagine ultimately finding a cell
that responds specifically to some very
particular item? (Usually one’s grand-
mother is selected as the particular item,
for reasons that escape us.) Our answer
is that we doubt there is such a cell, but
we have no good alternative to offer. To
speculate broadly on how the brain may
work is fortunately not the only course
open to investigators. To explore the
brain is more fun and seems to be more
profitable.

There was a time, not so long ago,
when one looked at the millions of neu-
rons in the various layers of the cortex
and wondered if anyone would ever
have any idea of their function. Did they
all work in parallel, like the cells of the
liver or the kidney, achieving their ob-
jectives by pure bulk, or were they each
doing something special? For the visu-
al cortex the answer seems now to be
known in broad outline: Particular stim-
uli turnneurons on or off; groups of neu-
rons do indeed perform particular trans-
formations. It seems reasonable to think
that if the secrets of a few regions such
as this one can be unlocked, other re-
gions will also in time give up their se-
crets.
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Brain Mechanisms of Movement

How do the brain and the spinal cord bring about the movements

of the body? They not only issue commands to muscles but also

receive feedback signals that help to orchestrate the commands

ne of the first facts to be es-
O tablished about the control of

movement by the brain more
than a century ago was that body move-
ments can be caused by signals to the
spinal cord from a specific region of the
brain: the motor area of the cerebral
cortex. The movements can range in
scale from the gross muscular adjust-
ments required for manual labor or rap-
id locomotion to the tiny adjustments of
the finger muscles that make it possible
to do surgery under the microscope.

These motor-cortex outputs are them-
selves the result of inputs from else-
where; they come not only from other
cortical areas, such as the area for
touch, but also from subcortical struc-
tures, the cerebellum and the basal gan-
glia, which send signals to the motor
cortex by way of still another subcorti-
cal area, the thalamus. A major part of
current research on the brain’s mecha-
nisms of movement is aimed at a better
understanding of how the inputs from
these varicus cortical and subcortical
structures work together to control the
final outputs from the motor cortex to
the spinal cord and thence to the mus-
cles. Here I shall review the present state
of this understanding, which is signifi-
cant on two counts. First, it relates to
fundamental questions about the over-
all organization of the brain. Second, it
bears on the treatment and possible pre-
vention of such neurological disorders
as Parkinson’s disease and Huntington’s
chorea (two of several disorders involv-
ing the basal ganglia) and the many
manifestations of stroke, of multiple
sclerosis and of numerous other disor-
ders that result from damage to the cer-
ebellum.

What are the elementary require-
ments for movement? The first is mus-
cle; the second is a signaling system that
makes muscle contract in an orderly
manner. To begin with muscle, not all
muscles work the same way. Consider
the muscles of the human eye and arm.
Eye muscles must operate with great
speed and precision in quickly orienting
the eyeball to within a few minutes of
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arc. At the same time eye muscle does
not have to cope with such external de-
mands as weight lifting. The fine control
needed in eye movement calls for a high
innervation ratio: the ratio of the num-
ber of neurons with axons terminating
on the outer membrane of muscle cells
to the number of cells in the muscle.

For eye muscle the innervation ratio
is about one to three, which means that
the axon terminals of a single motor
neuron release their chemical transmit-
ter to no more than three individual
muscle cells. (A motor neuron is a neu-
ron whose cell body is in the spinal
cord and whose axon terminates on
muscle-cell membrane.) In contrast to
this high innervation ratio the axon ter-
minals of a single motor neuron that in-
nervates a limb muscle such as a biceps
muscle may deliver transmitter to hun-
dreds of muscle fibers; the muscle may
therefore have the low ratio of one to
many hundreds. As a result the output
of the motor unit in limb muscle—the
single twitch caused by a single impulse
that releases transmitter from the termi-
nals of a single motor neuron—is corre-
spondingly coarse.

Muscle motor units also differ in their
susceptibility to fatigue. At one extreme
are slow-twitch motor units with great
resistance to fatigue. Such units can re-
main active for long periods, but they
generate relatively little muscle tension.
At the opposite extreme are fast-twitch
motor units; they can generate a large
peak muscle tension but fatigue rapidly.

These fast-twitch units tend to be inner-
vated by motor neurons with axons of
above-average diameter and velocity of
nerve-impulse conduction.

Within a single muscle the fibers of
slow and fast motor units are in-
termixed. In 1968 the Swedish investiga-
tors E. Kugelberg and L. Edstrom dis-
covered a way of telling which individu-
al motor fibers belonged to which motor
unit. By prolonged stimulation of a sin-
gle motor-neuron axon they induced
prolonged contraction in the muscle fi-
bers of a single motor unit. The contrac-
tion depleted the supply of the energy-
storing compound glycogen in the indi-
vidual muscle fibers. When the tissue
was stained for glycogen, the fibers of
the depleted motor unit appeared as
white “ghosts” mixed with pink-staining
fibers that still contained a normal sup-
ply of glycogen.

This is known as a histochemical ef-
fect, that is, a demonstration of the bio-
chemical reaction of a living microan-
atomical structure. For example, tak-
ing Kugelberg and Edstrom’s approach,
Robert E. Burke and his colleagues at
the National Institutes of Health have
found that fast-twitch muscle units stain
histochemically as if their contractile fi-
bers use up the energy source adenosine
triphosphate, or ATP, by enzymatically
breaking it down faster than slow-twitch
motor units do. This enzymatic break-
down is thought to be one of the impor-
tant factors that determine the intrinsic

THREE WHITE “GHOSTS” in the micrograph on the opposite page are markers deliberately
created to assist the study of a major aspect of the relation between the brain and movement:
the chemistry of muscle contraction following the firing of a motor neuron. The micrograph
shows a cat leg muscle that has been sectioned perpendicular to its long axis. The ghosts are in-
dividual muscle fibers in a single motor unit of the leg muscle. Earlier study of the unit indicat-
ed that it was “slow twitch” muscle, the kind that generates small forces but is extremely resist-
ant to fatigue. The three fibers have been made markers by prolonged stimulation of the motor
neuron that controls their contraction, thus depleting their supply of glycogen, the stored form
of glucose, a muscle energy source. Staining has colored pink all the muscle fibers in the sec-
tion with a normal supply of glycogen. Micrographs of other sections of the same muscle, in-
cluding the same three markers, appear on page 166. They have been stained to determine
the relation between the chemical and mechanical properties of the muscle fibers. The micro-
graphs were made by Robert E. Burke and Peter Tsairis at the National Institutes of Health.
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SECOND SECTION of leg muscle was stained to determine the relative ability of muscle-fiber
proteins to metabolize the energy-supplying compound adenosine triphosphate (ATP). Dark
staining implies a greater metabolic ability. The three marker fibers are only lightly stained
(see map at right). This lesser ability is characteristic of the slow-twitch fibers in cat muscle.

THIRD SECTION is stained to indicate the ability of muscle proteins to metabolize ATP after
modification by an acidic pretreatment. The approximate reversal of staining intensities from
those seen in the second section provides further information about muscle-fiber chemistry.

FOURTH SECTION has been stained to indicate the relative capacity of the muscle fibers for
oxidative metabolism as m ed by the presence of a key enzyme in the cell’s mitochondria.

The three fibers of the slow-twitch unit (see map) are among the heavily stained fibers; this
is consistent with the great resistance to fatigue that characterizes slow-twitch motor units.
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speed of muscle contraction. Thus the
histochemical finding helps to explain
the difference in the speeds of twitch
contraction. Histochemical studies of
other enzymes involved in the break-
down of sugars and fats similarly help
to explain the very large differences in
the resistance to fatigue among the two
kinds of motor units.

What is the importance of these con-
trasting motor-unit properties to the
organization of movement? Consider
how the motor units of a muscle are se-
quentially “recruited” in the course of
a movement. In general muscle tension
is regulated in two ways. One way is
through the control of the number of
motor units recruited to act. The other is
through the control of the firing fre-
quency of the motor units that have
been recruited. Slow-twitch units, resist-
ant to fatigue and generating relatively
little tension, are the first to be recruited.
The last motor units to be recruited are
the fast-twitch units, those that gener-
ate large peak tensions but are quickly
fatigued.

Elwood Henneman of the Harvard
Medical School has made major contri-
butions to a general understanding of
the significance of the order in which the
motor units are recruited. He notes that
small muscle tensions are generated and
precisely controlled by the selective mo-
bilization of varying numbers of small
motor units. The difference between
smaller and larger motor units is not
trivial. For example, the largest motor
unit in the human calf muscle develops
200 times more tension than the small-
est. When the total muscle output must
be increased, Henneman learned, the
larger motor units are activated, so that
larger individual increments of tension
are provided. This means that as the to-
tal tension rises fewer additional motor
units are needed to furnish it. Of course,
when circumstances require that the
overall tension output of the muscle rise
abruptly, little recruitment order is evi-
dent and virtually all motor units in the
muscle are activated simultaneously.

So much for the different kinds of mus-
cle and their motor units. Let us now
consider what makes the units twitch.
The muscular contractions depend on
the ability of the transmitter acetylcho-
line, which is released at the neuromus-
cular junction with each motor-neuron
impulse, to excite a muscle-cell impulse.
Blocking the transmission at the junc-
tion, for example with the alkaloid cu-
rare, eliminates muscular contraction.
Experiments that illustrate such block-
age have been done with human sub-
jects. They were given curare while their
respiration was maintained artificially.
During the period of curare paralysis
acetylcholine continued to be released
by the motor-neuron axons, but the cu-
rare prevented the interaction of the
transmitter and its receptors on the mus-
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MOTOR CORTEX

p |
FACE CENTRAL SULCUS

BRAIN OF THE MACAQUE MONKEY is seen from the top. Labeling indicates various sub-
divisions of the motor area of this brain’s cerebral cortex. Pie-slice lines (color) indicate the
section of brain that has been removed in the illustration below to reveal subcortical structures.
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MACAQUE’S BRAIN is seen from the rear with one 90-degree pie slice removed to expose
some details of its subcortical structures. Broken line in color surrounds the basal ganglia of the
left hemisphere: the caudate and putamen segments of the striatum and the adjacent globus
pallidus. Nearer the center line is the left thalamus, and astride the center line is the sectioned
right half of the cerebellum, with its interior components, the dentate and fastigial nuclei, ex-
posed to view. The motor section of the cerebral cortex (color) is a phylogenetically recent
brain structure compared with the basal ganglia and the cerebellum. Research now in prog-
ress indicates that the firing of motor-cortex neurons is mediated by signals sent to the mo-
tor cortex by way of the thalamus from these phylogenetically older subcortical structures.

168

© 1979 SCIENTIFIC AMERICAN, INC

cle-cell membrane. As a result the sub-
jects’ muscles ceased to respond to the
commands of their cerebral cortex. The
subjects continued to have thoughts and
feelings, but there were no external signs
of these cerebral activities. Speech, fa-
cial expression, the ability to direct the
gaze—all these forms of behavior de-
pend on muscular contraction.

Many current concepts of the brain
mechanisms of movement have evolved
from the work of the British physiolo-
gist Charles Scott Sherrington early in
this century on the function of the motor
neuron in certain reflexive forms of mo-
tor activity such as scratching and walk-
ing. Signals from many different areas
of the brain often impinge on the same
few spinal-cord motor neurons. Recog-
nizing this fact, Sherrington character-
ized motor neurons as the “final com-
mon pathway” linking the brain with
muscle action. He studied muscle move-
ment in animals whose spinal cord was
severed, effectively separating the mo-
tor neurons from the brain.

Sherrington found that within a few
months after a dog’s spinal cord was
severed a scratch reflex could be elicited
by such mechanical stimuli as tickling
the animal’s skin or lightly pulling on
its hair anywhere within a large sad-
dle-shaped region of the upper body.
In describing these responses he stat-
ed that the movements were “executed
without obvious impairment of direc-
tion or rhythm.” Sherrington’s work on
the scratch reflex led to today’s concept
of the “triggered movement” based on
a “central program” involving a spinal
rhythm generator. Not long afterward
another British physiologist, Graham
Brown, showed that rhythmical limb
movements similar to those involved in
walking were also possible in dogs de-
prived of connections between the brain
and the spinal cord. Evidently spinal
rhythm generators existed for walking
as well as for scratching.

Many current investigations of the
neurophysiology of locomotion are
aimed at clarifying the interaction be-
tween what may be termed central pro-
grams from the brain and sensory feed-
back from outside the nervous system.
Indeed, Sherrington’s work was particu-
larly concerned with the ways motor-
neuron activity could be regulated by
sensory feedback. He introduced the
term “proprioception” to describe sen-
sory inputs arising in the course of cen-
trally driven movements when ‘“the
stimuli to the receptors were delivered
by the organism itself.” Sherrington
chose the prefix “proprio-” (from the
Latin proprius, “one’s own”) because he
believed the major function of the pro-
prioceptors was to provide feedback
information on the organism’s own
movements.

Muscle proprioceptors are of two
kinds. One kind senses elongation and
the other senses tension. The length re-
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ceptors of muscles send fibers into the
spinal cord to form synapses on motor
neurons that terminate on the same
muscles. Hence any increased length-re-
ceptor activity that results from muscle
elongation activates the motor neurons
of the elongated muscle. That gives rise
to a muscular contraction that opposes
the elongation.

The tension receptors, the second kind
of proprioceptor, sense force rather
than elongation; their activation leads to
the inhibition of the associated motor
neurons. Thus when an increase in mus-
cle tension activates these receptors,
their response acts on the associated
motor neurons and gives rise to a re-
duction in force. Both the length recep-
tors and the tension receptors may there-
fore be viewed as components of what
an engineer would call a negative-feed-
back control system. This particular sys-
tem maintains its stability by resisting
changes in muscle length and tension.

It will clarify the operation of such a
negative-feedback servomechanism to
consider an example of the system in
action. Imagine a man who is trying, in
the absence of any external disturbance,
to hold his arm steady while it is extend-
ed straight out to the side of his body.
Slight unintended fluctuations in posi-
tion will of course take place, particular-
ly as the arm gets tired. For example,
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occasional involuntary decreases of ten-
sion in the muscles opposing the force
of gravity will lead to increases in the
length of those muscles. Because of the
increase in muscle length the activity of
the proprioceptive length receptors will
increase, while at the same time (be-
cause of the decrease in muscle tension)
the activity of the proprioceptive ten-
sion receptors will decrease.

Although these are opposite direc-
tions of change, their central effect is not
subtractive but additive: the increased
firing of the length receptors excites the
motor neurons affecting the muscle, and
the decreased firing of the force recep-
tors removes the inhibition of the same
neurons. This synergistic action of the
two kinds of proprioceptive receptors
takes effect when muscle-length changes
are a consequence of involuntary chang-
es of muscle tension due to internal
causes, but it does not take effect if the
length and tension changes are a conse-
quence of the application or removal
of an external force. For example, an
increase in muscle length due to an in-
creased external load gives rise to an
increase in length-receptor activity as-
sociated with an increase, rather than
a decrease in the activity of the tension
receptors. In coining the word proprio-
ceptor Sherrington was calling attention
to the important differences in neural
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MONKEY SUBJECTS proved amenable to training that involved precise muscular response
to stimuli. In this experiment one of nine lamps in the top row of a two-row display was illumi-
nated by the experimenter. By twisting a handle the monkey was able to “follow” the upper
lamp to the left or the right and was rewarded when the two lighted lamps were aligned. A
microprobe, inserted among the motor-cortex cells associated with precise manipulation, re-
corded the activity of the cells involved in the muscular response. Even a small voluntary move-
ment was accompanied by a striking increase in motor-cortex activity; the proportion of brain
cells that fired was far greater than the proportion of spinal-cord motor neurons involved.
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organization that underlie active move-
ment as opposed to passive. In this con-
text “active” refers to a subject’s own
movements and “passive” to displace-
ments produced by external forces.
Sherrington’s concept of the relation
between the length receptors in muscle
and movement in general was dramati-
cally demonstrated when the Swedish
physiologist L. Leksell discovered the
role played by special neurons known as
gamma motor neurons. Unlike the ordi-
nary, or alpha, motor neurons, which
act on the muscle fibers that contract
powerfully, the gamma motor neurons
act on specialized small muscle fibers
that regulate the sensitivity of length re-
ceptors. Hence motor neurons also are
of two kinds. One kind acts on the mus-
cles that generate bodily movements (al-
phas) and the other serves to optimize
the performance of the proprioceptive
muscle-length receptors (gammas).

hus different kinds of muscles, dif-

ferent kinds of motor neurons and
their associated control systems provide
the elementary components of volun-
tary and reflex body movements. The
relations between these components can
be studied in the laboratory with a wide
range of animal subjects. For example,
much current work on the control of
movement relies on mollusks and on
arthropods such as insects and crusta-
ceans. In these invertebrate animals the
simplicity of the nervous system offers
distinct advantages to the investigator.
Invertebrates, however, lack a cerebral
cortex and its related structures. To
learn how the brain signals to the motor
neurons and so controls human move-
ments requires information obtained
from animals that have not only a ce-
rebral cortex but also that specialized
cerebral subdivision—the motor cor-
tex—where the control of movement is
engineered.

The motor cortex was first recognized
in 1870, when it was discovered that
electrical stimulation of the cerebral
cortex could elicit body movements.
The stimulus experiments confirmed
a conclusion that had already been
reached by the British neurologist John
Hughlings Jackson on the basis of clin-
ical observations. Hughlings Jackson
had noted that an irritative lesion of the
cerebral cortex on one side of the brain
could cause epileptic movements of the
opposite side of the body. The first stim-
ulus experiments, performed with dogs
as subjects, were confirmed for monkeys
in 1873 by the British neurologist David
Ferrier.

These motor-cortex studies had a re-
markable impact on neurological think-
ing. To appreciate that impact fully one
must realize that before 1870 the cere-
bral cortex was widely believed to be the
repository only of thoughts. Hughlings
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“GETTING SET” EXPERIMENT involved additional training of
monkey subjects. They were taught to keep a handle fixed in a “neu-
tral” position and to prepare to push it forward at some indefinite
time after a signal light flashed green (top) or to pull it back some-
time after the light flashed red (bortom). The activity of one motor-

Jackson stated the consensus of the time
as follows: “There seems to be an in-
superable objection to the notion that
the cerebral hemispheres are for move-
ments. ... The reason, I suppose, is that
the convolutions [of the cortex] are con-
sidered to be not for movements but for
ideas.”

The next step was in 1874. It was the
discovery of a special set of giant neu-
rons that provided a pathway between
the motor cortex and the spinal cord. In
that year the Russian anatomist Vladi-
mir Betz detected some extraordinarily
large neurons in the motor cortex of
monkeys and human beings. These neu-
rons are now known as Betz cells. It was
found that the axons of Betz cells de-
scend through the brain and make di-
rect connections with spinal-cord motor
neurons, particularly those controlling
the muscles that serve human beings
for the precise movements of manipula-
tion and speech. Further investigation
proved that a seemingly disproportion-
ate part of the motor cortex is devoted
to the control of a very small percentage
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of the total musculature of the human
body, as the famous motor-cortex “ho-
munculus” maps made by Wilder Pen-
field and his colleagues at the Montreal
Neurological Institute so graphically
demonstrate. It has now been shown
that there are some direct connections
from motor-cortex neurons to spinal-
cord motor neurons in the thoracic re-
gion, an area where many of the motor
neurons drive the intercostal respiratory
muscles.

At first it seems odd that motor-cortex
neurons, devoted in the main to the con-
trol of precise movements, should ter-
minate on motor neurons controlling an
action as automatic and primitive as
breathing. As the British physiologist
Charles Phillips points out, however,
these brain-to-spinal-cord connections
are probably related not to respiration
but to the use of respiratory muscles
in such skilled activities as speech and
song. Thus the motor-cortex projection
provides new controls for muscles con-
ditioned to old reflex patterns. As
Hughlings Jackson recognized a century
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cortex neuron was recorded for one second before and one second
after the signal lights flashed; its impulses are depicted by the hori-
zontal rows of dots, and each row records a single presentation of the
stimulus. As these raster displays show, getting set to push caused an
increase in neuron activity and getting set to pull caused a decrease.

ago, the loss of corticospinal connec-
tions does not in itself paralyze muscles.
Rather it prevents the use of the muscles
in connection with certain movements.
Specifically, destruction of the cortico-
spinal projection to thoracic motor neu-
rons does not affect the use of the res-
piratory muscles for respiration even
though the muscles have been rendered
useless for speech.

ithin the past decade much has

been learned about the control
the motor cortex exercises over volun-
tary movement. The new information
is largely the product of ingenious tech-
niques that allow the placement of mi-
croelectrodes in the brain of an animal
subject, usually a monkey, that is capa-
ble of executing skilled movements.
Employing these techniques, Christoph
Fromm of the University of Diisseldorf
has worked with me at the National In-
stitute of Mental Health in examining
motor-cortex features that underlie the
critical role played by this part of the
cerebral cortex in the precise control of



hand movements. It is the same kind of
precise control that enables a surgeon
looking through the dissecting micro-
scope to move a surgical instrument
with an accuracy of within a small frac-
tion of a millimeter.
It seemed to Fromm and me that . y
if motor-cortex output was what con- 0 7h l
trolled precise small movements, then nce ln a great W | e,
the motor-cortex neurons would have to

be strongly modulated by even the most S()methiﬂg ComeS al()ng that

minute fluctuations in the activity of the .
muscles. Furthermore, precise manual exceeds your expectatlong.
control depends strongly on sensory : -
feedback from the hand, and so we fa-
vored the view that motor-cortex ac-
tivity during precisely controlled man-
ual movements should be under contin- : .
uous closed-loop control by negative :
fendacr 1o Y e -+ It’s truly rare.
To see if our conjectures were correct y
we began by training monkeys to move ' o g
a handle with precision. Rotating the
handle controlled a visual display; the
monkeys were rewarded for precision of
manual performance. During each test
we recorded the impulses from Betz
cells of the subjects’ motor cortex. We
found that the smallest movement of the
handle was accompanied by a striking
intensification of Betz-cell activity. For
example, the fraction of motor-cortex
neurons that fired during the control
of these fine movements was far larger
than the fraction of spinal-cord motor
neurons involved in the movement.
We noted a second feature underlying
the role of the motor cortex in the con-
trol of precise movements. It is a nega-
tive-feedback system that automatically
regulates the output of the motor cor-
tex. The system is preferentially focused
on the motor-cortex neurons controlling
the most precise small movements. The
anatomical pathways that return the
negative feedback to the motor cortex
have yet to be traced in detail. One
source of the signals, however, is the
sensory area of the cerebral cortex,
which is directly behind the motor cor-
tex and is connected to it through a num- e eEeeic
ber of linkages. Areas of the sensory P TNCLDE JNLRY v
cortex that receive inputs from the sub- bl ™ e
ject’s hand evidently relay signals to the
motor cortex, completing one loop in
this feedback system, although proba-
bly not the only loop.

he motor-cortex controls we have

considered so far are of critical im-
portance in generating and stabilizing
the most precise human movements.
What happens when a subject wants to
carry out a movement that runs counter
to a normal reflex reaction? To investi-
gate this question Jun Tanji of Hokkai-
do University and I studied the activity
of motor-cortex neurons of monkeys
that had been trained to react to the
involuntary movement of their arm.
Training sometimes called for a muscu-
lar response that was exactly opposite to
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Droughts. Water shortages. Deserts Approximately 700,000 new |
encroaching on once-fertile land. wells are drilled every year. | L‘
It's about time America had some Wells now provide almost 35 |8
good news about water. It’s about time percent of the water used by - ) g
we found a supply that could takethebur-  municipalities—and over 80% A
denoff the country’sovertaxedandoften  of the water used in rural DT
polluted lakes, rivers and reservoirs. areas for homes and livestock. | 1Y
Well, this'll Why is it so incredibly
popular now? Part of the
best news reasonis the very fact that it
you've heard about is so plentiful —and that once
water in a long, long tapped, the water is available ——=
time. Thehappytruth ~ foraslong as it’s sensibly used. =
is Americahas a But part of the reason, too, ——
virtually endless ~ isthat well water is part of oy —p
supply just waiting ~ America’s healthy drive to get
to be tapped. back to its roots. After all,
All we have wells tap America’s purest AP AN 4 o
to dO iS I(X)k a Supply Of natural water. Iullsomes of pallc fa.: :IIIIIII::II; I:}I::;IHIII‘:I:I::I:: I:::f}::f;::::i}i:ﬁrﬁu s every day
little deeper. Does that mean this ' %
water’s 100% pure? Absolutely not. rely exclusively on huge under-
Although it rarely suffers fromthe ground reservoirs that have been col-
pollution that so often afflicts surface lecting water for centuries. Without
water, nine times out of ten, well water those rich water supplies, many of the
is even better than totally pure water. most fertile fields in the country would

It’s enriched with dissolved natural
minerals. Those minerals give well

water in every part of the country its
. distinct, regional flavor. (If those
] _ t minerals 1lmg?rt too séror_lgaﬂavor,
AMERICA'S BEST WATER § asimple filtering device can
IS ALWAYS GETTING usually purify the water
UND ) automatically.)
'The earth has as much water today as  AMERICA'S MOST
i 1 istoric ti “FERTILE FIELDS
it had in prehistoric times. The water ARE AL WET

may sometime change forms, but the
supply itself is constant. So where is all

the water today? Many of the irrigation

An amazing percentage is where syasicl;jrrs rlxnntIafl (zlan d
it’s always been. Underground. 1 Scimt-

An incredible 95% of all the fresh 4 e Ctatoc
water on earth is ground water. In the Q nited Stgdes
United States, there’s 20 or 30 times as 5 o
much waterundergroundasthereisinall L o

the lakes, streams and rivers combined.
What's more, it’s a completely re-
newable supply: Although therate of
replenishing varies greatly, water is i
seeping intothe ground constantly, every
hour of the day, every day of the year.

WELL WATER IS A
NATURAL DELIGHT.

The American publicis using more than
90 bullion gallons of well water a day.
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soon become barren. In the 17 western
states, for example, about 70 percent of
the water used for irrigation comes
from wells.




e EndlessWell And Other
FromThe Underground.

Aslong as that water isn't punped
faster than 1t’s naturally replaced, there
will always be plenty for the fields—and
for the factories, homes and entire cities

WHY YOU SHOULD ALWAYS
'LOOK BELOW THE SURFACE.

Let’s say you're looking for a new water
supply. Maybe you're building a new
home, factory or office building. Maybe
you're planning a multi-acre farmor a
quarter-acre garden. Maybe you're on
the board of a regional or municipal
water authority. Or maybe you'd just
like the secure feeling that comes with
knowing that no one can turm off or limit

your water supply. ‘ -Over50%
"The first place to look is your own ...
backyard. Wells can help lessen the horrible effects of drought.

Ground water in some quantity
can be found under almost every tract

Bettrnan Archive

s s e
construction. A system that never becomes
clogged with silt or weeds. One that
never loses water by evaporation. One
that doesn'’t remove productive land
from other beneficial uses.

The fact is, ground water is a vir-
tually untapped, unfailing resource. A
priceless resource that’s so vast, its

on grnened water TSSSS Ll potential has just begun to surface.
of inhabitable land on earth. The cost ITSTIMEYOU
of getting that water is almost always WENT TO THE PROS.
lower than the cost of relying on any — - .
other water supply. ~ Aprofessional water well contractor is

If you have a professional, 7y.,e% water under almost every @ Water specialist, an

experienced water well inhabitable tract of landon Earih. - engineer and a craftsman
contractor inspect your site 3 all rolled into one. He knows
to determine the feasibility the right techniques for

of using ground water, you'll { finding the best site and

be doing yourself and your building the best kind of well.
locality a favor, because you'll | He knows what equipment
berelying ona water storage to use.

system that doesn’t drain the He’s the man you should
publicreservoirs. A system g= call tofind out more about
that doesn’t require major what’s going on under-
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, " ground on your land.

He’s not, incidentally, the man pay-
ing for this message. It's brought to you
instead by Franklin Electric, the com
pany that makes the motors for most of
the submersible pump manufacturers.
We're doing it because we think it’s
time you knew the good news about one
American resource that’s not in trouble.
The story’s been 4
kept underground A
long enough.

To find out -
more about well water;
ground water contracters and ground
water pumping techniques, just send
this coupon to Franklin Electric, 400
E. Spring St., Bluffton, IN, 46714.
We'll work with the National Water
Well Association to send you more
good news from the underground.
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a normal reflex response. To use a hu-
man analogy, imagine a man standing
upright. He has been instructed that
when the experimenter pushes him, he is
to lean forward without moving his feet.
The subject will first get set to move for-
ward and then wait for the experiment-
er’s push. If the push comes from be-
hind, the subject’s reflex response to pre-
serve his equilibrium will make him lean
backward. For the subject to generate a
centrally programmed movement for-
ward, as he has been instructed, he must
now shift out of the closed-loop mode of
response that preserves equilibrium into
an open-loop mode of response that will
result in his pitching forward (in this
case into a net or the arms of someone
waiting to catch him).

Tanji and I trained monkeys to re-
spond to a similar sequence of events.
The subjects began by precisely posi-

o

MiIcROPROBE | |

tioning a handle and holding it immo-
bile for a few seconds. During this brief
period the subjects’ motor-cortex out-
put to the arm muscles was regulat-
ed by negative feedback in the closed-
loop mode. Then a colored lamp was
switched on; its color was a cue that
told the monkey how to react to an im-
pending external displacement of the
handle. If the light was red, the subject
was to pull the handle back; if it was
green, the subject was to push the handle
forward. The monkeys were rewarded
for correct responses to movements of
the handles after the two cues had been
received. It took them about 200 milli-
seconds to get set in response to the cues.

We recorded the firing of motor-cor-
tex neurons and found that after getting
set the monkeys needed only 40 milli-
seconds to respond correctly to the han-
dle movements. In the brief interval fol-

RED

lowing the movement the motor-cor-
tex control abruptly shifted from the
closed-loop mode of feedback (which
reflexively provides for postural stabili-
ty) to the open-loop mode that was nec-
essary to generate the preprogrammed
movement.

The sensory area of the cerebral cor-
tex therefore plays a role in relaying
signals that control motor-cortex out-
put in the closed-loop mode. The senso-
ry area does not, however, provide the
signals that underlie open-loop prepro-
grammed movements occurring in spite
of (rather than because of) the reflex
consequences of sensory input. The sig-
nals related to preprogrammed move-
ments reach the motor cortex from sub-
cortical structures, specifically from the
cerebellum by way of the thalamus. Pe-
ter L. Strick did experiments at the Na-
tional Institute of Mental Health show-

REFLEX
GO (PUSH)

VOLUNTARY

5 1

TIME (SECONDS)

REFLEX
GO (PULL) /

VOLUNTARY
(SILENCE )

“GO” EXPERIMENT, an extension of the getting-set experiinent,
was designed to examine the relation between voluntary and reflex
responses. The “go” signal, a motor-driven displacement of the han-
dle from its neutral position, came from one second to five seconds
after the getting-set light was turned on. Motor-cortex neuron activi-
ty was recorded before and after the “go” signal for a total duration
of one second. Whether the handle motion elicited a push reaction
(top) or a pull reaction (bottom), the immediate response of the mon-
key was purely reflex, as is shown by the increased neuron activity

5
TIME (SECONDS)

immediately after stimulus (at .5 second) in the raster displays. With-
in 40 milliseconds this reflex response was replaced by the voluntary
neuron ‘“silence” associated with the getting-set cue for pull (white
area in bottom raster). Following both the brief reflex response and
the more extended voluntary response (push) seen in the top raster
the subject returned the handle to the neutral position before the
next trial; this required a pull and produced the silence area visible
in the top raster (far right). The similar push return to neutral ac-
counts for the resumption of neural activity seen in the bottom raster.
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ing that the pathway running from cere-
bellum to thalamus to cortex is involved
in centrally programmed open-loop
control. Following much the same ex-
perimental design that Tanji and I had,
Strick recorded the activity of single
neurons in certain structures of the cere-
bellum.

Strick trained his monkeys to make
arm movements on cue, the cue being
the actual displacement of the subject’s
arm by an externally arranged move-
ment of the handle it grasped. When
the monkeys were additionally prepro-
grammed to move the handle in a partic-
ular direction, by means of the system of
red and green lights, Strick found that
the preprogramming had profound ef-
fects on the responses of certain neurons

PRE-MOTOR CORTEX

in the cerebellum called dentate neu-
rons: the neurons fired within 30 milli-
seconds after the arm-displacement cue
was given. The dentate-neuron signal
thus had an interval of 10 milliseconds
available for traversing the thalamus
and initiating the centrally programmed
activity of the motor cortex (apparent
after a 40-millisecond interval following
the cue).

Strick’s findings are consistent with
those of W. Thomas Thatch, Jr., of
Washington University. While at the
National Institute of Mental Health,
Thatch was the first to demonstrate that
neurons in the cerebellum fired well in
advance of the muscular action of a sub-
ject trained to respond to a visual cue.
The role of signals from the cerebellum

MOTOR CORTEX
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in generating motor-cortex activity has
also been demonstrated experimentally
by Vernon B. Brooks and his colleagues
at the University of Western Ontario.
They artificially reduced the tempera-
ture of the cerebellum in monkeys and
then allowed the temperature to return
to normal. The activity of motor-cortex
neurons was measured before, during
and after the cooling of the cerebellum.
Brooks and his colleagues found that
when the cerebellum was cooled, the fir-
ing of motor-cortex neurons (and the re-
lated preprogrammed movement) in re-
sponse to cues was delayed.

In addition to transmitting outputs
from the cerebellum to the motor cortex
the thalamus relays signals from anoth-
er subcortical structure. This is the large

\
/

CEREBELLUM

-
e ——

PATHWAYS between various areas of the cerebral cortex and cer-
tain subcortical structures are traced in this schematic profile of a
monkey brain. Thin arrows indicate inputs to the basal ganglia (struc-
tures within black boundary) that convey many forms of information
from the cerebral cortex. One component, the striatum, is a major
link between association areas of the cortex and the motor area. The
output of the striatum is passed to the two-part globus pallidus (thick
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arrow); this component in turn provides inputs to another subcortical
structure, the thalamus, particularly to two of its nuclei: the ventralis
lateralis and ventralis anterior (thick and less thick arrows). Thalam-
ic output goes particularly to the pre-motor areas of the cortex (thick
arrow); additional outputs (less thick arrow) go to the motor cortex
for relay to the motor neurons of the spinal cord (broken arrow). Sub-
cortical inputs play an important part in central motor programming,.
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set of cell groups collectively known as
the basal ganglia. While at the National
Institute of Mental Health, Mahlon R.
DeLong of Johns Hopkins University
demonstrated that cells of the basal gan-
glia fire well in advance of volitional
movements by subjects responding to
cues. The finding is consistent with evi-
dence from human neurological disor-
ders that the basal ganglia are critically
important to the earliest stages of initiat-
ing movement: the stages when, by proc-
esses not yet understood, an abstract
thought is translated into a concrete mo-
tor action.

Reflexes and voluntary movements
are not opposites. This was recognized
by Hughlings Jackson a century ago
when he wrote that volitional move-
ments are subject to the laws of reflex
action. Nevertheless, if voluntary move-
ment cannot be defined by exclusion,
that is, as something that does not in-
volve a reflex, how can it be defined?
The most succinct statement I know is
one put forward by the Swedish neuro-
physiologist Ragnar Granit in his recent
book The Purposive Brain: “What is voli-
tional in voluntary movement is its pur-
pose.” From this viewpoint the volition-
al features of a motor act should be con-
sidered in terms of the goal of the action.
Meanwhile the actual events that under-
lie the achievement of the goal are built
up from a variety of reflex processes.

recently discussed this point with a

Russian cyberneticist, Victor Gurfin-
kel. He too defines volitional movement
in relation to its goal. In describing the
kinds of process that underlie voluntary
movement he told me of some kine-
siological studies aimed at assessing
the motor-control characteristics of the
“best pistol shots in the Red Army.”
Gurfinkel noted that an essential char-
acteristic of a marksman is his ability to
stabilize his gun. Studies of the electro-
myographic and kinematic characteris-
tics of the army marksmen showed that
although many parts of their body
moved, the pistol was virtually immo-
bile. All kinds of reflex mechanisms sta-
bilized the position of the marksman’s
hand in space: the vestibulo-ocular sys-
tem, the vestibulospinal system and so
on. Gurfinkel’s example of the marks-
man recalls a view of William James’s
regarding the essence of volitional
movement. Writing almost a century
ago, he said: “The marksman ends by
thinking only of the exact position of the
goal, the singer only of the perfect
sound, the balancer only of the point of
the pole whose oscillations he must
counteract.”

Here one finds remarkable agree-
ment among scholars of widely differ-
ent backgrounds, disciplines and eras.
Granit shares the opinions of James and
Gurfinkel. Granit and Gurfinkel accept
the Sherringtonian notion that purpos-

ive movements are built on a base of
reflex processes. This was also the view
of the British neurologist Kinnier Wil-
son. Writing in 1928, he pointed out that
a “large part of every voluntary move-
ment is both involuntary and outside
consciousness.”

What, then, are the features that
differentiate goal-directed movements
from purposeless ones? Surely there are
many kinds of involuntary movement,
for example those associated with cer-
tain neurological disorders. This has
been noted in several forms of basal-
ganglia disease. Marked impairment of
voluntary movement is characteristic:
either movements fail to occur when
they are wanted or occur when they are
not wanted. In patients with Hunting-
ton’s chorea, as Wilson pointed out, un-
wanted movements occur that resemble
the movements “executed at the bidding
of volition. Each fresh movement ap-
pears to be directed to an end—which is
never attained.” The muscular events
associated with the unwanted move-
ments -resemble the events associated
with volitional movement in a healthy
subject. The movements of chorea,
however, are aimless.

In essence it is clear that the laws of
reflex action, which have long been
known to operate at the level of the spi-
nal-cord motor neuron, also operate at
the level of the motor cortex during vo-
litional movements. Motor-cortex neu-
rons in turn are impinged on by trans-
cortical inputs. Thus the mammalian
motor cortex, phylogenetically a new
part of the brain, is subject to the same
laws of reflex action that characterize
the brain’s older components. In addi-
tion the motor cortex can be driven by a
second major set of inputs. These inputs
underlie the internally generated motor
programs that are a product of activity
in the basal ganglia and the cerebellum
and reach the motor cortex by way of
the thalamus.

Hence of the two major classes of in-
puts that impinge on the motor cortex of
the brain and generate the stream of im-
pulses passed along to the spinal cord,
the class of inputs that operate automat-
ically—the transcortical loop—seems
the simplest to understand: it operates
according to Sherringtonian principles
of reflex action. The second class of in-
puts, originating in the basal ganglia and
the cerebellum and passing to the motor
cortex by way of the thalamus, presents
a more complicated picture. In order
to understand voluntary movement we
need to comprehend the kinds of infor-
mation processed by these subcortical
structures and to discover how the out-
puts of the cerebellum and the basal
ganglia interact in the thalamus. To stu-
dents of the brain mechanisms of move-
ment these are the problems that are
now uppermost.
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Selecting A
Vineyard Site
The creation of any fine
wine must begin in the
vineyard, for such a wine is
born only of premium
grapes. To produce grapes
of this quality, a vineyard must be well
located, well planned and properly cared
for. The first of these concerns should be
location.

Our original vineyard was established
in 1825 by Padres of the Sonoma Mission
and was the first to be planted north of
San Francisco. The Mission Fathers recog-
nized the ideal grape-growing climate of

x the Sonoma Valley, an envi-
ronment that rivals the finest
wine regions of Europe.

| | ui " NS, .j:"‘

Fifty miles from the ocean, the Sonoma
Valley is blessed with warm days and cool
nights, a combination that extends the
growing season and allows vines ample
opportunity to absorb nutrients .from the
mineral rich valley soil. Summer morning
fogs revitalize the leaves enhancing their

| photosynthetic abilities and contributing

to the overall health of the
vine and its fruit.

It’s been more than 150
years since the first plant-
ing of that original vine-
yard which is adjacent to
our binning cellars. Today
it is still producing grapes
for our premium Sebastiani
wines.

If you’d enjoy hearing
more from the wine coun-
try, please write for our free
monthly newsletter.

SamJ. Sebastiani

Ay =
Sebastiani

VINEYARDS
EST. 1825

P.O. Box AA Sonoma CA 95476
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Specializations of the Human Brain

Certain higher faculties, such as language, depend on specialized

regions in the human brain. On a larger scale the two cerebral

hemispheres are specialized for different kinds of mental activity

he nervous systems of all animals

I have a number of basic functions
in common, most notably the con-

trol of movement and the analysis of
sensation. What distinguishes the hu-
man brain is the variety of more special-
ized activities it is capable of learning.
The preeminent example is language: no
one is born knowing a language, but vir-
tually everyone learns to speak and to
understand the spoken word, and people
of all cultures can be taught to write and
to read. Music is also universal in man:
people with no formal training are able
to recognize and to reproduce dozens
of melodies. Similarly, almost everyone
can draw simple figures, and the ability
to make accurate renderings is not rare.

At least some of these higher func-
tions of the human brain are governed
by dedicated networks of neurons. It has
been known for more than 100 years,
for example, that at least two delimited
regions of the cerebral cortex are essen-
tial to linguistic competence; they seem
to be organized explicitly for the proc-
essing of verbal information. Certain
structures on the inner surface of the
underside of the temporal lobe, includ-
ing the hippocampus, are apparently
necessary for the long-term retention of
memories. In some cases the functional
specialization of a neural system seems
to be quite narrowly defined: hence one
area on both sides of the human cerebral
cortex is concerned primarily with the
recognition of faces. It is likely that oth-
er mental activities are also associated
with particular neural networks. Musi-
cal and artistic abilities, for example,
appear to depend on specialized systems
in the brain, although the circuitry has
not yet been worked out.

Another distinctive characteristic of
the human brain is the allocation of
functions to the two cerebral hemi-
spheres. That the human brain is not ful-
ly symmetrical in its functioning could
be guessed from at least one observation
of daily experience: most of the human
population favors the right hand, which
is controlled by the left side of the brain.
Linguistic abilities also reside mainly on
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the left side. For these reasons the left
cerebral hemisphere was once said to be
the dominant one and the right side of
the brain was thought to be subservient.
In recent years this concept has been re-
vised as it has become apparent that
each hemisphere has its own specialized
talents. Those for which the right cortex
is dominant include some features of
aptitudes for music and for the recog-
nition of complex visual patterns. The
right hemisphere is also the more impor-
tant one for the expression and recog-
nition of emotion. In the past few years
these functional asymmetries have been
matched with anatomical ones, and a
start has been made on exploring their
prevalence in species other than man.

n man as in other mammalian species
large areas of the cerebral cortex are
given over to comparatively elementary
sensory and motor functions. An arch
that extends roughly from ear to ear
across the roof of the brain is the pri-
mary motor cortex, which exercises vol-
untary control over the muscles. Paral-
lel to this arch and just behind it is the
primary somatic sensory area, where
signals are received from the skin, the
bones, the joints and the muscles. Al-
most every region of the body is rep-
resented by a corresponding region in
both the primary motor cortex and the
somatic sensory cortex. At the back of
the brain, and particularly on the inner
surface of the occipital lobes, is the pri-
mary visual cortex. The primary audito-
ry areas are in the temporal lobes; ol-
faction is focused in a region on the
underside of the frontal lobes.

The primary motor and sensory areas
are specialized in the sense that each one
is dedicated to a specified function, but
the functions themselves are of gener-
al utility, and the areas are called on in
a great variety of activities. Moreover,
homologous areas are found in all spe-
cies that have a well-developed cerebral
cortex. My main concern in this article
is with certain regions of the cortex that
govern a narrower range of behavior.
Some of these highly specialized areas
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may be common to many species but
others may be uniquely human.

A series of experiments dealing with
learning in monkeys illustrates how fine
the functional distinction can be be-
tween two networks of neurons. A mon-
key can be taught to choose consistently
one object or pattern from a pair. The
task is made somewhat more difficult if
the objects are presented and then with-
drawn and the monkey is allowed to in-
dicate its choice only after a delay dur-
ing which the objects are hidden behind
a screen. It has been found that perform-
ance on this test is impaired markedly if
a small region of the frontal lobes is de-
stroyed on both sides of the brain. Diffi-
culty can also be introduced into the ex-
periment by making the patterns com-
plex but allowing a choice to be made
while the patterns are still in sight. Dam-
age to a quite different area of the cortex
reduces ability to carry out this task, but
it has no effect on the delay test.

These experiments also illustrate one
of the principal means for acquiring in-
formation about the functions of the
brain. When a particular site is damaged
by disease or injury, a well-defined defi-
ciency in behavior sometimes ensues. In
many cases one may conclude that some
aspects of the behavior affected are nor-
mally dependent on the part of the brain
that has been destroyed. In man the
commonest cause of brain damage is
cerebral thrombosis, or stroke: the oc-
clusion of arteries in the brain, which
results in the death of the tissues the
blocked arteries supply. By 1920 the
study of patients who had sustained
such damage had led to the identifica-
tion of several functional regions of the
brain, including the language areas.

The study of the effects of damage to
the brain is still an important method of
investigating brain function, but other
techniques have since been developed.
One of the most important was brought
to a high level of development by the
German neurosurgeon Otfrid Foerster
and by Wilder Penfield of the Montreal
Neurological Institute. They studied the
responses in the conscious patient un-



REPRODUCED BY LEFT HAND
(RIGHT HEMISPHERE)

MODEL PATTERN

REPRODUCED BY RIGHT HAND
(LEFT HEMISPHERE)

CAPABILITIES OF THE TWO HEMISPHERES of the human
cerebral cortex were tested in a subject whose hemispheres had been
surgically isolated from each other. The surgical procedure consisted
in cutting the two main bundles of nerve fibers that connect the hemi-
spheres: the corpus callosum and the anterior commissure. In the test
each of the patterns in the middle column was presented to the sub-
ject, who was asked to reproduce it by assembling colored blocks. The
assembly was carried out either with the right hand alone (which com-
municates mainly with the left hemisphere) or with the left hand

alone (which is controlled primarily by the right hemisphere). Errors
were equally frequent with either hand, but the kinds of error typical
of each hand were quite different. The results suggest that each side
of the brain may bring a separate set of skills to bear on such a task, a
finding consistent with other evidence that the hemispheres are spe-
cialized for different functions. What is equally apparent, however,
is that neither hemisphere alone is competent in the analysis of such
patterns; the two hemispheres must cooperate. The test was conduct-
ed by Edith Kaplan of the Boston Veterans Administration Hospital.
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dergoing brain surgery that follow elec-
trical stimulation of various sites in the
brain. In this way they were able to map
the regions responsible for a number of
functions. Apart from the importance of
this technique for the study of the brain,
it is of clinical benefit since it enables the
surgeon to avoid areas where damage
might be crippling.

Surgical procedures developed for the
control of severe epilepsy have also con-
tributed much information. One meth-
od of treating persistent epileptic sei-
zures (adopted only when other thera-
pies have failed) is to remove the region
of the cortex from which the seizures
arise. The functional deficits that some-
times result from this procedure have
been studied in detail by Brenda Milner
of the Montreal Neurological Institute.

The specializations of the hemi-
spheres can be studied in people who
have sustained damage to the commis-
sures that connect the two sides of the
brain, the most important of these being
the corpus callosum. In the first such
cases, studied at the end of the 19th cen-
tury by Jules Déjerine in France and by
Hugo Liepmann in Germany, the dam-
age had been caused by strokes. More
recently isolation of the hemispheres by
surgical sectioning of the commissures

has been employed for the relief of epi-
lepsy. Studies of such “split brain” pa-
tients by Roger W. Sperry of the Cali-
fornia Institute of Technology and by
Michael S. Gazzaniga of the Cornell
University Medical College have pro-
vided increasingly detailed knowledge
of the functions of the separated hem-
ispheres. Doreen Kimura, who is now
at the University of Western Ontario,
pioneered in the development of a tech-
nique, called dichotic listening, that pro-
vides information about hemispheric
specialization in the intact human brain.

he specialized regions of the brain

that have been investigated in the
greatest detail are those involved in lan-
guage. In the 1860’s the French investi-
gator Paul Broca pointed out that dam-
age to a particular region of the cortex
consistently gives rise to an aphasia, or
speech disorder. The region is on the
side of the frontal lobes, and it is now
called the anterior language area, or
simply Broca’s area. Broca went on to
make a second major discovery. He
showed that whereas damage to this
area on the left side of the brain leads to
aphasia, similar damage to the corre-
sponding area on the right side leaves
the faculty of speech intact. This finding

has since been amply confirmed: well
over 95 percent of the aphasias caused
by brain damage result from damage to
the left hemisphere.

Broca’s area is adjacent to the face
area of the motor cortex, which controls
the muscles of the face, the tongue, the
jaw and the throat. When Broca’s area
is destroyed by a stroke, there is almost
always severe damage to the face area
in the left hemisphere as well, and so it
might be thought that the disruption of
speech is caused by partial paralysis
of the muscles required for articulation.
That some other explanation is required
is easily demonstrated. First, damage to
the corresponding area on the right side
of the brain does not cause aphasia, al-
though a similar weakness of the facial
muscles results. Furthermore, in Broca’s
aphasia it is known that the muscles that
function poorly in speech operate nor-
mally in other tasks. The evidence is
quite simple: the patient with Broca’s
aphasia can speak only with great diffi-
culty, but he can sing with ease and often
with elegance. The speech of a patient
with Broca’s aphasia also has features,
such as faulty grammar, that cannot be
explained by a muscular failure.

Another kind of aphasia was identi-
fied in 1874 by the German investiga-
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SOMATIC SENSORY CORTEX MOTOR CORTEX

SOMATIC SENSORY AND MOTOR REGIONS of the cerebral
cortex are specialized in the sense that every site in these regions can
be associated with some part of the body. In other words, most of the
body can be mapped onto the cortex, yielding two distorted homun-
culi. The distortions come about because the area of the cortex dedi-
cated to a part of the body is proportional not to that part’s actual
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size but to the precision with which it must be controlled. In man
the motor and somatic sensory regions given over to the face and to
the hands are greatly exaggerated. Only half of each cortical region
is shown: the left somatic sensory area (which receives sensations pri-
marily from the right side of the body) and the right motor cortex
(which exercises control over movement in the left half of the body).



- FIRST CALCULATOR
SMART ENOUGH
TO SPEAK
YOUR LANGUAGE.

‘THE SHARPSI00

The amazing new Sharp 5100 is quite
possibly the most important thing that’s hap-
‘The 5100 speaks to chemists. pened to calculators since calculators
happened to math.

Here, at last, is a scientific calculator with
direct formula entry, in algebraic terms. Even
the most complex formulas can be entered
and displaved just as they are written. Fur-
thermore, vour original entries can be visually
edited, corrected, or tested. Which means
there’s no need for machine-language encod-
ing or decoding. Result: you save valuable
time, and avoid the frustrating errors that
might have slipped by you before.

And the incredible 5100 offers you a 24-
character dot-matrix display that rolls right or
left to accommodate one or more formulas to-
taling up to 80 steps. Store the formulas; when

The 5100 speaks to physicists. you n?ed any :-'.egm_cnt, instant Playm':k is at_
vour fingertips. Incidentally, Sharp’s own Safe
Guard™ feature protects all entered formulas and stored data, even when the calculator is off.
Corrections, insertions, or deletions? Make them quickly and precisely when and
where you want, at any point in the calculation,

No matter what your field, the perfect simplicity of direct formula
entry expedites just about any application, from field effect
transistor curves to the deviation of a light ray from
its path as it passes through a triangular
prism. What's more, the 5100 per-
forms a wide range of statis-
tical functions, such as linear
regression and standard
dewviation.

The truly amazing Sharp 5100.'§
It says 1t all.

The 3100 speaks to mathematicians.

Sharp Electronics Corp., 10 Keystone Place, Paramus, N.]J.
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IMMEDIATE
OPENINGS
FOR THE OFFICE
OF THE FUTURE.
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Not long ago, if you mentioned to someone
you were in the information management field, you
were greeted with a polite smile and a vacant stare.

Today, you're liable to get a job offer.

Suddenly major corporations are hiring
Directors of Information Management and Managers
of Information Services. Who, when they arrive on
the job, will find several hundred million pieces of
information waiting to be managed.

Fortunately, they’ll also find a company who
can help them manage 1t: Xerox.

We offer Xerox copiers and duplicators that
not only reproduce information, but also sort, reduce
and copy on both sides.

Electronic printers that take information
directly from computers—and then print it out with
laser beams.

Electronic typing systems that type and store
information —so you can readily find and revise it.

In fact, today there are Xerox machines that
can perform almost any information management
job. Including the most important one:

Helping information managers do their job.

XEROX

XEROX® 15 a trademark of XEROX CORPORATION
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CASIO’'S
NEW MIRACLE

Clock e Calculator e Alarm

Stopwatch e Ultra Thin e Super
Light at 2 oz. e Credit Card Size
Fits In Any Pocket!

The Lowest
Price Ever
At Only
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$299s

The PW-80 is Casio’s newest miracle. It has all the features of the
advanced credit card size calculators at a much lower price, and the
quality of Casio products!

CHECK THESE FEATURES:

o Time is shown in a 24-hour time system displaying hours,
minutes and seconds. Super accuracy of +15 seconds per
month!

® A very audible countdown alarm buzzes at the end of a preset
period.

o Stopwatch records with split/lap time capability of 1/10 of a
second accuracy. The stopwatch includes a time-out feature.
Elapsed time is recorded up to 23 hours, 59 minutes, 59.9
seconds.

o A repetitive timer with alarm can be set to sound every hour,
minute, or setting of your choice. A great reminder for medica-
tion, exercise, and other uses.

e An 8-digit calculator includes standard functions, memory,
and perfect % key.

o The PW-80 includes batteries, leatherette business card case,
and Casio’s one year warranty.

Have your business card on the back for
only $5!

Send along your business card and we'll reproduce it in black on the
back of the brushed aluminum Casio computer. What a great
premium and gift idea!

Why Shop By Mail?

Shopping by mail is convenient, easy.and fun. We ship all
orders promptly to your home or office. You can charge your
order to any major credit card. Most of our products are
not available at your local store. And if that isn't enough,
you have a 30 day no risk money back guarantee:

“Try any one of our products for 30 full days and if you are

not happy with the performance, features, or for any

reason wish to return a product, we will refund your full
purchase price!”

CREDIT CARD BUYERS: TO ORDER CALL TOLL FREE
24 HOURS A DAY
To order in California call toll free (800) 432-7451

&3 (800) 854-3831

DWS marketing international, Dept. 27, 350-A Fischer Av-
enue, Costa Mesa, California 92626 (714) 540-4444
Call our toll-free number for quickest service or send your check, Money
Order, or credit card info to us. Please allow ample time for checks to
clear. We accept Am. Ex., Carte Blanche, Diner's Club and all major credit
cards. Add $2.50 for insured postage & handling for first product & $1 00
for each additional product. Calif. addresses add 6% sales tax
©DWS marketing international 1979
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tor Carl Wernicke. It is associated with
damage to another site in the cortex,
also in the left hemisphere, but in the
temporal lobe rather than the frontal
lobe. This region, which is now called
Wernicke’s area, lies between the pri-
mary auditory cortex and a structure
called the angular gyrus, which proba-
bly mediates between visual and audito-
ry centers of the brain. It has since been
learned that Wernicke’s area and Bro-
ca’s area are connected by a bundle of
nerve fibers, the arcuate fasciculus.

A lesion in either Broca’s area or Wer-
nicke’s area leads to a disruption of
speech, but the nature of the two disor-
ders is quite different. In Broca’s aphasia
speech is labored and slow and articula-
tion is impaired. The response to a ques-
tion will often make sense, but it gen-
erally cannot be expressed as a fully
formed or grammatical sentence. There
is particular difficulty with the inflection
of verbs, with pronouns and connective
words and with complex grammatical
constructions. As a result the speech has
a telegraphic style. For example, a pa-

FRONTAL LOBE

BROCA'S AREA . g

/-“‘5—

PRIMARY AUDITORY AF!EA

TEMPORAL LOBE

tient asked about a dental appointment
said, hesitantly and indistinctly: “Yes. ..

Monday...Dad and Dick... Wednes-
day nine o’clock...10 o’clock...doc-
tors...and...teeth.” The same Kkinds

of errors are made in writing.

In Wernicke’s aphasia speech is pho-
netically and even grammatically nor-
mal, but it is semantically deviant.
Words are often strung together with
considerable facility and with the prop-
er inflections, so that the utterance has
the recognizable structure of a sentence.
The words chosen, however, are often
inappropriate, and they sometimes in-
clude nonsensical syllables or words.
Even when the individual words are
correct, the utterance as a whole may
express its meaning in a remarkably
roundabout way. A patient who was
asked to describe a picture that showed
two boys stealing cookies behind a
woman’s back reported: “Mother is
away here working her work to get her
better, but when she’s looking the two
boys looking in the other part. She’s
working another time.”

MOTOR CORTEX

| SOMATIC SENSORY CORTEX

PARIETAL LOBE

Wy

ANGULAR
 GYRUS

OCCIPITAL LOBE

PRIMARY VISUAL AREA

WERNICKE'S AREA

MAP OF THE HUMAN CORTEX shows regions whose functional specializations have been
identified. Much of the cortex is given over to comparatively elementary functions: the genera-
tion of movement and the primary analysis of sensations. These areas, which include the mo-
tor and somatic sensory regions and the primary visual, auditory and olfactory areas, are pres-
ent in all species that have a well-developed cortex and are called on in the course of many
activities. Several other regions (dark color) are more narrowly specialized. Broca’s area and
Wernicke’s area are involved in the production and comprehension of language. The angular
gyrus is thought to mediate between visual and auditory forms of information. These function-
al specializations have been detected only on the left side of the brain; the corresponding areas
of the right hemisphere do not have the same linguistic competence. The right hemisphere,
which is not shown, has its own specialized abilities, including the analysis of some aspects of
music and of complex visual patterns. The anatomical regions associated with these faculties,
however, are not as well defined as the language areas. Even in the left hemisphere the assign-
ment of functions to sites in the cortex is only approximate; some areas may have functions
in addition to those indicated, and some functions may be carried out in more than one place.
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From an analysis of these defects
Wernicke formulated a model of lan-
guage production in the brain. Much
new information has been added in the
past 100 years, but the general princi-
ples Wernicke elaborated still seem val-
id. In this model the underlying struc-
ture of an utterance arises in Wernicke’s
area. It is then transferred through the
arcuate fasciculus to Broca’s area,
where it evokes a detailed and coordi-
nated program for vocalization. The
program is passed on to the adjacent
face area of the motor cortex, which ac-
tivates the appropriate muscles of the
mouth, the lips, the tongue, the larynx
and so on.

Wernicke’s area not only has a part
in speaking but also has a major
role in the comprehension of the spoken
word and in reading and writing. When
a word is heard, the sound is initially
received in the primary auditory cortex,
but the signal must pass through the ad-
jacent Wernicke’s area if it is to be un-
derstood as a verbal message. When a
word is read, the visual pattern (from
the primary visual cortex) is transmitted
to the angular gyrus, which applies a
transformation that elicits the auditory
form of the word in Wernicke’s area.
Writing a word in response to an oral
instruction requires information to be
passed along the same pathways in the
opposite direction: from the auditory
cortex to Wernicke’s area to the angular
gyrus.

This model explains many of the
symptoms that characterize the apha-
sias. A lesion in Broca’s area disturbsthe
production of speech but has a much
smaller effect on comprehension. Dam-
age to Wernicke’s area, on the other
hand, disrupts all aspects of the use of
language. The effects of certain rarer le-
sions are also in accord with the mod-
el. For example, destruction of the arcu-
ate fasciculus, disconnecting Wernicke’s
area from Broca’s area, leaves speech
fluent and well articulated but semanti-
cally aberrant; Broca’s area is operating
but it is not receiving information from
Wernicke’s area. Because the latter cen-
ter is also functional, however, compre-
hension of spoken and written words is
almost normal. Writing is disrupted in
all aphasias where speech is abnormal,
but the neural circuits employed in writ-
ing are not known in detail.

Lesions in the angular gyrus have the
effect of disconnecting the systems in-
volved in auditory language and writ-
ten language. Patients with injuries in
certain areas of the angular gyrus may
speak and understand speech normally,
but they have difficulty with written lan-

guage. The comprehension of a written |

word seems to require that the audito-
ry form of the word be evoked in Wer-
nicke’s area. Damage to the angular
gyrus seems to interrupt communica-
tion between the visual cortex and Wer-
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LET THE SUN SHINE
THROUGH
THE IRISH MIST

There's nothing quite as pleasing as a
little liquid sunshine, that delicious combina-
tion of one part Irish Mist and three parts
orange juice.

Delightfully imbued with a sparkling
disposition all its own, a touch of liquid sun-
shine brings you the legendary taste of Irish
Mist shimmering through a blush of orange
juice.

And, if truth be known, it's as pleasing
as a rainbow anytime, anyplace, anywhere...
Liquid Sunshine.

IRISH MIST
DARY SPIRIL

tmported Irish Mist® Liqueur. 80 Proof. ©1979 Heublen, Inc., Hurtford, Comn. U.s.A.

© 1979 SCIENTIFIC AMERICAN, INC



HOW THE NEW EATON PROFITS FROM CHANGE

We’'re giving farmers the power to increase crop yields
by 200 percent.

You can see them from airplanes - half-mile

circles of green in an otherwise brown and

arid land.
it ® The circles come from center
- pivot irrigation, a major change in
. farming technology. A long spray
pipe swings slowly around a center
_ point, spreading moisture as it goes.
The pipe is mounted on wheels pow-
ered by hydraulic
motors, which Eaton
designs to keep run-
ning and running.

We also profit
from change in
communications...

fuel-saving fan
. drives for cars and
trucks...

In spite of dirt, moisture, and time.

Center pivot systems are so effec-
tive, they can often double or triple
crop yields. Which means more food
for a hungry world.

Achieving market leadership in _ dimproved
various technologies has helped US oppiianee controls.
grow to an annual rate of $3 billionin
sales - and increase earnings per share by
45 percent in the last five years. For the
complete story, write: Eaton Corporation,
World Headquarters, 100 Erieview Plaza,
Cleveland, Ohio 44114.
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nicke’s area, so that comprehension of
written language is impaired.

Although the partitioning of linguistic
functions among several sites in the cor-
tex is now supported by much evidence,
the rigidity of these assignments should
not be overemphasized. The pessimistic
view that damage to tissue in these areas
inevitably leads to a permanent linguis-
tic impairment is unwarranted. Actual-
ly a considerable degree of recovery is
often observed. The neural tissue de-
stroyed by an arterial thrombosis can-
not be regenerated, but it seems the
functions of the damaged areas can of-
ten be assumed, at least in part, by oth-
er regions. In some cases the recovery
probably reflects the existence of an al-
ternative store of learning on the oppo-
site side of the brain, which remains dor-
mant until the dominant side is injured.
In other cases the function is taken over
by neurons in areas adjacent to or sur-
rounding the damaged site. Patrick D.
Wall of University College London has
shown that there is a fringe of such dor-
mant but potentially active cells adja-
cent to the somatic sensory cortex, and it
seems likely that similar fringe regions
exist throughout the brain. Jay P. Mohr,
who is now at the University of South-
ern Alabama, and his co-workers have
shown that the prospects for recovery
from Broca’s aphasia are quite good
provided the region destroyed is not too
large. One interpretation of these find-
ings suggests that regions bordering on
Broca’s area share its specialization in
latent form.

Although the detailed mechanism of
recovery is not known, it has been estab-
lished that some groups of patients are
more likely than others to regain their
linguistic competence. Children, partic-
ularly children younger than eight, often
make an excellent recovery. Left-hand-
ed people also make better progress
than right-handers. Even among right-
handers those who have left-handed
parents, siblings or children are more
likely to recover than those with no fam-
ily history of left-handedness. The rela-
tion between handedness and recovery
from damage to the language areas sug-
gests that cerebral dominance for hand-
edness and dominance for language are
not totally independent.

disorder of the brain that is startling
because its effects are so narrowly
circumscribed is prosopagnosia; it is a
failure to recognize faces. In the normal
individual the ability to identify people
from their faces is itself quite remark-
able. At a glance one can name a person
from facial features alone, even though
the features may change substantially
over the years or may be presented in a
highly distorted form, as in a caricature.
In a patient with prosopagnosia this tal-
ent for association is abolished.
What is most remarkable about the
disorder is its specificity. In general it is

accompanied by few other neurological
symptoms except for the loss of some
part of the visual field, sometimes on
both sides and sometimes only in the
left half of space. Most mental tasks, in-
cluding those that require the processing
of visual information, are done without
particular difficulty; for example, the
patient can usually read and correctly
name seen objects. What he cannot do is
look at a person or at a photograph of a
face and name the person. He may even
fail to recognize his wife or his children.
It is not the identity of familiar people
that has been lost to him, however, but
only the connection between the face
and the identity. When a familiar person
speaks, the patient knows the voice and
can say the name immediately. The per-
ception of facial features is also unim-
paired, since the patient can often de-
scribe a face in detail and can usually
match a photograph made from the
front with a profile of the same person.
The deficiency seems to be confined to
forming associations between faces and
identities.

The lesions that cause prosopagnosia
are as stereotyped as the disorder it-
self. Damage is found on the underside
of both occipital lobes, extending for-
ward to the inner surface of the tempo-
ral lobes. The implication is that some
neural network within this region is spe-
cialized for the rapid and reliable recog-
nition of human faces. It may seem that
a disproportionate share of the brain’s
resources is being devoted to a rather
limited task. It should be kept in mind,

however, that the recognition of peo-
ple as individuals is a valuable talent
in a highly social animal, and there has
probably been strong selectional pres-
sure to improve its efficiency.

Similar capacities probably exist in
other social species. Gary W. Van Hoe-
sen, formerly in my department at the
Harvard Medical School and now at the
University of Iowa College of Medicine,
has begun to investigate the neurologi-
cal basis of face recognition in the rhe-
sus monkey. So far he has demonstrated
that the monkeys can readily discrimi-
nate between other monkeys on the ba-
sis of facial photographs. The neural
structures called into play by this task
have not, however, been identified.

Until recently little was known about
the physiological basis of memory,
one of the most important functions of
the human brain. Through the study of
some highly specific disorders, however,
it has been possible to identify areas or
structures in the brain that are involved
in certain memory processes. For exam-
ple, the examination of different forms
of anterograde amnesia—an inability to
learn new information—has revealed
the role of the temporal lobes in memo-
ry. In particular, the striking disability
of a patient whom Milner has studied
for more than 25 years demonstrates the
importance in memory of structures on
the inner surface of the temporal lobes,
such as the hippocampus.

In 1953 the patient had submitted to
a radical surgical procedure in which

o

VASCULAR SYSTEM OF THE BRAIN has had an important part in the mapping of func-
tional regions in the cerebral cortex. The normal functions of an area can often be inferred from
the disturbance or impairment of behavior that results when the area is damaged. The com-
monest cause of such damage is the occlusion of an artery supplying the cortex, which leads to
the death of the tissue nourished by that artery. Broca’s area and Wernicke’s area were identi-
fied in this way about 100 years ago, when patients with distinctive aphasias, or speech defects,
were found by postmortem examination to have damage in those areas of the left hemisphere.
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SPEAKING A HEARD WORD

MOTOR CORTEX

ARCUATE FASCICULUS

BROCA'S AREA

WERNICKE'S AREA

PRIMARY AUDITORY AREA

SPEAKING A WRITTEN WORD

MOTOR CORTEX

BROCA'S AREA e

PRIMARY
VISUAL AREA

ANGULAR GYRUS

WERNICKE'S AREA

LINGUISTIC COMPETENCE requires the cooperation of several areas of the cortex. When
a word is heard (upper diagram), the sensation from the ears is received by the primary audito-
ry cortex, but the word cannot be understood until the signal has been processed in Wernicke’s
area nearby. If the word is to be spoken, some representation of it is thought to be transmitted
from Wernicke’s area to Broca’s area, through a bundle of nerve fibers called the arcuate
fasciculus. In Broca’s area the word evokes a detailed program for articulation, which is sup-
plied to the face area of the motor cortex. The motor cortex in turn drives the muscles of the
lips, the tongue, the larynx and so on. When a written word is read (lower diagram), the sensa-
tion is first registered by the primary visual cortex. It is then thought to be relayed to the angular
gyrus, which associates the visual form of the word with the corresponding auditory pattern
in Wernicke’s area. Speaking the word then draws on the same systems of neurons as before.
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much of the hippocampus and several
associated structures in both temporal
lobes were destroyed. After the opera-
tion the skills and knowledge the patient
had acquired up to that time remained
largely intact, and he was and still is able
to attend normally to ongoing events. In
fact, he seems to be able to register limit-
ed amounts of new information in the
usual manner. Within a short time, how-
ever, most of the newly learned infor-
mation ceases to be available to him.

Milner has interviewed and tested the
patient at intervals since the operation,
and she has found that his severe antero-
grade amnesia has changed very little
during that time. He has also exhibited
an extensive although patchy retrograde
amnesia (about the years before the op-
eration), but that has improved appre-
ciably. In the absence of distraction he
can retain, say, a three-digit number for
many minutes by means of verbal re-
hearsal or with the aid of an elaborate
mnemonic device. Once his attention
has been momentarily diverted, how-
ever, he cannot remember the number
or the mnemonic device to which he de-
voted so much effort. He cannot even
remember the task itself. Living from
moment to moment, he has not been
able to learn his address or to remember
where the objects he uses every day are
kept in his home. He fails to recognize
people who have visited him regularly
for many years.

The bilateral surgery that resulted in
this memory impairment is, for obvious
reasons, no longer done, but similar le-
sions on the inner surface of the tem-
poral lobes have occasionally resulted
from operations on one side of the brain
in a patient with unsuspected damage to
the opposite lobe. Comparable memo-
ry deficits result, and so the role of the
inner surface of the temporal lobes
in memory function is now widely ac-
cepted. Moreover, the fact that these
patients generally retain their faculties
of perception supports the distinction
made by many workers between a short-
term memory process and a long-term
process by which more stable storage of
information is achieved. It is clearly the
second process that is impaired in the
patients described above, but the nature
of the impairment is a matter of contro-
versy. Some think the problem is a fail-
ure of consolidation, that is, transferring
information from short-term to long-
term storage. Others hold that the in-
formation is transferred and stored but
cannot be retrieved. The ultimate reso-
lution of these conflicting theories will
require a clearer specification of the
neural circuitry of memory.

A a glance the brain appears to have
perfect bilateral symmetry, like
most other organs of the body. It might
therefore be expected that the two
halves of the brain would also be func-
tionally equivalent, just as the two kid-



neys or the two lungs are. Actually
many of the more specialized functions
are found in only one hemisphere or the
other. Even the apparent anatomical
symmetry turns out to be illusory.

In the primary motor and sensory ar-
eas of the cortex the assignment of du-
ties to the two hemispheres follows a
simple pattern: each side of the brain is
concerned mainly with the opposite side
of the body. Most of the nerve fibers in
the pathways that radiate from the mo-
tor and somatic sensory areas cross to
the opposite side of the nervous system
at some point in their course. Hence the
muscles of the right hand and foot are
controlled primarily by the left motor
cortex, and sensory impulses from the
right side go mainly to the left somat-
ic sensory cortex. Each ear has con-
nections to the auditory cortex on both
sides of the brain, but the connections to
the contralateral side are stronger. The
distribution of signals from the eyes is
somewhat more complicated. The optic
nerves are arranged so that images from
the right half of space in both eyes are
projected onto the left visual cortex; the
left visual field from both eyes goes to
the right hemisphere. As a result of this
pattern of contralateral connections the
sensory and motor functions of the two
hemispheres are kept separate, but they
are largely symmetrical. Each half of
the brain is concerned with half of the
body and half of the visual field.

The distribution of the more special-
ized functions is quite different, and it
is profoundly asymmetrical. I have in-
dicated above that linguistic ability is
dependent primarily on the left hemi-
sphere. There is reason to believe the
right side of the brain is more important
for the perception of melodies, one item
of evidence being the ease with which
aphasic patients with left-hemisphere
damage can sing. The perception and
analysis of nonverbal visual patterns,
such as perspective drawings, is largely
a function of the right hemisphere, al-
though the left hemisphere also makes
a distinctive contribution to such tasks.
These asymmetries are also reflected in
partial memory defects that can result
from lesions in a single temporal lobe. A
left temporal lobectomy can impair the
ability to retain verbal material but can
leave intact the ability to remember spa-
tial locations, faces, melodies and ab-
stract visual patterns.

In everyday life this lateralization of
function can seldom be detected be-
cause information is readily passed be-
tween the hemispheres through several
commissures, including the corpus cal-
losum. Even when the interconnections
are severed, the full effects of cerebral
dominance can be observed only in lab-
oratory situations, where it is possible to
ensure that sensory information reaches
only one hemisphere at a time and that a
motor response comes from only one
hemisphere. Under these conditions a
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AL-RECOGNITION AREA -

FRONTAL LOBE

RECOGNITION OF FACES is a faculty that seems to be governed by regions on the under-
side of the temporal and occipital lobes on both sides of the cortex, which is seen here from be-
low. A lesion that destroys this area impairs the ability to identify a person by facial features
but has almost no other effects. There is often some loss of vision, but the patient can read, can
name objects on sight and can even match a full-face portrait with a profile of the same person.
People can also be recognized by their voices. The only ability that is lost is the ability to recog-
nize people by their faces, and that loss can be so severe that close relatives are not recognized.

AMYGDALA

TEMPORAL LOBE~"

/
PARAHIPPOCAMPAL GYRUS

HIPPOCAMPUS

CERTAIN MEMORY PROCESSES appear to be associated with structures on the inner sur-
face of the temporal lobes, such as the hippocampus(color). Bilateral lesions of these areas have
been shown to cause a severe and lasting memory disorder characterized by the inability to
learn new information. Patients with lesions of this type appear to have undiminished powers
of perception, but they are largely incapable of incorporating new information into their long-
term store. Acute lesions in this region of a single temporal lobe sometimes result in similar but
less persistent memory disorders that reflect the contrasting specializations of the henfisplreres:
the type of information that cannot be learned varies according to the side the lesion is on.
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remarkable pattern of behavior is ob-
served. If an object is placed in a pa-
tient’s left hand or if it is presented only
to his left visual field, he cannot say its
name. The failure is not one of recogni-
tion, since the patient is able to match
related obijects, but the perception re-
ceived only in the right hemisphere can-
not be associated with a name that is
known only to the left hemisphere.

The specialization of the isolated
hemispheres should not be overstated,
however. The right half of the brain
does have some rudimentary linguistic
ability. Moreover, there are doubtless
many tasks where the two hemispheres
ordinarily act in concert. In one test ad-
ministered after surgical isolation of the
hemispheres the patient is asked to re-
produce a simple pattern by assembling
colored blocks. In some cases errors are
frequent whether the task is completed
with the left hand or the right, but they
are characteristically different kinds of
errors. It appears that neither hemi-
sphere alone is competent in this task
and that the two must cooperate.

ne of the most surprising recent
findings is that different emotional
reactions follow damage to the right and
left sides of the brain. Lesions in most
areas on the left side are accompanied

A

PLANUM TEMPORALE” "

LEFT HEMISPHERE

by the feelings of loss that might be ex-
pected as a result of any serious injury.
The patient is disturbed by his disability
and often is depressed. Damage in much
of the right hemisphere sometimes
leaves the patient unconcerned with his
condition. Guido Gainotti of the Catho-
lic University of Rome has made a de-
tailed compilation of these differences
in emotional response.

Emotion and “state of mind” are of-
ten associated with the structures of the
limbic system, at the core of the brain,
but in recent years it has been recog-
nized that the cerebral cortex, particu-
larly the right hemisphere of the cortex,
also makes an important contribution.
Lesions in the right hemisphere not only
give rise to inappropriate emotional re-
sponses to the patient’s own condition
but also impair his recognition of emo-
tion in others. A patient with damage on
the left side may not be able to compre-
hend a statement, but in many cases he
can still recognize the emotional tone
with which it is spoken. A patient with a
disorder of the right hemisphere usually
understands the meaning of what is said,
but he often fails to recognize that it is
spoken in an angry or a humorous way.

Although cerebral dominance has
been known in the human brain for
more than a century, comparable asym-
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WERNICKE'S AREA

metries in other species have been rec-
ognized only in the past few years. A
pioneer in this endeavor is Fernando
Nottebohm of Rockefeller University,
who has studied the neural basis of sing-
ing in songbirds. In most of the species
he has studied so far, but not in all of
them, the left side of the brain is more
important for singing. Examples of
dominance in mammals other than man
have also been described, although in
much less detail. Under certain condi-
tions damage to the right side of the
brain in rats alters emotional behavior,
as Victor H. Denenberg of the Universi-
ty of Connecticut has shown. Domi-
nance of the left cerebral cortex for
some auditory tasks has been discovered
in one species of monkey by James H.
Dewson III, who is now at Stanford Uni-
versity. Michael Petersen and other in-
vestigators at the University of Michi-
gan and at Rockefeller University have
shown that the left hemisphere is domi-
nant in the recognition of species-specif-
ic cries in Japanese macaques, which
employ an unusual variety of such
signals. So far, however, no definitive
example of functional asymmetry has
been described in the brains of the great
apes, the closest relations of man.

For many years it was the prevail-
ing view of neurologists that the func-
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RIGHT HEMISPHERE

ANATOMICAL ASYMMETRY of the cortex has been detected in
the human brain and may be related to the distinctive functional spe-
cializations of the two hemispheres. One asymmetry is readily ob-
served in the intact brain: the sylvian fissure, which defines the up-
per margin of the temporal lobe, rises more steeply on the right side
of the brain. A more striking asymmetry is found on the planum tem-
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porale, which forms the upper surface of the temporal lobe, and which
can be seen only when the sylvian fissure is opened. The posterior part
of the planum temporale is usually much larger on the left side. The
enlarged region is part of Wernicke’s area, suggesting that the asym-
metry may be related to the linguistic dominance of the left hemi-
sphere. The distribution of the asymmetries varies with handedness.
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Let’s pull the plug on OPEC...
by plugging in the electric car

For decades lead has been used in
the batteries that start your car and
make its engine work more efficiently.

Now lead offers us a way out of the
gas line via economical, clean, quiet
electric autos powered by lead-acid batteries.
With estimated operating costs under 4¢ per mile for
a limited range electric subcompact, the potential
demand for electrics should stimulate U.S. automakers to get
more vehicles into production fast.

Lead battery powered cars will cut fuel waste, make efficient
use of our off-peak generating resources, make us less dependent
on foreign oil, lower our unfavorable balance of payments,
help cut inflation and protect our environment.

LET'S GO AMERICA-GO ELECTRIC
WITH LEAD-THE ENERGY CONSERVER

SLJOE

LEAD COMPANY

Division of St. Joe Minerals Corporation

7733 Forsyth Bivd., Clayton, Mo. 63105 (314) 726-9500
ABASIC SOURCE

If you would like to know more about the electric cars, trucks,
buses in use today, write us for “EV booklet”.
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HP measurement and computer advances

HP’s first UV-VIS spectrophotometer lights the way
to faster, nondestructive, chemical identification.

Electronics simplifies the optical system, re-
duces its moving parts to one in the new HP
8450, a powerful, computer-controlled,
ultraviolet-through-visible-light spec-
trophotometer that generates full spectrum
and multicomponent analysis in seconds.

Spectrophotometers identify unknown chemical
compounds by measuring their ability to absorb
light. Conventional instruments do this by the time-
consuming method of sending light through a prism
mechanically rotated so that one wavelength at atime
passes through the sample to a detector. The first
spectrophotometer to be offered by HP has a
revolutionary optical system. It passes light first
through the sample and then onto a holographic grat-
ing, which disperses it across two parallel arrays of
light-sensitive diode detectors—one array measuring
visible, the other ultraviolet, light. Resulting spectra
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are shown one second later on the instrument’s
built-in video display.

The reversed optics technique coupled with the high
speed data handling capability of the HP 8450 enables
chemists to make full-spectrum, multicomponent
analyses of mixtures containing up to seven com-
ponents, at an unprecedented 360 samples per hour!

The built-in, 44k-word microcomputer permits the
user to program operating parameters and measure
virtually any sample with minimal sample prepara-
tion and minimal training. Communication is
through a friendly, interactive keyboard, sealed to
prevent damage from chemical spills.

After an analytical run, the output from the HP 8450
may be directed to an optional plotter, printer/
plotter, or other HP-IB (Hewlett-Packard Interface
Bus) compatible device. For use with other data
systems, RS232C serial output is also included.

Prices start at $20,000*.
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Factory data collection made
economically viable.

With DATACAP/1000 software and HP data
capture terminals, the HP 1000 computer
can provide manufacturers with immediate,
accurate information about production qual-
ity, inventory levels, or work-in-process.

HP—no slouch when it comes to manufacturing—
has developed a factory data collection system that
meets our standards of practicality and accuracy, as
well as economics. We've been using it ourselves
for several months and, based on results, think it
will make its mark in the outside world.

The system is installed at one of HP’s manufactur-
ing divisions, in the plastic and metal fabrication
shop. DATACAP/1000 was designed to increase the
effectiveness of operations management. It is a
general purpose, real time data capture software
package that can be tailored to the user’s applica-
tion and installed without programming.

The user decides what information is wanted, and
what data must be captured to provide this infor-
mation. Then, through a simple, interactive pro-
cess on a display terminal, the user creates specifi-
cations for data entry transactions. These include
entry sequence, method (i.e. keyboard or card/

badge readers), validation, and storage. Data can
be stored on a disk file, an IMAGE/1000 data base,
magnetic tape, or a combination of these. Transac-
tion logging can be selected to provide an audit trail.

Data is captured and validated at the source using
HP’s new 3075, 3076, and 3077 data capture termi-
nals. The terminals are simple to operate. HP
employees typically learn to use them in a few
hours, and are comfortable with them in a matter of
days. Available in benchtop or wall-mounted ver-
sions, they come with more than 50 combinations
of options to suit each work center. A variety of
data entry methods can be used, such as keyboard,
or badge or card reading.

Up to 56 data capture terminals can belinked to the
HP1000and managed by DATACAP/1000 by using

HEWLETT 'hp‘; PACKARD

1503 Page Mill Road, Palo Alto, California 94304

For assistance call: East (301) 258-2000, West (213) 877-1282,
Midwest (312) 255-9800, South (404) 955-1500, Canada (416) 678-9430

extend your possibilities.

one or more simple, low-cost communication links.
Each link can be up to five miles long, and uses a
single, shielded, twisted pair cable.

Instead of filling out a card, the worker now walks
to a nearby data capture terminal and pushes the
attention key. When the terminal indicates that it is
ready, the worker keys in a transaction specifica-
tion number. The terminal then runs through a
series of prompting lights which guide the worker
through the entry of data: shift number, name,
quantities, run hours, setup hours, etc. All keyed
entries are subjected to validation procedures, so
errors are caught and corrected on the spot.

As aresult, the HP division’s supervisors and man-
agers now have access to timely and accurate in-
formation on which to base operational decisions.

HP DATACAP/1000 software is priced at $3000.*
HP 3075A, 3076A and 3077 A data capture terminals

are priced between $2090* and $4230*, depending
on the selected options.

Mail to: Hewlett-Packard, 1503 Page Mill Road, Palo Alto, CA 94304 .|

Please send me further information on [

() HP 8450 UV-VIS spectrophotometer [
() HP DATACAP/1000 and data capture terminals

Name

Company
|

Address

City State Zip — |
*Domestic U.S. prices only 00948
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ABNORMAL CELLULAR ARCHITECTURE has been found in a language area of a pa-
tient with a developmental reading disorder. The top photomicrograph is a section of the nor-
mal cortex from the posterior portion of the planum temporale, the region that makes up part
of Wernicke’s area. Several layers can be perceived and the cells have a characteristic colum-
nar organization. The bottom photograph is a section from the same region in a patient with
dyslexia. One peculiarity is the presence of nerve-cell bodies in the most superficial layer (near
top of photograph), where they are normally absent. Moreover, throughout the tissue the ar-
rangement of cells is disrupted. The abnormality was found by Albert M. Galaburda of the
Harvard Medical School and Thomas Kemper of the Boston University School of Medicine.
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tional asymmetries of the brain could
not be correlated with anatomical asym-
metries. If there were any significant
differences between the hemispheres, it
was assumed, they would have been not-
ed long ago by surgeons or pathologists.
About 10 years ago my colleague Wal-
ter Levitsky and I decided to look into
this matter again, following some earlier
observations by the German neurologist
Richard Arwed Pfeifer. We examined
100 human brains, paying particular at-
tention to a region called the planum
temporale, which lies on the upper sur-
face of the temporal lobe and is hidden
within the sylvian fissure that runs along
each side of the brain. Our study was
concerned only with gross anatomy, and
we employed no instruments more elab-
orate than a camera and a ruler; never-
theless, we found unequivocal evidence
of asymmetry. In general the length and
orientation of the sylvian fissures is dif-
ferent on opposite sides of the head.
What is more significant, the posterior
area of the planum temporale, which
forms part of Wernicke’s area, is gener-
ally larger on the left side. The differen-
ces are not subtle and can easily be seen
with the unaided eye.

Juhn A. Wada of the University of
British Columbia subsequently showed
that the asymmetry of the planum tem-
porale can be detected in the human fe-
tus. It therefore appears that the en-
largement of the left planum cannot be a
response to the development of linguis-
tic competence in childhood. On the
contrary, the superior linguistic talent of
the left hemisphere may result from the
anatomical bias.

ore recently my colleague Albert
M. Galaburda has discovered that
the enlargement of the left planum can
be explained in terms of the cellular or-
ganization of the tissue. On the planum
is a region with a distinctive cellular ar-
chitecture, designated 7pr. Galaburda
found that the extent of the Tpt region is
considerably greater in the left hemi-
sphere; in the first brain he examined it
was more than seven times as large on
the left side as it was on the right.
Galaburda and Thomas Kemper of
the Boston University School of Medi-
cine also examined the brain of an acci-
dent victim who had suffered from per-
sistent dyslexia. He found that the 7pr
areas in the two hemispheres were of
approximately equal size. Furthermore,
the cellular structure of the Tpr area on
the left side was abnormal. The neurons
in the normal cortex are arranged in a
sequence of layers, each of which has a
distinctive population of cells. In the
brain of the dyslexic the strata were dis-
rupted, one conspicuous anomaly being
the presence of cell bodies of neurons in
the most superficial layer of the cortex,
where they are normally absent. Islands
of cortical tissue were also found in the
white matter of the brain, where they



can
you be

bribed?

You get $35.21 in bribes when you try 10 DAK ML90
high energy cassettes risk free for only $2.19
each. Your bribe is bigger than your purchase!

Hats off to Maxell. Their UDXL cas-
sette established a new standard of
sound quality for all cassettes.

The new DAK ML90 starts another
new technology. A technology of pro-
tection from Hi frequency loss and of
extreme reliability.

Later we are going to offer you valu-
able bribes, just for testing these cas-
settes. risk free; so read on!

YOUR TIME IS PRECIOUS

Imagine yourself just finishing record-
ing the second side of a 90 minute cas-
sette and horrors, the cassette jams.
Tape is wound around the capstan, your
recorder may be damaged and you've
just wasted 90 minutes of your time and
perhaps lost a great recording off FM.

Enter DAK. We manufacture over one
million units of cassette tape each
month in our factory. Many of our tapes
are used for high speed duplication
where they are recorded at speeds up
to 8 times normal. This is the ultimate
stress for cassettes and causes more
failures than any other use.

When we first started, 12 years ago,
DAK's cassettes failed, just like many
others. So we installed over $20,000
worth of high speed duplication equip-
ment at our factory and set out to design
the perfect cassette.

MOLYSULFIDE

Failure after failure. For six years we
substituted, remade, tested and retested
until we positively linked the major
cause of cassette failure to the slip
sheets, or liners in the cassette. Evi-
dently, 3M and TDK were hot on our
heels, because they have now also
come out with new liners.

We developed polyester slip sheets
with raised spring loaded ridges to
guide each layer of tape as it winds. We
coat the liners with a unique formula-
tion of graphite and a new chemical,
molysulfide.

Molysulfide reduces friction several
times better than graphite and allows the
tape to move more freely within the
cassette. The molysulfide is tougher and
makes the liner much more resistant to
wear.

Hi frequency protection! Tape is basi-
cally plastic, and as it moves within the
cassette internal friction causes the
build up of static electricity, much as
rubbing a balloon against your hair, or
scuffing your shoes on a carpet in dry
weather.

Static electricity within the cassette
was drastically reduced by the low fric-
tion of the molysulfide and easily bled
off, so that its tendency to erase very
high frequencies was drastically re-
duced. A very important consideration
for often played tapes.

MAXELL IS BETTER
Yes, honestly, if you own a $1000 cas-
sette deck like a Nakamici, the fre-

FREE CATALOGUE "HOW TO RECORD" BOOKLET
)

\

quency responses of Maxell UDXL or
TDK SA are superior to DAK and you
just might be able to hear the difference.

DAK ML has a frequency response
that is flat from 40cps to 14,500 *3db.
Virtually all cassette recorders priced
under $600 are flat =3db from 40cps to
about 12,000cps, so we have over
2000cps to spare, and you'll probably
never notice the difference.

No apology. We feel that we have
equaled or exceeded the mechanical
reliability of virtually all cassettes and
offer one of the best frequency re-
sponses in the industry. Maxell UDXL is
truly the Rolls Royce of the industry, and
DAK is comparable to the 100% US
made Cadillac or Corvette!

Price DAK manufactures the tape we
sell. You avoid paying the wholesaler
and retailer profits. While Maxell UDXL
90s may sell for $3.50 to $4.50 each at
retail, DAK ML90s sell factory direct to
you for only $2.19 each complete with
deluxe boxes and index insert cards.

YOU WIN

You are paying less for the 10, 90
minute cassettes than you wpuld pay
for the comparable bribes we are offer-
ing if you went to a Radio Shack store.

Yours Free

CHECK THE VALUE OF THE DAK
BRIBES AT RADIO SHACK

The next time your batteries are dead
in a calculator, radio, flashlight or bat-
tery operated recorder, you'll be glad
you have this versatile battery elimina-
tor AC adaptor.

You'll save lots of money on batteries
because now you can plug in, instead of
using up expensive batteries. 4 voltages:
3, 4.5, 6 and 9 volts plus 4 plugs to fit
virtually anything battery powered. Radio
Shack sells a similar 4 voltage adaptor
for $9.95.

Think of it, 10 of the most commonly
used six foot hook up cords with RCA
plugs at each end. You can connect
friends recorders, extra tuners, or virtu-
ally any stereo equipment. You'll cer-
tainly appreciate these cords in the
years to come. Radio Shack sells their
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six foot cords for $1.89 each.

You need clean tape heads to make
good recordings. The easiest way to
clean your heads is with DAK’'s 12 oz.
deluxe spray head cleaner, complete
with handy snorkel tube. Radio Shack
doesn’t sell a single large 12 oz. can,
but 12 oz. from them costs $6.36.

The comparable Radio Shack prices
are not list prices, but the actual prices
you would pay at a store when this ad
was written.

DAK

TAPE HEAD 8
CLEANER

Yours Free

WE WIN TOO

Customers like you are very valuable
in the form of future business. We an-
ticipate receiving over 6000 orders and
4500 repeat customers from this adver-
tisement to add to our list of over 57,000
‘‘actives.” We are betting you wiil buy
our cassettes again, and we are put-
ting our money where our mouth is!

TRY DAK ML90 FREE

We want you to try these high energy
cassettes on your own recorder without
obligation for 30 days. If you aren't
100% satisfied for any reason, simply
return the tapes and bribes to DAK for a
full refund.

To order your 10 DAK ML90 minute
high energy cassettes and receive your
$35.21 bribe with your credit card,
simply call toll free 800, 423-2636, (in
Calif. call 213-984-1559) or send vour
check for $21.90 plus $3 for postage
and handling for each agroup of 10 cas-
settes and bribes to DAK. (Calif, resi-
dents add 6% sales tax).

DAK unconditionally guarantees all
DAK cassettes for one year against any
defects in material or workmanship.

Why not order an extra group of 10
DAK ML90 cassettes for yourself or a
friend? We will add one free ML90 cas-
sette to each additional 10 you buy and
of course you get all 3 bribes with each
group of 10 tapes.

CE
J INDUSTRIES
®/INCORPORATED

SA
Call TOLL-FREE (800) 423-2636
In California Call ... (213) 984-1559
10845 Vanowen St., North Hollywood, CA 91605
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Headquarters for
human experience.

Based on recent findings of neurosurgeons, clinicians and psychologists as
well as the author’s own experiments and observations of the nervous sys-
tem and memory, this path-breaking study shows how we think and why
we behave as we do. Written for both the scientist and general reader, it
covers basic human capacities (seeing, learning, speaking, loving, hating,
dreaming) as well as the philosophical problems of creating, knowing and
believing. Illustrated with 20 halftones, 33 line drawings. $14.95

Coming in January:
SEEING
Ilusion, Brain,
and Mind

by John Frisby
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New York, NUY. 10016

Yes! But now physics shows us a
far better way: The Physicist's Fire.

With the TEXAS FIREFRAME®
grate, you assemble logs in the
scientifically correct way to throw
heat from the fire into the room.
Feel the heat 10-15 feet from this
fuel-saving fire. Unsplit logs start
easily, quickly; no turning needed.
Flames are steady, fully visible.
Adjustable arms fix the burning-
rate. Hailed by TIME (12/22/75),
New York Times (12/29/77), Sci-
entific American (8/78), etc., and
by many thousands of delighted
users.

Back to wood? No! Forward with
wood and new technology:

THE PHYSICIST'S

ARE YOU A SLAVE TO
STONE-AGE TECHNOLOGY?

—_—

- ‘tu?LDM'L
“There he goes again—a slave to his own
invention”

U-25 units @ $42.95 (28 Ibs.)
$-25 units @ $42.95 (26 Ibs.)
U-17 units @ $34.95 (20 Ibs.)
— U-33 units @ $54.95 (34 Ibs.)
Includes tax. Add 10% for shippin%‘ in US.
Check for § enclosed. No CODs.

Please send

u.s.
NO. 4,069,808

PAT.

MAME — Fully assembled, no fasteners. 1”-deep steel bars,
all-welded construction. Model U-25: 25” front
width, 21”7 back width, 15”7 high, 15” deep.
Model S$-25: 25”x21x15x13. Model U-17: 17”x13xI3-
x13. Model U-33: 33”x29x15xI5.

Simple, copyrighted instructions.

ADDRE

CITY —— STATE ZIP.
TEXAS FIREFRAME CO.
P.O. Box 3435  Austin, Texas 78764

CARTOON COURTESY OF CHEMTEcH © 1975
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do not belong. Although no firm conclu-
sion can be drawn from a single case, it
does seem striking that a structural ab-
normality would be found in the lan-
guage area of a patient who was known
to have a linguistic disability.

A new line of research on brain asym-
metry has lately been opened by my col-
league Marjorie J. LeMay. She has de-
vised several methods for detecting ana-
tomical asymmetry in the living person.
One of these methods is cerebral arteri-
ography, in which a substance opaque to
X rays is injected into the bloodstream
and the distribution of the substance is
monitored as it flows through the cra-
nial arteries. Arteriography is often em-
ployed in the diagnosis of brain tumors
and other brain diseases, and the arterio-
grams LeMay examined had been made
for diagnostic purposes. One of the cra-
nial arteries (the middle cerebral artery)
follows the groove of the sylvian fissure,
and LeMay showed that the position of
the artery in the arteriogram reveals the
length and orientation of the fissure. She
found that in most people the middle
cerebral artery on the right side of the
head is inclined more steeply and ulti-
mately ascends higher than the corre-
sponding artery on the left side.

LeMay has also detected brain asym-
metries by computed axial tomography,
the process whereby an image of the
skull in cross section is reconstructed
from a set of X-ray projections. In these
images a peculiar, skewed departure
from bilateral symmetry is observed. In
right-handed people the right frontal
lobe is usually wider than the left, but
the left parietal and occipital lobes are
wider than the right The inner surface
of the skull itself bulges at the right front
and the left rear to accommodate the
protuberances.

LeMay has even reported finding
asymmetries in cranial endocasts made
from the fossil skulls of Neanderthal
man and other hominids. A ridge on the
inner surface of the skull corresponds to
the sylvian fissure; where the ridge is
preserved well enough to make an im-
pression in an endocast LeMay finds the
same pattern of asymmetry that is ob-
served in modern man, suggesting that
hemispheric dominance had already
emerged at least 30,000 years ago. Le-
May and I have shown that asymmetries
of the sylvian fissures exist in the great
apes but not in monkeys. (Grace H.
Yeni-Komshian and Dennis A. Benson
of the Johns Hopkins University School
of Medicine have reported similar find-
ings.) If a functional correlative to this
anatomical bias can be discovered, an
animal model of cerebral dominance
in the anthropoid apes would become
available.

ne of the most commonplace mani-
festations of cerebral dominance is

also one of the most puzzling: the phe-
nomenon of handedness. Many animals



exhibit a form of handedness; for exam-
ple, if a monkey is made to carry out a
task with only one hand, it will consis-
tently use the same one. In any large
population of monkeys, however, left-
and right-handed individuals are equal-
ly common. In the human population no
more than 9 percent are left-handed.
This considerable bias toward right-
handedness may represent a unique spe-
cialization of the human brain.

The genetics and heritability of hand-
edness is a controversial topic. In mice
Robert V. Collins of the Jackson Labo-
ratory in Bar Harbor, Me., has shown
that continued inbreeding of right-hand-
ed animals does not increase the preva-
lence of right-handedness in their off-
spring. The pattern in man is quite dif-
ferent. Marian Annett of the Lanchester
Polytechnic in England has proposed a
theory in which one allele of a gene pair
favors the development of right-hand-
edness, but there is no complementary
allele for left-handedness. In the ab-
sence of the right-favoring allele hand-
edness is randomly determined.

Studies undertaken by LeMay and her
co-workers have revealed that the dis-
tribution of brain asymmetries in left-
handed people is different from that in
right-handers. In right-handed individu-
als, and hence in most of the population,
the right sylvian fissure is higher than
the left in 67 percent of the brains ex-
amined. The left fissure is higher in 8
percent and the two fissures rise to ap-
proximately equal height in 25 percent.
In the left-handed population a substan-
tial majority (71 percent) have approxi-
mate symmetry of the sylvian fissures.
Among the remainder the right fissure is
still more likely to be the higher (21 per-
cent v. 7 percent). The asymmetries ob-
served by tomography also have a dif-
ferent distribution in right-handers and
left-handers. Again in the left-handed
segment of the population the asymme-
tries tend to be less pronounced. These
findings are in qualitative agreement
with the theory proposed by Annett.

f functions as narrowly defined as fa-

cial recognition are accorded specific
neural networks in the brain, it seems
likely thatmanyother functions are rep-
resented in a similar way. For example,
one of the major goals of child rearing is
to teach a set of highly differentiated
responses to emotional stimuli, such as
anger and fear. The child must also
be taught the appropriate responses to
stimuli from its internal milieu, such
as hunger or fullness of the bladder or
bowel. Most children learn these pat-
terns of behavior just as they learn a
language, suggesting that here too spe-
cial-purpose processors may be present.
As yet little is known about such neural
systems. Indeed, even as the mapping of
specialized regions continues, the next
major task must be confronted: that of
describing their internal operation.
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A marvelous opportunity to acquire an early
model Stirling Cycle Engine and acquaint
yourself with little known facts about a prod-
uct of the past that may well hold promise
for the future.

The average person has never heard of the
Stirling engine, so the sight of one quietly
running with heat as its only fuel will at first
amaze them and then excite their imagina-
tion. This is the first in a family of six differ-
ent desk-top model hot air engines to be
issued during the next three years.

Experimenters e Hobbyists’ Power Source
Students e Collectors ¢ Model Engineers

An easily read, lavishly illustrated, 128-
page book accompanies each engine or
may be purchased separately. This pub-
lication, the first of its kind, takes the
reader on a 160-year tour through the
world of Stirling Cycle Engines. Illus-
trations include the Stirling, Roper,
Heinrici and the amazing new Stirling-
powered Ford Torino!
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Today’s Bunker Ramo

IS making bad checks a lot
easier to spot and a lot
harder to pass.

Some people will always try Today, Bunker Ramo is a major companies, and brokerage houses.
passing a bad check. But if the producer of the data terminals and In addition, through our well-known
outlet where they try to cash it has minicomputers that, together, Amphenol® connectors, we have a
one of our Financial Transaction comprise the information systems leading position in the aerospace
Terminals, all they’ll get will widely used by commercial banks, and aircraft industries, a strong

be a bigfat“no.” thrift institutions, insurance foothold in telecommunications,

That's why financial institutions
coastto coast are making these
terminals available to supermarkets,
restaurants and stores for check
verification, check guarantee,
credit card authorizations,
withdrawals, transfers, and the like.
For merchants, the safe acceptance
of checks and other non-cash
vehicles helps build sales volume.
For consumers, the almost
instantaneous okay means shorter
lines and fewer problems.

and a growing role in fiber optics.

Most important, we are a
company with a reservoir of high
technology, a solid base of
innovative products, and a strong
management team.

Which is why today’s Bunker
Ramo is a company that’s on the
move. For our latest financial
reports, write Bunker Ramo
Corporation, Dept. FR, 900
Commerce Drive, Oak Brook,
lllinois 60521.

BUNKER
RAMO
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Disorders of the Human Brain

They can result from inherited metabolic defect, vascular disease,

infection, tumor and trauma. The frontier in the study of mental

illness is the relation between genetic and environmental factors

man brain a multitude of things can
go wrong. The wonder is that for
most people the brain functions effec-
tively and unceasingly for more than 60
years. It speaks for the resiliency, redun-
dancy and self-restorative nature of the
brain’s mechanisms. The fact remains
that disorders of the brain do sometimes
arise in its structural architecture or in
its electrical and chemical processes.
More than a century ago pathologists
were able to recognize disorders that in-
volve damage to the gross anatomical
structure of the brain, damage resulting
from hemorrhage, pressure, displace-
ment, inflammation, degeneration and
atrophy. The microscope and selective
chemical stains made it possible to see
how morphological damage contrib-
utes to the starvation, degeneration and
death of neurons and to the interruption
of the pathways connecting them.
Investigations of brain disorders were
hampered for many years by the ab-
sence of techniques for studying the liv-
ing brain. What little was known about
such disorders came from studies at au-
topsy. The discovery of X rays at the
end of the 19th century enabled investi-
gators to look inside the living brain.
Gross structural defects in the ventri-
cles, or cavities, of the brain can now be
detected by pneumoencephalography:
the X-ray technique in which the fluid
that normally surrounds the brain and
fills the ventricles is replaced with air to
reveal their shape. In another approach,
cerebral angiography, an X-ray-opaque
dye is injected into the bloodstream so
that pathological displacement of the
blood vessels in the brain can be ob-
served with X rays. Conventional ra-
diography, invaluable as it is, suffers
from a major drawback: on the devel-
oped film the X-ray projections of ab-
normalities can overlap those of the nor-
mal structures, making it difficult or
even impossible to distinguish them
from one another. This is particularly
true when the X-ray densities of neigh-
boring structures are similar, as is often
the case with a tumor and the surround-
ing healthy tissue.
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In a structure as complex as the hu-

by Seymour S. Kety

The development of the CAT scan
(computed axial tomography) has sur-
mounted that shortcoming. The CAT
scan is a synthetic technique that com-
bines X-ray readings taken from many
different angles to yield a faithful repre-
sentation of the internal structure of the
living brain in cross section. The scan
reveals enlarged and atrophied normal
structures and any abnormal masses
such as tumors and hemorrhages.

By the middle of this century electri-
cal techniques had emerged as impor-
tant tools for prospecting the brain. The
messages the brain receives from the
sense organs, the directives it sends to
them and the messages between the bil-
lions of neurons within the brain are all
carried by electrical signals. The electric
fields near the surface of the brain can
be picked up and amplified by the elec-
troencephalograph. In this way distur-
bances in the electrical activity of the
brain can be traced to specific locations.

Over the past two decades investiga-
tions of brain function have been
extended to chemical processes. The uti-
lization of energy by the brain can be
studied by measurements of blood flow
and of oxygen and glucose consump-
tion. The recent work of Niels A. Lassen
of the Bispebjerg Hospital in Copenha-
gen and David H. Ingvar of the Univer-
sity of Copenhagen makes it possible to
see in cathode-ray-tube images how the
circulation of blood in different regions
of the brain changes rapidly in response
to specific mental activities, such as
reading aloud or reading silently. Louis
Sokoloff and his co-workers at the Na-
tional Institute of Mental Health have
developed techniques for measuring the
metabolism of glucose at any point in
the brain. Because functional activity is
closely related to blood flow and is in-
timately related to glucose utilization,
such techniques provide a means for
mapping the living brain in terms of the
functional activity of its components.
At the level of the neuron, brain disor-
ders can arise from anomalous chemi-
cal processes operating at the synapses
between neurons. Disturbances in the
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synthesis, release or inactivation of a
particular chemical transmitter or dis-
turbances in the sensitivity of a trans-
mitter’s postsynaptic receptors can re-
sult in synaptic dysfunction. Such dys-
function need not be accompanied by
morphological changes on either the
gross or the microscopic level. The re-
cent development of histofluorescent
and immunofluorescent techniques,
which in effect stain for specific trans-
mitters or their enzymes, has made it
possible to demonstrate and measure
the effect of a transmitter on individual
neurons. New chemical techniques em-
ploying radioactive isotopes can assay
the number and the sensitivity of post-
synaptic receptors, and powerful ana-
lytical instruments can examine brain
fluid, cerebrospinal fluid, blood and
urine for almost infinitesimal traces of
transmitters and their metabolites.
Perfectly tuned and smoothly func-
tioning synapses are essential to the suc-
cessful operation of such complex men-
tal processes as perception, cognition,
affect and judgment. Since such proces-
ses are often disturbed in mental illness
increased knowledge of them should
help to unravel the mysteries of mental
disorders. Only recently have these new
techniques for studying the chemistry of
the synapse been applied to mental dis-
orders such as schizophrenia and manic-
depressive psychosis. I think it is quite
possible that these investigative tools
may do for psychiatry what the older
techniques have done for neurology.
Pathological processes in the brain
can be brought about by a wide variety
of proximate and remote causative fac-
tors that are often classified as being ei-
ther genetic or environmental. Since ev-
ery characteristic of a living organism
ultimately depends on a complex inter-
action of genetic and environmental in-
fluences, it may seem futile to try to dis-
entangle them. It is nonetheless possi-
ble to differentiate them by seeing how
much each influence contributes to the
variance in a particular characteristic.
For example, language ability requires
a highly developed mechanism in the
brain, a mechanism that clearly depends



CAT SCAN (computed axial tomography) combines X-ray readings
taken from many different angles to yield a representation of the liv-
ing brain in cross section. The injection of an iodine solution into the
venous system improves the contrast between different structures ap-
pearing in the scan. In scans a and b iodine was not needed to bring out
a dense fresh blood clot between the brain and the skull. The hemor-
rhage was caused by a blow to that part of the skull. Diagonally op-
posite the clot is a shallow pool of blood on the surface of the brain
or just inside it. The pool resulted from “contra coup” injury to the
brain on the side opposite the blow. The ventricles (center) were com-
pressed by the swelling of both halves of the brain. In scan ¢ iodine
brought out a tumor (lower center) of a patient suffering from cancer
metastases. To the right of the tumor nodule is a normal vein, which
stands out because it contains iodine-enriched blood. The ventricles

have been displaced by the swelling of the tissues surrounding the tu-
mor. In scan d a meningioma (a benign tumor) is fairly faint without
iodine. Inside the tumor is a small island of calcium. Hyperostosis, an
accumulation of bone close to the tumor, is characteristic of a menin-
gioma. In scan e iodine greatly enhanced the same tumor. The thin
white line running through the tumor was generated by the scanning
apparatus for measurement purposes. In scans fand g a malignant tu-
mor (center) can scarcely be seen without the aid of iodine, but in
scans h and i, made with iodine, it shows up clearly as a patchy area.
The ventricles have been displaced and indented. In scan f a calcified
pineal gland (center) has also been slightly displaced. The white ring-
like zones of iodine enhancement are characteristic of a malignant tu-
mor. The nine CAT scans were provided through the courtesy of Fred
J. Hodges III of the Johns Hopkins University School of Medicine.
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GLIAL CELL, which manufactures and maintains the fatty layer of
myelin that sheathes the axons of the central nervous system, can be
implicated in brain disorders. At the top left is an electron micrograph
of a normal glial cell; it is a relatively dark cell with densely packed
intracellular organelles, including mitochondria, “rough” endoplas-
mic reticulum and a well-defined Golgi apparatus. At the top right is
a map of the organelles. In this normal cell chromatin, which incor-
porates the genetic material, is evenly dispersed throughout the nu-
cleus. At the periphery of the cell are parts of several myelinated ax-
ons; the myelin is a direct extension of the glial cell’s specialized cyto-
plasmic membrane. At the middle left is a glial cell from a person
suffering from chronic lymphocytic leukemia. The organelles of the
cell are much disrupted. The cell, which is in tissue removed at autop-
sy, has an enlarged and displaced nucleus, condensed chromatin and
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numerous viral particles that were destroying the cell. As a result the
myelin of the axons was no longer being maintained. The progressive
demyelination of major neural pathways gives rise to disease symp-
toms. About four months before the patient died he complained of
decreased vision (which progressed to blindness in his left visual field),
of inability to recognize faces and of inability to read. He suffered ul-
timately from complete blindness, mild confusion and bilateral motor
dysfunction. At the bottom left is a glial cell, which is in tissue re-
moved at autopsy, from a person suffering from subacute sclerosing
panencephalitis. Here the individual organelles in the glial cell can no
longer be distinguished, although the adjacent myelinated axons are
still distinct. The chromatin is clumped and is displaced by particles
characteristic of a paramyxovirus. The electron micrographs were
made by Jerry S. Wolinsky of the Johns Hopkins School of Medicine.
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on genetic processes. Yet the particular
language a person speaks is not geneti-
cally determined but is accounted for
almost entirely by the environmental
factor of acculturation. On the other
hand, there are genetic defects affecting
the brain that require specific dietary
conditions to bring them on. If these
conditions are ubiquitous, the variance
between the normal individual and the
abnormal one will be entirely accounted
for by the genetic factor; hence the dis-
order is classified as a genetic disease.
Of course, most human characteristics
cannot be categorized so easily. They
seem to fall somewhere between the two
extremes.

Genes determine the amino acid se-
quences that form proteins. It is
these protein molecules, synthesized at
specific sites and times, that serve as the
structural materials and the enzyme cat-
alysts responsible for the development
and operation of the brain. Many disor-
ders of the central nervous system, par-
ticularly those resulting in mental retar-
dation, are known to be genetic in origin.
For example, phenylketonuria and ga-
lactosemia are both caused by geneti-
cally determined enzyme deficiencies.
In both diseases an enzyme deficiency
makes toxic a component of the diet that
is ordinarily beneficial. An infant born
with phenylketonuria lacks the enzyme
phenylalanine hydroxylase, which is re-
sponsible for the further metabolism of
phenylalanine in the body. As a result
excessive quantities of this essential
amino acid accumulate in the blood and
tissues, interfering with the develop-
ment and operation of the brain.

In galactosemia the infant appears
normal at birth, but within a few days or
weeks of milk feeding it develops ano-
rexia, vomiting and growth failure that
may lead to death from wasting and in-
anition. Untreated survivors are often
stunted and mentally retarded. Galac-
tosemia is caused by the absence of an
enzyme essential to the further metabo-
lism of the sugar galactose, which there-
fore accumulates in abnormal amounts.
The deleterious effects of these diseases
can be eliminated by altering the envi-
ronment, namely by removing the of-
fending substance (phenylalanine or ga-
lactose) from the diet for at least the
period of infancy when the brain grows
and develops the most.

Some genetic disorders are sex-linked.
Lesch-Nyhan syndrome, characterized
by purposeless and uncontrollable
movements, mental retardation and
self-destructive psychotic behavior, is
the result of an enzyme deficiency. An
absent or defective gene on the X chro-
mosome is responsible. The disorder af-
fects only males because they have only
one X chromosome. (In females, who.
have two X chromosomes, the absent or
defective gene, if it is present on one X
chromosome, has no effect because
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there is a normal gene on the other X
chromosome.)

Brain disorders can result not only
from a deficiency of genetic material
but also from an excess. Extra X or Y
chromosomes are associated with syn-
dromes involving mild intellectual and
personality disorders. In Down’s syn-
drome, which afflicts about one out of
every 700 newborn infants, there is an
extra chromosome No. 21. Such chil-
dren suffer from retarded physical and
mental development.

Genetic disorders do not necessarily
reveal themselves at birth. For example,
the symptoms of Huntington’s chorea,
namely uncontrolled movements and
mental deterioration, appear for the first
time between the ages of 30 and 50. The
disease, which depends almost entirely
on a dominant genetic trait, leads to
gross atrophy of the corpus striatum in
the brain and to neuron degeneration in
the caudate nucleus and the other deep
neural nuclei and in the frontal cerebral
cortex.

BIOLOGICAL RELATIVES
OF DEPRESSED ADOPTEES

ADOPTIVE RELATIVES
OF DEPRESSED ADOPTEES

In 1968 Linus Pauling proposed that
there are genetically determined differ-
ences in the amount of vitamins people
need. He suggested that the differences
might result in disorders of the central
nervous system, including the brain.
This hypothesis is exemplified by sev-
eral rare childhood neurological syn-
dromes in which a genetically deter-
mined failure to absorb or process a
particular vitamin creates a severe vita-
min deficiency that adversely affects
the central nervous system. These syn-
dromes can be treated successfully by
administering large doses of the partic-
ular vitamin involved. Pauling suggest-
ed that such a mechanism might be the
cause of schizophrenia, but there is lit-
tle evidence that an increased require-
ment of any vitamin is characteristic of
the disorder.

he major psychoses, including schiz-
ophrenia and the affective disorders,
are considerably commoner than the
disorders mentioned above. In these

1:353 (.3%)

BIOLOGICAL RELATIVES
OF CONTROL ADOPTEES

ADOPTIVE RELATIVES
OF CONTROL ADOPTEES

HIGHER INCIDENCE OF SUICIDE in biological relatives of adoptees who suffered from
depression compared with the incidence in their adoptive relatives and in the relatives of con-
trol adoptees who had no mental illness suggests a genetic factor in suicide. Each ratio shows the
number of relatives who committed suicide with respect to the total number of relatives. Data
come from a study by the author, David Rosenthal of National Institute of Mental Health,
Fini Schulsinger of University of Copenhagen and Paul H. Wender of University of Utah.
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psychoses genetic factors seem to play a
major role, although their biological
consequences have not yet been identi-
fied, as they have been for many other
brain disorders. Ever since schizophre-
nia and manic-depressive illness were
first described nearly a century ago, they
have been known to run in families.
Roughly 10 percent of the parents, the
siblings and the offspring of an afflicted
individual also suffer from the disorder.
That was often taken to mean that such
disorders are hereditary.

A family, however, shares environ-
mental influences as well as genetic
ones, and so the mere fact that a disease
runs in families says little about its etiol-
ogy. Pellagra, a vitamin-deficiency dis-
ease that in the early decades of this cen-
tury accounted for 10 percent of the
mentally ill in the U.S., also afflicts fami-
lies, so that it was once thought to be
hereditary. In 1915 Joseph Goldberger
of the U.S. Public Health Service dem-
onstrated that the principal cause of pel-
lagra is a severe deficiency in the diet of
the B vitamin niacin. Since members
of a family usually eat the same kinds
of food, the disease ran in families. Pel-
lagra has been almost entirely eradicat-
ed by dietary intervention.

Evidence of a genetic etiology for
schizophrenia and for manic-depressive
disease comes from studies of the inci-
dence of these disorders in identical
twins (who share all their genes) and in
fraternal twins (who share about half of
the same genes). In identical twins both
disorders show a high concordance rate
(almost 50 percent), but in fraternal
twins the rate (about 10 percent) is no
different from that in all siblings. Recent
studies have concentrated on adopted
individuals whose genetic endowment
can be investigated through their biolog-
ical relatives and whose environmen-
tal influences can be examined through
their adoptive relatives.

Such studies indicate that both schizo-
phrenia and manic-depressive disorder
run in the biological families and not in
the adoptive ones. The rate of mental
illness in the adoptive relatives who
lived with the affected adoptee is the
same as the rate of mental illness in the
general population. This finding in con-
junction with the higher concordance
rate in identical twins indicates the im-
portance of genetic factors in schizo-
phrenia and manic-depressive disorder,
although it does not rule out the possi-
bility of various environmental factors
also playing a major etiological role.
Since genes can express themselves only
through biochemical mechanisms, the
importance of genetic factors in men-
tal disorders constitutes compelling ev-
idence for biochemical substrates in
these disorders, although such sub-
strates have not yet been specifically
identified.

Studies of biological and adoptive
families suggest the presence of a signifi-



Creative Computing can help you select
the best computer and get the most out of it.

With so many new personal com-
puters being announced and the prices
coming down sorapidly, isn’t the best bet
to wait a year or so to buy a system?

We think not. A pundit once observed
that there are three kinds of people in the
world: 1) those who make things happen,
2) those who watch things happen and 3)
those who wonder what happened.
Today, itis those who are getting involved
with microcomputers who are making
things happen by learning to use
computers effectively.

Furthermore, it is not likely that we
will see the same dramatic price declines
in future years that have already taken
place. Rather, one will be able to get more
capability for the same price.

—

A —

:

The T1-99/4 has excellent color graphics and
costs $1150 including color TV monitor.

Which system is for you?

No two people have exactly the same
needs. You'll have to determine what
capabilities are important to you. Key
variables include:

e Upper and lower case. Obviously
vital if you are planning to do word pro-
cessing oranything with text output.

e Graphics. Most systems have
graphics but the resolution varies widely.
How much do you really need?

e Color. Some systems are B&W,
some have 4 colors, others up to 256
colors. Many colors sounds nice, but do
you really need 4, or 16, or more?

e Mass storage. The smaller systems
are cassette based; larger systems offer
floppy disks or even hard disks. What size
data bases do you intend to use and is it
important to have high-speed random
access to an entire database?

e Languages. Basic is standard but
increasingly Pascal, Fortran, Cobol and
special purpose languages are being
offered.

e Audio, Speech, Music. Are these
features important for your planned
applications?

e Applications Software. Third party
software is widely available for some
systems, non-existent for others. Do you
need this, or can you write your own?

Unbiased, in-depth evaluations.

At Creative Computing, we obtain new
systems as soon as they are announced.
We put them through their paces in our
Software Center and also in the environ-
ment for which they are intended —
home, business, or school. We published
the first in-depth evaluations of the Texas
Instruments 99/4, Atari 800, TRS-80, Ohio
Scientific Challenger, Exidy Sorcerer,
Apple Il disk system and Heath H-8. We
intend to continue this type of coverage,
not only of systems, but peripherals and
software as well.

Sorting: A Key Technique

While evaluations are important, the
main focus of Creative Computing maga-
zineis computer applications of all kinds.
Many of these require that data be re-
trieved or sorted. Unfortunately, most
programming texts focus on the bubble
sort (or straight insertion) and, very infre-
quently, another technique (usually de-
layedreplacement)and let it go at that.

Yet, except for comparison counting,
the bubble sort is the least efficient.
Tutorials and articles in Creative Com-
puting demonstrate that the Shell-Metz-
ner and Heapsort are from 50 to 13,000
times as fast as the bubble sort! Consider
a sort of 100,000 items on a DEC System
10:

Bubble sort 7.1days
Delayed replacement 3.8days
Heapsort 17.3 minutes

Shell-Metzner 15.0 minutes
Needless to say, on a microcomputer, a
bubble sort of even 1000 items is
agonizingly long.

Free Sorting and Shuffling Reprint

Because sorting and shuffling (mixing
alist of items)is so vital in most program-
ming, we are making available a 20-page
reprint booklet on Sorting,. Shuffling and
File Structures along with our May 1979
issue which has several articles on writing
user-oriented programs and making the
most of available memory space. The
reprint booklet and issue are free with
12-issue or longer subscriptions.

At Creative Computing, we believe
that computers can be of benefit to
virtually every intelligent person in the

Free reprint booklet and issue with a new sub-
scription to Creative Computing.

L

Contributing editor Ted Nelson (L) is author of
“Computer Lib/Dream Machines.” Publisher
David Ahl (R) is a pioneer in computer models,
simulations and games.

country. We do not believe that the
“Computer priesthood” should confuse
and bully the public. As Ted Nelson stated
in the Computer Lib Pledge, we do not
treat any question as a dumb question,
since there is no such thing. We are
against computer terms or systems that
are oppressive, insulting or unkind, and
we are doing the best we can to improve or
replace such terminology or systems. We
are committed to doing all we can to
further human understanding and make
computers easy to understand, inter-
active wherever possible, and fun for the
user. The complete Computer Lib Pledge
is contained in our May 1979 issue which
we are furnishing free to new subscribers.

Computer literacy to everyone

The Creative Computing Software
Division is participating with Children’s
Television Workshop in an important new
venture, Sesame Place. These theme
parks are being designed to bring inter-
active computer games and simulations
to young children (and their parents) and
remove the mystique of computers from
the youngest segment of our population.
In addition, we are participating in pro-
jects with several school systems and
museums to write reading comprehen-
sion and ecology simulations scftware.
We are also involved in a major college-
level computer literacy project.

As a subscriber to Creative Comput-
ing, you will benefit from all of these
activities. Creative Computing is the
Number 1 software and applications
magazine. Subscribe today — 12 issues
for $15 ($9 saving over the newsstand
price). Or, beat inflation and get 36 issues
for just $40. Money back if you're not
satisfied. Send payment or Visa, Master
Charge or American Express number to:

Creative Computing, Attn: Susan
P.O. Box 789-M
Morristown, NJ 07960
Save time, and call your order toll-free to:
800-631-8112
(In NJ call 201-540-0445)

creative computmgj
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cant genetic factor in chronic alcohol-
ism, in which an environmental agent,
namely alcohol, has an obvious role,
and in suicide, in which many kinds of
environmental influences are undoubt-
edly involved. The genetic factors in
such disorders might explain why not
everyone exposed to alcohol becomes
addicted and why only a fraction of the
people who find themselves in apparent-
ly hopeless situations choose to commit
suicide.

Since all etiological factors that are not
genetic must be environmental, the
latter category spans a broad range of
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influences that differ in quality, intensity
and the times in the life of an individual
during which they exert their effects.
Such factors first come into play in
the uterine environment. In the com-
plex metamorphosis from the fertilized
ovum to the newborn infant, chemical
and physical processes operate at every
stage to allow the expression of the ge-
netic program. All kinds of environ-
mental deficiencies and disturbances
can interfere with this expression and
thwart the normal development of the
central nervous system.

Many forms of cerebral palsy and
mental retardation owe their origin to

abnormalities in the fetal environment
or in the process of birth. If rubella, or
“German measles,” is transmitted from
the mother to the fetus in the first trimes-
ter of pregnancy, the disease can cause
mental retardation and possibly infan-
tile autism. If cytomegalovirus, which in
adults is fairly common and usually in-
nocuous, infects the brain of the fetus,
it may lead to deafness and subnormal
intelligence. Kernicterus, a fetal jaun-
dice resulting from Rh incompatibility
between the mother and the fetus, can
cause hearing loss, cerebral palsy and
mental retardation, although the inci-
dence of such complications. has been
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ELECTROENCEPHALOGRAM OF AN EPILEPTIC (color) shows normal electrical activ-
ity of the brain until the onset of a seizure at about the halfway point of the colored traces.
The first half of the colored traces resembles the electroencephalogram (black) of a person
who does not have epilepsy. Each trace records how the voltage between two areas of the head
(labeled with two letters that correspond to the areas on the diagram of the head) changed in
time. Below curves is a calibration mark, with horizontal line representing one second and verti-
cal line 200 microvolts. Traces were provided by Robert R. Young of Harvard Medical School.
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Choose up to 4 of these software packages...FREE!

520 value

2 FREE software
Pakettes with
purchase of
aTI-58C

se€ coupen

Official Computes
andd Cakoudator

Supper of the
IR0 Oy
Wintey (ames

TI Programmable 58C — $125.*

value
4 FREE software
Pakettes with
purchase of
a TI-59

TI Programmable 59— $300.*

Free software from’Texas Instruments.

A special offer if you act now! From
August 15to October 31, 1979. . . that’s
your special opportunity to purchase
one of the world’s most advanced pro-
grammable calculators . . . and get up
to $40* worth of free software Specialty
Pakettes in your choice of 16 different
application areas.

TI's Specialty Pakettes are a new
way to expand the usefulness of your TI
Programmable 58C or 59. The conven-
ient notebook format includes complete
step-by-step program listings, applica-
tion notes, and sample problems. Just
enter the program you need and you can
put it to work right away.t

Four FREE SPECIALTY PAK-
ETTES with the purchase of a TI
Programmable 59. A $40* value.

Two FREE SPECIALTY PAKETTES
with the purchase of a TI Program-
mable 58C. A $20* value.

Both the TI Programmable 58C and
59 feature TI's exclusive Solid State
Software™ plug-in library modules.
Each 5,000-step module containsa wide
selection of prerecorded programs. Op-
tional library modules are available in a
variety of fields, including engineering,
science, statistics, and business.

The TI Programmable 59 has up to
960 program steps or up to 100 memo-
ries. Magnetic card read/write capabil-
ity lets you record your own custom
programs, or programs from your Spe-
cialty Pakettes. $300.*

The TI Programmable 58C features
up to 480 program steps or up to 60

*U S suggested retail price

1Specialty Pakettes do not require
plug-in module or magnetic cards
Tl Programmable 59 required.

\ 27| Programmable 59 with PC-100C
\ or PC-100A printer/plotterrequired

Send to: Texas Instruments, PO Box 53,
Lubbock, TX 79408.

Texas Instruments will fulfill the offer you have se- .
lected above when you: (1) return this completed
coupon, including serial number, (2) along with
your completed customer information card
(packed in box), and (3) a dated copy of proof of
your purchase verifying purchase of a T| Program-
mable 58C or 59 (whichever is applicable) between
August 15 and October 31, 1979. Items must be
postmarked on or before November 7, 1979, to
qualify for this special offer.

\ Use this coupon to obtain your FREE Specialty Pakettes.
\ . l'.l [J I've bought my TI-58C, send me these 2 free Pakettes
[ O1'veboughtmyTI-59, send me these 4 free Pakettes.

memories. And it has TI’s Constant
Memory™ feature that retains data and
program information even when the
calculator is turned off. $125.*

Act now!

See your TI retailer for more infor-
mation, and let him help you select
the programmable that’s right for

you. Use the coupon be- o
low to take advantage of [7
this special limited time

offer.
_________________ -
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City State Zip
Calculator Serial Number (from back of calculator):
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Helping communities and

Protecting marine life.

The seas, our last Earthly frontier, must be used wisely.

And to that end, Lockheed has bent many of its marine
efforts toward studying and monitoring offshore water
quality and marine organisms.

The principal study target: thermal effects of warm
water discharges from shoreside power generating stations
and waste-water treatment plants

Lockheed’s force
of marine biologists—
the largest in private
industry —is tracking
and cataloging alter-
ations in marine
conditions at many
offshore sites. The
collected data will
then form a guide to
environmental and
ecological precautions.

This constant detective work has two aims: to help our
onshore technology function efficiently but safely, and to
protect and preserve the critical life-chain of the sea.

» . . o
Worlds quietest big jet.

Noise is a growing ogre to pollution fighters. Especially
to people who live or work around airports.

That’s why the Lockheed L-1011 TriStar is a better
neighbor than any other big jetliner. Its three high-bypass
engines are significantly quieter during takeoffs and
landings than those of other wide-bodied airliners. And

with two engines mounted farther out under the wings,
passengers enjoy greater comfort and quiet inside the
plane.

But, to people on the ground, the important thing is
that the L-1011 definitely reduces the amount of outside
noise at modern airports.

Transforming dangerous waste matter.
Residues of modern manufacturing may take form as
toxic, hazardous wastes. With today’s techniques, 80% to

90% of those wastes can be disposed of safely.

Much of the remainder, however, cannot be legally
transported or disposed of by burning, burial, or other
conventional means. Thus a potentially dangerous condi-
tion, if unchecked, could continue to grow and worsen.

The solution may lie in a twisting, tubular apparatus
being developed at Lockheed. Toxic/hazardous matter fed
into this system is bombarded with microwave radiation,
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creating an ionized gas called plasma. In minutes,
electrical-chemical action breaks down the wastes into
harmless products such as oxides and water.

Lockheed scientists foresee large, truck-portable units
handling such detoxification jobs on-site. Once developed,
the portable microwave-plasma systems, as well as
centrally situated fixed installations, could be operating
within two years.

Harnessing the wind.

Two giant Lockheed-built blades in Clayton,

New Mexico, are being driven by clean, free wind to
generate about 15% of the town’s electric power.

The propeller-shaped blades, each more than 60 feet
long, are linked to a
200-kilowatt generator
atop a 100-foot steel
tower. This sophisticated
windmill, or wind
turbine, functions
whenever wind velocity
exceeds 12 mph, which
it usually does.

The unique Clayton 3
windmill was the first of © !
such turbine installations. A second is now operating
on Culebra Island, Puerto Rico, and a third will be at
work on Block Island, off Rhode Island, this year.

According to Governmentexperts, groups of those wind
turbines could supply as much as 10% of the nation’s
electric energy by the year 2000.

© 1979 SC
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Harnessing the sun.

Solar technology has been a big part of Lockheed life
since our space vehicles first carried solar panel arrays to

convert the sun’s radiation into battery-stored electric
power. Now, Lockheed is exploring major industrial
solar applications as well.

One system under evaluation supplies about 60% of the
heat for 8,650 square feet of commercial greenhouse area.
In operation, water flowing through 6,000 square feet of
solar collectors is heated by the sun, pumped to a huge
storage tank, then circulated through radiator pipes to
deliver the needed greenhouse heat.

A similar system is tapping the sun’s clean energy to
furnish about 40% of the heat needs for a large hardwood
lumber kiln of 50,000 board-feet capacity.

When it comes to curbing pollution on land, in the seas,
and in the air, Lockheed knows how.

Lockheed
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greatly reduced by diagnostic and pro-
phylactic intervention. Hormonal disor-
ders in the mother and her exposure to
certain drugs and other foreign sub-
stances have been shown to give rise to
abnormalities in the fetus. It is also like-
ly that severe malnutrition or maternal
exposure to alcohol and other toxins
could disturb the normal development
of the fetal brain.

Bacterial infections are a chief cause
of cerebral disorders at all stages of life,
although the control of infection by an-
tibiotics has almost entirely eradicated
many severe disorders, such as the gen-
eral paresis, or extreme insanity, that re-
sulted from syphilis and the often fa-
tal meningitis, or inflammation of the
membranes enclosing the brain, that re-
sulted from tuberculosis and other bac-
terial infections.

Viral diseases cannot be treated as ef-
fectively as bacterial infections can, so
that acute and often fatal encephalitis is
occasionally associated with such viral
diseases as measles, mumps, influenza
and herpes. Poliomyelitis, an infection
of the motor neurons, is a viral disorder
of the central nervous system that has
been almost completely eradicated by
the development of effective vaccines.
The influenza epidemic that swept the
world in 1918 left in its wake countless
people who gradually developed a form
of Parkinson’s disease, characterized by
a severe dysfunction of motor control.
The strain of influenza virus had a spe-
cial predilection for invading the ex-
trapyramidal system of the brain and
seems to be the first recorded example
of a viral infection of the nervous sys-
tem that lay dormant for several years
before giving rise to deleterious effects.

Recently the cause of several other
disorders has been traced to latent or
slow viral infections of the nervous sys-
tem. For example, kuru is a slowly pro-
gressive neurological disorder that is
limited to a small tribe in New Guinea.
Kuru runs in families, and so it was
thought to be genetic until D. Carleton
Gajdusek of the National Institutes of
Health established its viral etiology by
showing that chimpanzees inoculated
with brain tissue from infected individu-
als also developed the disease.

Creutzfeldt-]akob disease, a rare de-
mentia of middle age, is another
slowly progressive disorder that is viral
in origin. Alzheimer’s disease, a much
commoner type of senile dementia, re-
sembles Creutzfeldt-Jakob disease in
many of its clinical and neuropathologi-
cal features. Several laboratories are in-
vestigating the possibility that a viral
agent is responsible for Alzheimer’s dis-
ease. Herpes and cytomegalovirus are
examples of other viruses that can re-
main dormant in the nervous system for
years before producing neurological or
mental symptoms. There is also evi-
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dence that some forms of schizophrenia
may be viral in origin.

The history of psychiatry and neurol-
ogy provides numerous cases of cere-
bral disorders caused by toxic chemi-
cals. The Mad Hatter was not a creature
of Lewis Carroll’s remarkable imagina-
tion but a fictional victim of an occupa-
tional disease of the 18th and 19th cen-
turies. Hatmakers who were exposed
daily to mercury used in the preparation
of felt suffered a toxic psychosis. Other
heavy metals are also known to disturb
the nervous system. Manganese causes a
form of Parkinson’s disease and lead
causes disturbances of the peripheral
nerves and the brain. Lead poisoning in
children (chiefly from the ingestion of
lead-based paint) can give rise to be-
havioral abnormalities and learning dis-
abilities.

In the Middle Ages bread made of rye
infested with ergot, a parasitic fungus,
was responsible for epidemics of mad-
ness. This plant parasite is now known
to contain several alkaloids that have a
potent effect on the nervous system. The
powerful hallucinogen LSD is a synthet-
ic derivative of one of them.

In addition to exogenous poisons and
drugs, endogenous substances that are
made in the body as the result of some
disease can be toxic to the brain. Un-
treated diabetes and severe or termi-
nal kidney or liver failure can result in
the production of toxic substances that
cause confusion, delirium and ultimate-
ly coma. Porphyria is a rare metabolic
disorder of genetic origin in which the
buildup of porphyrins interferes with
mental processes. The madness of King
George III has been attributed to por-
phyria.

Although the processes of immun-
ity defend the body against infection,
the immune response occasionally goes
awry, resulting in a variety of disor-
ders, some of which involve the brain.
Allergic disorders such as asthma and
hay fever are the commonest immune
diseases. The root of disorders such
as rheumatoid arthritis, lupus erythe-
matosus and other collagen diseases
is a faulty immune response directed
against normal tissue. Such an autoim-
mune process has been definitively im-
plicated in one neuropsychiatric illness:
myasthenia gravis, a severe neuromus-
cular disorder characterized by sporadic
muscular fatigability and weakness. The
disease invades the neuromuscular junc-
tion, where the transmitter acetylcho-
line is released and acts on receptors in
muscle-cell membranes in order to trig-
ger muscular contraction. Recent work
indicates that in this disorder an autoim-
mune process impairs receptor function
and reduces the efficiency of the neu-
romuscular junction. It is also possible
that an autoimmune process is responsi-
ble for multiple sclerosis. The evidence
comes from a laboratory-animal model
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of an autoimmune disease, called exper-
imental allergic encephalomyelitis, that
resembles multiple sclerosis in its behav-
ioral symptoms and neuropathology.

he most prevalent brain disorders

are due to deficiencies in the supply
of blood. The energy requirements of
the brain are among the highest in the
body. The brain needs a fifth of the
heart’s output of blood and a fifth of the
oxygen consumed by the entire body at
rest. Although rare congenital defects
can disturb the vascular system of the
brain, the commonest disturbance is
atherosclerosis, the poorly understood
disorder of the blood vessels that can
affect the heart, the kidneys and the
limbs as well as the brain. Atherosclero-
sis can lead to a narrowing of the bore
and an eventual thrombosis of a blood
vessel, which results in a gradual or a
sudden diminution in the blood supply
of an area of the brain and hence in ab-
normal functioning of that area. The
wall of an atherosclerotic vessel can also
rupture, causing a cerebral hemorrhage.
The symptoms of thrombosis or cere-
bral hemorrhage vary greatly, depend-
ing on what areas and processes of the
brain are affected. Some of the effects of
a hemorrhage are the result of pressure,
which acts to oppose the blood flow and
to displace and distort the complex ar-
chitecture of the brain. Tumors and
head injuries can operate the same way.

Epilepsy, characterized by the simul-
taneous and rhythmic firing of large
numbers of neurons, is a neuropsychia-
tric disorder for which the primary and
proximate causes are still largely un-
known. The origin of one kind of epilep-
sy has been traced to a scar, usually on
the surface of the brain, that is the result
of injury or infection. The scar tissue
serves as the focus of abnormal electri-
cal activity, which spreads over a large
field of adjacent normal neurons. In
most kinds of epilepsy, however, scars
or other lesions have not been found.
Here there is accumulating evidence
that the defect is a chemical one involv-
ing one or more transmitters, particular-
ly GABA (gamma-aminobutyric acid),
the major inhibitory transmitter in the
central nervous system.

As for the major psychoses (schizo-
phrenia and manic-depressive illness),
their etiology is still not known. In their
severe and classical form they can re-
semble disorders of the brain. The indi-
vidual symptoms or the entire syndrome
of a psychiatric disorder can sometimes
be seen in the early stages of a recog-
nized neurological disorder such as
Huntington’s chorea.

A chemical dimension of mental ill-
ness is most clearly suggested by the
studies I have mentioned that revealed
the importance of genetic factors in the
etiology of the major psychoses. The
biochemical processes through which



these genetic factors express themselves
have not been established, although
there are promising indications that they
operate at certain synapses in the brain.
Drugs that act on the brain can alleviate
the symptoms of depression, mania and
schizophrenia as well as create them.
Such drugs act specifically on synaptic
processes. The drugs that remove cer-
tain transmitters (dopamine, norepi-
nephrine and serotonin) from their syn-
apses cause depression, whereas the
drugs used to treat clinical depression
all tend to elevate the levels of these
transmitters or to enhance their func-
tion. The hypothesis that some forms of
depression are the result of a deficiency
of these transmitters or of other trans-
mitters that interact with them is 4 plau-
sible one, and studies of metabolites in
urine and cerebrospinal fluid tend to
support it.

By the same token the drugs that are
effective in relieving the psychotic
symptoms of schizophrenia all damp
the activity of dopamine synapses,
whereas amphetamine, which gives rise
to a toxic psychosis that closely resem-
bles schizophrenia, increases the level of
dopamine at these synapses. Although
clear evidence of an excess of dopamine
in the brain of schizophrenics is lacking,
it is possible that other conditions might
exist in the brain of schizophrenics that
would have an effect similar to the one
produced by an excess of dopamine,
conditions such as an oversensitivity of
dopamine receptors or a deficiency in
the activity of another transmitter that
normally opposes dopamine. All these
possibilities call for much further in-
vestigation.

Psychological and social factors un-
doubtedly play an important role in
these psychiatric disorders. There can
be no doubt that such influences alter
the manifestations, severity, duration
and course of such disorders, and that in
many instances they can precipitate
them. Several plausible hypotheses have
been put forward on a possible inter-
action between environmental factors
and a biological predisposition for men-
tal illness. The environmental influences
that have been suggested or implicated
as playing some etiological role in men-
tal illness include, in addition to psycho-
logical factors, physiological difficulties
during the prenatal period, birth inju-
ries, infectious disease and certain tox-
ins. Such influences have a differential
social distribution. Most are commoner
among the lower socioeconomic groups
because of crowding, poor hygiene and
inadequate medical care. Schizophrenia
in particular is known to be twice as
prevalent among the poor who live in
large cities than it is in the rest of the
population.

The successful treatment or preven-
tion of a brain disorder depends largely

Of the
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on how much is known about it. The
effects of a tumor or of a sclerotic blood
vessel can sometimes be alleviated by
corrective measures, but more specific
treatment or prevention of a disorder
calls for an understanding of the funda-
mental mechanisms involved. Parkin-
son’s disease, whose symptoms cripple
about 50,000 people in the U.S. per year,
is a good example of how knowledge of
the underlying neurobiological proces-
ses at fault in a particular disorder can
give rise to a successful method of treat-
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ment. Parkinson’s disease is a progres-
sive chronic condition that once meant
death or severe disability for its victims.
The disease begins with an involuntary
shaking of the arms. The jerky tremor
spreads to the other extremities and to
the neck and the jaw. The back stiffens
and the muscles become so rigid that the
sufferer walks with a strange shuffle. In
the final stages of the disease the sufferer
is bedridden, unable to walk or feed
himself and unable to talk because of
facial paralysis.
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POLIOMYELITIS, a viral infection of the motor neurons, has been almost eradicated by the

devel t of v:

In the electron micrograph at the top is a normal anterior-horn cell

in the spinal cord of a rhesus monkey; it is characterized by massive Nissl bodies in the cyto-
plasm, a centrally located nucleus and dispersed chromatin. In the micrograph at the bottom is
an anterior-horn cell from a monkey in a late stage of poliomyelitis. The cell is irreversibly in-
jured. The micrographs were provided by David Bodian of Johns Hopkins School of Medicine.
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The work of Arvid Carlsson of the
University of Géteborg and Oleh Hor-
nykiewicz of the University of Vienna
revealed that the cause of the disease is
the progressive destruction of the neu-
ron pathways that are characterized by
the transmitter dopamine. As a result a
deficiency of dopamine was found at the
pathway synapses in the corpus stria-
tum, a structure near the center of the
brain that modulates movement.

This information enabled investiga-
tors to develop an effective treatment. It
was known that although dopamine it-
self would not pass through the mem-
brane that separates brain tissue from
the blood, its chemical precursor, L-
DOPA, would. When L-DOPA is ad-
ministered orally, it enters the blood-
stream from the intestine and travels to
the brain, where it is taken up and con-
verted into dopamine. In clinical trials
with large doses of L-DOPA George C.
Cotzias of the Brookhaven National
Laboratory found that the symptoms of
the disorder were dramatically relieved.
The therapeutic doses of L-DOPA are
quite large (as much as 8,000 milligrams
a day), so that many adverse side effects
result from the action of dopamine on
other parts of the body. Modified forms
of the treatment have been developed
recently that introduce fewer adverse
complications.

The treatment of Parkinson’s disease
constitutes one of the major medical tri-
umphs that resulted from fundamental
research in biochemistry and neurosci-
ence. Yet even before the underlying
mechanism of a brain disorder is under-
stood an effective treatment will some-
times be discovered fortuitously. That
was the case with the antidepressant and
antipsychotic drugs that sparked the
development of psychopharmacology,
revolutionizing the treatment of mental
illness. Knowledge of the actions of
these drugs on chemical synapses-facili-
tates the development of more effective
drugs with fewer side effects. Epilepsy,
whose underlying causes and mecha-
nisms are still not understood, is suc-
cessfully treated with Dilantin, a drug
that was discovered in a systematic
search with electrophysiological tech-
niques.

As understanding of a particular dis-
order increases with deliberate inves-
tigation and the steady accumulation of
basic knowledge, new treatmentsand ul-
timately methods of prevention are de-
veloped. That has been the case with in-
fectious diseases of the brain, such as
general paresis, poliomyelitis, meningi-
tis and certain kinds of encephalitis,
where identification of the etiological
agent made possible vaccine prophy-
laxis and antibiotic therapy. It was the
case even earlier with pellagra. One may
reasonably expect it will also happen
for those brain disorders that are still
shrouded in mystery.
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we still love Apple Com

When the Minnesota Educational Computing Consor-
tium recommended Apple Computer to the state’s school
districts—well, it started something big.

Today there are hundreds of Apple Computers in use in
35% of Minnesota’s elementary and secondary schools, and
nearly all of the colleges and universities in the state. Most
communicate with the Consortium’s CYBER 73 mainframe
in a state-wide educational computer network.

The educational computer
Dr. Kenneth Brumbaugh, Manager of User Services, heads

the team responsiblefor supporting instructional computing.

“MECC evaluated personal computers and chose Apple
because it was the one that met our rather rigid specifications.

“And, we employ a conventional timesharing system,
withremote terminals. But that means high phone costs.
And limited user access.
Apple solves that. It gives
schools a stand-alone com-
puter for about the price of
a terminal. Also, Apple
interfaces directly to our
CYBER, so we can down-
load programs to any Apple
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in the state. That also means we can serve as the
communication link for the wealth of new programs students
and teachers are writing themselves. For us, Apple is an
excellent educational computer.

The kids—~and the teachers—love Apple

“One big reason we chose Apple is that it is so easy to
program. Now, with Pascal, Apple can provide even more
programming flexibility.

“For example, MECC has written a note-recognition
program to help teach music that takes advantage of Apple’s
unique built-in speaker. And Apple’s color graphics make
programs far more interesting than conventional black and
white terminals can.

“To date, we've logged over 31,000 student hours
on Apple Computers. We even have schools trying out
computers for home study. The kids love the Apple.

And so do the teachers.”

Is Apple for you?

For the name and address of your local Apple dealer
andyour free copy of Apple’s new Curriculum Materials
Kit, call 800-538-9696. In California, 800-662-9238.

Or write us at 10260 Bandley Drive, Cupertino,
CA 95014. ’ | &
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The new SCIENTIFIC AMERICAN Cumulative Index multiplies

many times the value and usefulness of the collected issues of the magazine. The
Index is actually eight different indexes in one:

Index to Topics—a rotated key-word index of the subject matter of all articles and Science and the
Citizen features (see above).

Index to Proper Names—the names of all persons mentioned in the articles and Science and the
Citizen and of places and institutions featured in a primary role.

Listing of Tables of Contents—a chronological listing of the complete contents of all 362 issues that
provides ready identification, by titles and authors, of the articles cited in the two foregoing indexes.
Index to Authors—an alphabetical listing of authors of all articles.

Index to Titles of Articles—an alphabetical listing of all articles by the first key word in each title,
and by the other key words in the title.

Index to Book Reviews—a listing of the longer book reviews in three parts: authors of books, titles
and reviewers.

Index to Mathematical Games—a listing of the puzzles, games and diversions presented in this
department since its inception in January 1957, under the editorship of Martin Gardner.

Index to The Amateur Scientist—a listing of all the projects, experiments and demonstrations pre-

sented in this department from April 1952 through February 1976 under the editorship of the late C. L. Stong
and from July 1977 through June 1978 under the editorship of Jearl Walker.
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In the new Cumulative Index May 1948-
June 1978 This 565-page Index gives you
direct entry to all 362 issues of this magazine
published under the present editorial direction
from May 1948 to June 1978, recording 30
momentous years of scientific advancement.
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An Encyclopedia of Science For libraries, scientists, scholars and all
who have an active concern in the work of science, the new Index is an essential
tool that transforms the collected issues of SCIENTIFIC AMERICAN into an encyclo-
pedia of the substance and history of modern science.

e e e e e e

SCIENTIFIC
AMER](LAN 415 Madison Avenue, Dept. Cl, New York, N.Y. 10017

Yes, send me _ copies of the new SCIENTIFIC AMERICAN
Cumulative Index to the 362 issues from May 1948 to June 1978, at the
price of $45 each plus $2.50 for shipping. If I enclose payment, you
will absorb the shipping charge.

[] My check for $ is enclosed, saving me $2.50 shipping charges.
] Bill me for $45 each copy, plus shipping.
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Dealing with the energy crisis

If you like the gasoline
shortages of the 70’s,

you'll love

the electric power shortages
of the 80’sand 90’s

We’re not joking.

Serious power shortages loom
ever more menacingly. Long in the
making, they’ll be long in
disappearing if we let them
overtake us.

Chances are good that won’t
happen if, in concert with other
necessary actions, the ball of red
tape called the regulatory process
is cut down to size —immediately.

The situation is urgent. Look
at the facts.

Our nation’s present generating
capacity is 540,000,000 kilowatts.
Conservative forecasts show that by
1990 we must be able to produce
300,000,000 kw more; by the year
2000, we'll need 200,000,000 kw on
top of that.

Enough power plants to produce
another 500,000,000 kilowatts must
be built in just two short decades.

This is a formidable under-
taking. Half the generating capacity
needed by 1990 isn’t under con-
struction yet. Coal-fired plants
started this year will take up to 10
years to complete, nuclear plants
up to 14.

Why 2% to three times longer
to construct a plant today than 10
years ago? Because you must figure
five to seven years just for the
paperwork on, say, a million-kw
coal-fired station.

This is intolerable.

Complying with a constantly
growing tangle of overlapping,
unclear, sometimes irrational,
energy rules and regulations
consumes weeks and months of
expensive time. Every day of delay

on a million-kw plant adds more
than $300,000 to its cost.

At least with gasoline, patience
and money can eventually get you
a few gallons. But you can’t carry
kilowatts in a bucket or store them
in a tank.

America can’t afford these
delays.

Consumers can’t afford to pay
the bill.

Energy rules and regulations
can, and must, be streamlined —
analyzed, consolidated, and
eliminated where they serve no
real purpose.

The regulatory process is
intended to facilitate the achieve-
ment of objectives in the public
interest. Certainly, for a nation as
utterly dependent on energy as ours,
it’s in the public interest to regulate
utility industries. Sensibly.

A message from the nation’s consumer-owned
nonprofit electric cooperatives and power districts
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America’s rural electric systems

For more information, write: Dept W, National
Rural Electric Cooperative Association,
1800 Mass. Ave., NW, Washington, DC 20036.



Thinking about the Brain

Reflecting on itself, the human brain has uncovered some marvelous

facts. What appears to be needed for understanding how it works is

new techniques for examining it and new ways of thinking about it

he reader of the preceding articles

in this issue will have seen how the

brain is being studied at many lev-
els, from the molecules at its synapses
up to complex forms of behavior, and
by diverse approaches—chemical, ana-
tomical, physiological, embryological
and psychological—to the nervous sys-
tem in many different animals, from
simple invertebrates to man himself.
And yet the reader will also have noted
that in spite of the steady accumulation
of detailed knowledge how the human
brain works is still profoundly mysteri-
ous. The editors of Scientific American
have asked me, as a newcomer to neuro-
biology, to make some general com-
ments on how the subject strikes a rela-
tive outsider. I have been interested in
neurobiology for more than 30 years,
but only in the past couple of years have
I attempted to study it seriously.

In approaching a new discipline it is a
useful exercise to attempt to separate
those topics that, although far from be-
ing understood, appear at least capable
of explanation by familiar approaches
of one kind or another from those for
which no ready explanation, even in out-
line, seems available at the present time.
(It was such an analysis that led James
Watson and me to search for the struc-
ture of DNA.) In the first category I
would put topics such as the chemical
and electrical nature of neurons and
synapses, the habituation and sensitiza-
tion of single neurons, the effects of
drugs on the nervous system and so on.
In fact, I would put in it almost all of
neuroanatomy and neuropharmacology
and much of neurophysiology. Even the
development of the brain does not seem
to me to be essentially mysterious, in
spite of our ignorance of the exact proc-
esses at work in the growing embryo.

On the other hand, there are some hu-
man abilities that appear to me to defeat
our present understanding. We sense
there is something difficult to explain,
but it seems almost impossible to state
clearly and exactly what the difficulty
is. This suggests that our entire way of
thinking about such problems may be
incorrect. In the forefront of the prob-

by F. H. C. Crick

lems I would put perception, although
here others might substitute conception,
imagination, volition or emotion. All of
these have in common that they are part
of our subjective experience and that
they probably involve large numbers of
neurons interacting in intricate ways.

To understand these higher levels of
neural activity we would obviously do
well to learn as much as possible about
the lower levels, particularly those ac-
cessible to direct experiment. Such
knowledge by itself, however, may not
be enough. It seems certain that we need
to consider theories dealing directly
with the processing of information in
large and complex systems, whether it is
information coming in from the senses,
instructions going out to the muscles
and glands or the flow of information in
the vast amount of neural activity be-
tween these two extremes.

he reason I emphasize perception,

and in particular visual perception,
isthat, as the article by David Hubel and
Torsten Wiesel in this issue shows clear-
ly [see “Brain Mechanisms of Vision,”
by David H. Hubel and Torsten N. Wie-
sel, page 150], it seems more accessible
to direct experiment. In addition our in-
ternal picture of the external world is
both accurate and vivid, which is not
surprising in view of the fact that hu-
man beings are highly visual animals.
The human sense of smell, in contrast,
is much vaguer. Curiously, much of this
visual picture is built up in ways that re-
quire little effort on our part. When we
try to think of a genuinely difficult task,
we usually pick something such as chess
or mathematics or learning a foreign
language. Few people realize what an
astonishing achievement it is to be able
to see at all. The main contribution of
the relatively new field of artificial intel-
ligence has been not so much to solve
these problems of information handling
as to show what tremendously difficult
problems they are. When one reflects on
the computations that must have to be
carried out before one can recognize
even such an everyday scene as anoth-
er person crossing the street, one is left
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with a feeling of amazement that such
an extraordinary series of detailed op-
erations can be accomplished so effort-
lessly in such a short space of time.

The advent of larger, faster and
cheaper computers, a development that
is far from reaching its end, has given us
some feeling for what can be achieved
by rapid computation. Unfortunately
the analogy between a computer and the
brain, although it is useful in some ways,
is apt to be misleading. In a computer
information is processed at a rapid pulse
rate and serially. In the brain the rate is
much lower, but the information can be
handled on millions of channels in par-
allel. The components of a modern com-
puter are very reliable, but removing
one or two of them can upset an entire
computation. In comparison the neu-
rons of the brain are somewhat unreli-
able, but the deletion of quite a few of
them is unlikely to lead to any apprecia-
ble difference in behavior. A computer
works on a strict binary code. The brain
seems to rely on less precise methods of
signaling. Against this it probably ad-
justs the number and efficiency of its
synapses in complex and subtle ways to
adapt its operation to experience. Hence
it is not surprising to find that although
a computer can accurately and rapidly
do long and intricate arithmetical calcu-
lations, a task at which human beings
are rather poor, human beings can rec-
ognize patterns in waysno contemporary
computer can begin to approach.

It would not be too surprising if the
proper theoretical tool for approaching
such problems turned out to be commu-
nication theory. So far the application
of communication theory to visual per-
ception has mainly been in the earlier
steps along the visual pathway. For ex-
ample, two theorems of information
processing—the sampling theorem and
Logan’s zero-crossing theorem—are be-
ing invoked to explain how information
sent along a limited channel, such as
the optic nerve, can in principle be ex-
pressed in more detail in the visual cor-
tex of the brain. In addition David
Marr of the Massachusetts Institute of
Technology has sketched some of the
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kinds of computation the brain must
perform in order for us to see things as
we do. This has made us realize the com-
plex nature of the problem but has not
so far led to any dramatic clarifications
of the mechanisms involved. In particu-
lar we do not yet have any description
of conscious perception that illuminates
our very direct experience of it. There
is more than a suspicion that such phe-
nomena result from the computation
pathways’ acting in some way on them-
selves, but exactly how this happens is
not known. Since this central problem
is baffling, we can only turn to more lo-
cal and detailed problems, hoping that
in tackling them we may stumble on
the right approach to the more difficult
global ones.

hat apparatus, in general terms,

enables the brain to implement its
remarkable performance? The number
of components (neurons) in the brain is
probably about 1011, The number of
synapses, or contacts, between them is
perhaps 1015. On the average every neu-
ron receives some thousands of distinct
inputs and itself connects to many other
neurons. The physical layout of most
of the components is not particularly
neat. The dendrites, or short fibers, of
neighboring neurons are intricately in-
terlaced, even though they usually do
not touch one another. Among the den-
drites ramify the axons, or long fibers
of the neurons, many of them often with
thousands of contact points. Clearly a
wiring diagram of these fibers, if one
could be produced, would be extreme-
ly intricate.

How might one make some headway
through this impossible jungle? One tra-
ditional method is to remove portions
of the brain and see how behavior is
changed. This can be done with exper-
imental animals, although few of the
dissections are as precise as one would
wish. In human beings such experiments
are inadvertently performed by strokes,
tumors and wounds, but here it is even

harder to define the damage exactly.
Nevertheless, such experiments have
yielded much valuable information.
Two major conclusions emerge. The
first is that different regions of the brain
do different jobs. A deficit in perform-
ance resulting from damage in one re-
gion is often quite unlike one resulting
from damage to a different region. The
second conclusion is somewhat unex-
pected. Some experiments show that the
brain handles information in ways quite
different from those wec might have
guessed at. Processes we might have as-
sumed to operate in one place, such as
the recognition of letters and the rec-
ognition of numbers, appear to operate
in different places. The converse may
also be true: processes we might have
guessed to be separate may be influ-
enced by damage to a single area.

This leads us to one of the most im-
portant warnings a student of the brain
must absorb. We are deceived at every
level by our introspection. This applies
not only to complex processes but also
to apparently straightforward ones. A
person who has not reflected on such
matters may believe he has a detailed
view of all parts of the world simulta-
neously before his eyes. Although he
does know that something he sees “out
of the corner of the eye” is not seen very
clearly, he may fail to appreciate just
how narrow is the high-acuity window
through which he builds up much of his
picture of the visible world. Since by
moving his eyes he can at will summon
up the details of any part of the world
before him, he has the general impres-
sion that it is “there all the time.”

Perhaps a more dramatic illustration
is the presence of a blind spot in each
eye. Not everyone realizes he has a blind
spot, although it is easy to demonstrate.
What is remarkable is that we do not see
a hole in our visual field. The reason is
partly that we have no means of detect-
ing the edges of the hole and partly that
our brain fills in the hole with visual
information borrowed from the imme-

VISUAL CORTEX OF THE OWL MONKEY exemplifies the tendency of the cerebral cor-
tex to be “mapped” into areas geometrically related to their function. The cortex of the animal
has a left hemisphere consisting of nine areas that are orderly maps of the monkey’s visual
field (and three areas that respond to stimuli from the visual field but do not seem to represent
it in an orderly way). In the highly schematic diagram at the top the visual cortex, which con-
stitutes the posterior third of the cortex, has been unfolded so that it can be viewed from above.
The geometric relations between the visual field and the various areas of the visual cortex were
found in electrophysiological experiments in which microelectrodes inserted into the visual
cortex recorded the response of small groups of neurons to stimuli from particular regions of
the visual field. The chart at the bottom left shows the right half of the visual field. The squares
mark the horizontal meridian of the visual field, the circles mark the vertical meridian and the
triangles mark the extreme periphery of the field. These symbols have been superposed on
those areas of the brain that respond to the parts of the field the symbols represent. The nine
organized visual areas are as follows: the first visual (V1), the second visual (V2), the dorsolat-
eral crescent (DL), the middle temporal (MT), the dorsointermediate (DI), the dorsomedial
(DM), the medial (M), the ventral posterior (VP) and the ventral anterior (VA). The three ap-
parently unorganized visual areas are the posterior parietal (PP), the temporoparietal (TP) and
the inferotemporal (IT). Plus signs indicate the upper part of the visual field, minus signs the
lower part. Dorsolateral view of the brain (bottom right) shows the position of the left hemi-
sphere of cortex and visual areas within it. The mapping of the owl monkey was done by John
M. Allman of California Institute of Technology and Jon H. Kaas of Vanderbilt University.
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diate neighborhood. Our capacity for
deceiving ourselves about the operation
of our brain is almost limitless, main-
ly because what we can report is only a
minute fraction of what goes on in our
head. This is why much of philosophy
has been barren for more than 2,000
years and is likely to remain so until
philosophers learn to understand the
language of information processing.

his is not to say, however, that the

study of our mental processes by
introspection should be totally aban-
doned, as the behaviorists have tried to
do. To do so would be to discard one of
the most significant attributes of what
we are trying to study. The fact remains
that the evidence of introspection
should never be accepted at face value.
It should be explained in terms other
than just its own.

The basic problem is that almost any
process we can study by observing over-
all behavior (reading, say) involves the
complex interaction of many different
regions of the brain, each with its own
way of handling information. We
know only in the barest outline how
these distinct regions should be rec-
ognized and classified. Although our
knowledge of how they are intercon-
nected is growing rapidly, it is far from
complete, both qualitatively and quan-
titatively. Moreover, we seldom know
what operation each region is perform-
ing, that is, what relates the outputs to
the inputs, and in some instances we do
not have even the faintest idea of what is
going on.

This is the main reason pure psychol-
ogy is, by the standards of hard science,
rather unsuccessful. It is not that it can-
not be quantitative. The branch of it
called, rather curiously, psychophysics
is certainly quantitative, often quantita-
tive in a sensible and imaginative way.
The basic difficulty is that psychology
attempts to treat the brain as a black
box. The experimenter studies the in-
puts and outputs and tries from the re-
sults to deduce the structure and opera-
tion of the inside of the box. Such an
approach is not necessarily a bad one.
For many years genetics was a black-
box subject. It tried, with some success,
to deduce the structure and function of
the genetic material by studying breed-
ing patterns. Indeed, much good biology
is done by the black-box method. This
can happen at all levels. To the previous
generation of biochemists an enzyme
was a black box. Nowadays many enzy-
mologists study the structure of an en-
zyme to try to correlate the structure
with the enzyme’s behavior. One man’s
black box is another man’s problem.

The difficulty with the black-box ap-
proach is that unless the box is inherent-
ly very simple a stage is soon reached
where several rival theories all explain
the observed results equally well. At-
tempts to decide among them often
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prove unsuccessful because as more ex-
periments are done more complexities
are revealed. At that point there is no
choice but to poke inside the box if the
matter is to be settled one way or the
other.

What we know of the brain, as is indi-
cated by the other articles in this issue,
tells us two things. The brain is clearly
so complex that the chances of being
able to predict its behavior solely from a
study of its parts is too remote to consid-
er. The same complexity also warns us
that the black-box approach of pure
psychology will have to be lucky if it is
not to bog down. Psychology is essen-
tial. What the organism actually does we
can learn only by observing it. Psychol-
ogy alone, however, is likely to be ster-
ile. It must combine the study of behav-
ior with parallel studies of the inside of
the brain. A good example is the work
of Roger W. Sperry and his colleagues
at the California Institute of Technolo-
gy on “split brain” patients: people in
whom the connections between the cere-
bral hemispheres have been severed.
Another is the use of deoxyglucose to
mark regions of the brain that are more
active than the average while an exper-
imental animal is performing some
particular task. Thus can the study of
neuroanatomy and neurophysiology be
combined with behavioral studies. We
must study both structure and function
but study them within the black box
rather than only from the outside.

he novice in such matters is gratified

to discover, after having recoiled in
horror from the complexities of neuro-
anatomy, that this subject has recent-
ly become one of the most exciting in
neurobiology. The reason is that even
though, speaking broadly, the wiring di-
agram of the brain is a mess, recent stud-
ies have shown that the wiring is far
more orderly than anyone realized only
a few years ago. This revolution is com-
ing about largely because of new experi-
mental techniques introduced from bio-
chemistry, in particular the use of amino
acids labeled with radioactive atoms
and of the enzyme horseradish peroxi-
dase for tracing connections, and the use
of radioactively labeled deoxyglucose
for marking regions where neurons are
particularly active. In addition the use
of specific antibodies for staining a par-
ticular class of neurons has been fruit-
ful. The powerful new technique of
monospecific (monoclonal) antibodies
just coming into use will, one hopes, be
even more helpful in classifying neu-
rons into meaningful types and reveal-
ing their three-dimensional distribution.
The problems are so formidable, how-
ever, that one can say with a fair degree
of confidence that without still more
new methods progress may be slow. The
tremendous new surge in molecular bi-
ology has been powered by the deliber-
ate search for novel methods (for exam-
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ple methods of rapidly determining the
sequence of bases in DNA).

Like neuroanatomy, neurophysiology
has been developing steadily, particular-
ly in the years since it became possible
to record impulses from single neurons
rather than from groups of cells. The
classical work of Hubel and Wiesel on
the visual cortex is a good example.
Here again, however, one suspects that a
change of pace will be needed. In partic-
ular it may be important to record from
many neurons independently and simul-
taneously, exploiting the new opportu-
nities made available by microelectron-
ic technology. This would also make it
possible to study more efficiently the re-
sponses to more complex patterns, for
example the response to two or three
parallel lines in the visual field rather
than the response to just one.

In both neuroanatomy and neuro-
physiology the rate at which new
information is being obtained is low
compared with the total information
contained in the system. Hence an im-
portant role for theory in neurobiology
is not merely trying to create correct
and detailed theories of neural proces-
ses (which may be an extremely difficult
task) but pointing to which features it
would be most useful to study and in
particular to measure, in order to see
what kind of theory is needed. It is no
use asking for the impossible, such as,
say, the exact wiring diagram for a cubic
millimeter of brain tissue and the way
all its neurons are firing. The trick is to
try to spot what easily obtainable infor-
mation would be the most useful and,
more difficult, what might be obtained
within a reasonable time by the intro-
duction of feasible new methods. Some-
times stating a requirement clearly is
halfway to seeing how to implement
it. For example, a method that would
make it possible to inject one neuron
with a substance that would then clear-
ly stain all the neurons connected to it,
and no others, would be invaluable. So
would a method by which all neurons of
just one type could be inactivated, leav-
ing the others more or less unaltered.

ow far has all of this taken us to
date? The articles in this issue give
a good general idea of the progress that
has been made. What is conspicuously
lacking is a broad framework of ideas
withinwhich to interpret all these differ-
ent approaches. Biochemistry and ge-
netics were in such a state until the revo-
lution in molecular biology. It is not that
most neurobiologists do not have some
general concept of what is going on. The
trouble is that the concept is not pre-
cisely formulated. Touch it and it crum-
bles. The nature of perception, the neu-
ral correlates of long-term memory, the
function of sleep, to give a few exam-
ples, all have this character.
How then should a general theory of
the brain be constructed? There appear
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to be three broad constraints. The first
is the nature of the physical world. The
daily world we live in is not an amor-
phous mess. It consists of objects, which
usually occupy space and which, al-
though they may move with respect to
other objects, usually retain their size
and shape. Visually an object has sur-
faces, outlines, color and so on. It may
emit a sound or a smell. Without labor-
ing the point one would certainly expect
that whatever processing is done on the
information coming into the brain will
be related to the invariants or semi-in-
variants in the external world accessi-
ble to the senses.

Experiment shows this to be the case,
often in unexpected ways. A good ex-
ample is the kind of color perception
brought out in the experiments of Edwin
H. Land. One might have imagined that
for a large patch of color one would
perceive the color of the light actually
coming from it and falling on the retina.
Actually the color is in most cases pro-
duced by a combination of the color of
the light incident on an object and the
color reflectivity of that part of the ob-
ject’s surface. Remarkable as it may
seem, the brain manages to extract the
latter information from the visual input.
It can compensate to a large extent for
the nature of the incident light. What we
perceive corresponds more closely to
the reflectivity of the surface, which is a
property of the object itself.

There is a striking demonstration of
this kind of phenomenon in the Explora-
torium in San Francisco, although in
this case the surfaces are in different
shades of gray, ranging from nearly
white to fairly black. The illumination,
the source of which is concealed, is un-
even, being much greater at the bottom
of the display than at the top. One area
near the bottom looks very black. An-
other at the top appears almost white.
Small tubes allow one to view each
patch separately. Looking through the
tubes in this way shows that the two
patches are exactly the same shade of
gray! When my wife, who is an artist,
saw the demonstration, she was flabber-
gasted and declared it was a trick. What
she had not realized is that in a certain
sense everything she sees is a trick
played on her by her brain.

The second constraint is the one im-
posed by biochemistry, genetics and em-
bryology. The nervous system is made
not of metal or inorganic semiconduc-
tors but of specialized cells. The impulse
moving down an axon travels at modest
speeds compared with the velocity of
light (even though the neuron may use
tricks to speed it up), a limitation im-
posed by biochemistry. Although inor-
ganic ions such as those of sodium and
potassium play a large role in neuronal
activity, it is not surprising to find that
the molecules that transmit the nerve
impulse from one neuron to the next are
small organic ones, because a variety of



A FUNNY THING HAPPENED
ON THE WAY TO THE OCEAN.

still ponds. Magnificent
streams and awesome can-
yons weredrowned. Fresh
~ waters turned salty.
3 Fish are among the casualties.
Many of them chemically contami-
nated. Much of their habitat
changed —fouled and stilled. Those
special conditions necessary for the
health and propagation of our
worthiest sport and commercial
species, gone. As our waters go, so
go our fisheries.
3 The American League of
" Anglers believes that natural and
% free-flowing waterwaysare more
®_than pleasant amenities for fish-
ermen. Their ecological health
! is essential to man as well as to
all forms of wildlife.
We are committed to preserv-
~~ ing aproper balance between
the need for water manipulation
now and the desire for pure, free-
flowing waters forever.
We act and speak for this goal
But then the balance swung. on a national level. We urge all
In many places there was an , anglers, who receive extra benefits
overkill of manipulation and use. == ?” from good water, to participate. We
Lakes died. Rivers became conduits * —« invite all those who revere our
of sewage and toxic wastes; others ~ § dwindling stock of natural waters to
were turned into a series of == ; .. support our efforts.

Not so long ago most of g
the water that fell on our
continent ran downhill and
back to the ocean, from which %
it came.
No more. Modern man called
that “wasting to the sea!’ He had
other ideas. He would control all
that free-running water. '
He builtdams, dikes, and diver-
sions; levees, locks and canals.
Where water inconveniently ran in
crooked courses, he channeled it.
Where it ran too shallow, he 3
dredged. Where it ran the wrong =
way, he turneditaround. Andoften,
where he did let it return to the sea,
he filled it with wastes.
Up to a point it worked. Some
of America’s waters could now be
used for irrigation, cities, industry,
power generation, sewage disposal
and transportation. And still many
of our waters were left to their own f
devices, providing their natural,
less tangible benefits to man.
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223

© 1979 SCIENTIFIC AMERICAN, INC



1 O th Anniversary

Man’s first
landing on the Moon

SPECIAL ISSUE: Vol 4 # 3
INTERDISCIPLINARY
IS SCIENCE REVIEWS
Space — An Alternative to War, is the
theme to which the Editor has devoted his
opening message. In this issue some of
America’s foremost exponents of space

exploration review interdisciplinary
aspects.

Contents include:

THE EXTRATERRESTRIAL
PARADIGM

Improving the Prospects for Life in the
Universe by Michael A. G. Michaud -
The Department of State, Washington DC.

SPACE MANUFACTURING,
SATELLITE POWER AND HUMAN
EXPLORATION

Dr. Brian T. O’Leary and Professor Gerard
K. O’Neill - Department of Physics,
Princeton University.:

THE SPACE SHUTTLE VEHICLE

Its Interdisciplinary Design and
Construction. George W. Jeffs — President,
Rockwell International Aerospace
Operations, Downey, CA.

SCIENTIFIC EXPLORATION OF THE
MOON

Dr. Farouk El-Baz — Research Director,
Center for Earth and Planetary Studies,
Smithsonian Institution, Washington DC.

SINGLE ISSUE ONLY $9.00

NEW BOOK

TERRESTRIAL AND SPACE
TECHNIQUES IN EARTHQUAKE
PREDICTION RESEARCH

Proceedings of the ESC Workshop
*Geodynamic Techniques” Strasbourg,
France, 1978. Edited by Andreas Vogel.

Write for a free prospectus.
“To: HEYDEN & SONINC., o‘kﬁ
247S. 41 Str., Philadelphia, PA 19104

Please send me:

O Special ISR ‘Space Issue’ Volume 4 # 3
at $9.00

O Ienclose$..............

O Free Prospectus. New Book by Andreas
Vogel

CC Orders: Phone us on (215) 382 6673

224

them can be easily manufactured. The
surprise is that the same transmitter
serves in so many different places, a con-
straint probably imposed by evolution.

he far end of an axon is a long way

from the nearest site of protein syn-
thesis (apart from the mitochondria
within the axon) and this fact may im-
pose limitations on the speed with which
certain biochemical changes can take
place there. There are probably some
types of neural circuit the organism can
implement with relative ease and other
types beyond its powers. For all we
know it may be difficult for the genes of
a higher organism to impose more than
a limited degree of precision on the wir-
ing diagram, particularly if very large
numbers of cells are involved. For ex-
ample, the exact wiring needed for accu-
rate stereoscopic vision may be difficult
to achieve without the benefit of some
exposure to the real external world,
perhaps because the systems associated
with the two eyes probably cannot be
built with the required precision.

There may be other limitations. It
may be difficult for the neuron to ar-
range matters so that one transmitter is
released at one branch of its axonal tree
and a second transmitter is released at
another branch (as Sir Henry Dale sug-
gested many years ago). This principle
may be behind the case described by
Eric Kandel in this issue [see “Small Sys-
tems of Neurons,” by Eric R. Kandel,
page 66], where a transmitter produced
by one cell excited some cells, inhibited
other cells and had a mixed influence on
a third kind of cell.

The third constraint is one imposed by
mathematics and in particular by com-
munication theory. Some such results
may at first seem counterintuitive. Un-
der some circumstances a distribution
or pattern can be perfectly reconstruct-
ed from a small sample of it taken at
regular intervals. Information can be
stored in a distributed form, as in a hol-
ogram, such that removing part of the
store does not remove part of the pic-
ture, although it degrades the quality of
the entire picture somewhat.

There is a fourth constraint that one
might be tempted to introduce if experi-
ence had not shown it to be unreliable.
This is the constraint imposed by evolu-
tion. It is certainly true that all organ-
isms and their components are the result
of a long evolutionary process and that
this fact should never be forgotten. It is
unwise, however, to assert that evolu-
tion could not have done this or must
have done that, except in the broadest
possible terms. It is a good working rule
for the biologist that evolution is a lot
cleverer than he is. This is not to say that
comparative biological studies may not
suggest that a certain structure is often
associated with a particular function.
The taxonomic comparison of the prod-
ucts of evolution may be suggestive, but
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such hints should always be confirmed
by direct experiment.

Be this as it may, our understanding
of the first three constraints is only par-
tial. The process of analyzing the world
around us into its significant features is
not always straightforward. Many ma-
jor questions in embryology are unan-
swered. Information theory is a com-
paratively new branch of knowledge.
Therefore although it is possible to get
clues and hints from all three con-
straints, one seldom finds oneself with so
many constraints that a theory practi-
cally selects itself. There are so many
possible ways in which our brains might
process information that without con-
siderable help from direct experimental
facts (which are usually rather sparse)
we are unlikely to hit on a correct theo-
retical description.

Is there any idea we should avoid? I
think there is at least one: the fallacy
of the homunculus. Recently I was try-
ing to explain to an intelligent woman
the problem of understanding how it is
we perceive anything at all, and I was
not having any success. She could not
see why there was a problem. Finally in
despair I asked her how she herself
thought she saw the world. She replied
that she probably had somewhere in her
head something like a little television
set. “So who,” I asked, “is looking at it?”
She now saw the problem immediately.

Most neuroscientists believe there is
no homunculus in the brain. Unfortu-
nately it is easier to state the fallacy than
to avoid slipping into it. The reason is
that we certainly have an illusion of the
homunculus: the self. There is probably
some good reason for the strength and
persistence of this illusion. It may reflect
some aspect of the overall control of the
brain, but what the nature of this control
is we have not yet discovered.

There is one other general fallacy one
would do well to avoid. It might be
called the fallacy of the overwise neu-
ron. Consider a neuron that sends its sig-
nal for some distance down its axon.
What does the signal convey to a recipi-
ent synapse? The signal is of course en-
coded in the frequency of nerve impul-
ses, but what does the message mean? It
is easy to slip into the habit of thinking
the message conveys more than it actu-
ally does.

Take, for example, a neuron in the
visual system that is said to be color-sen-
sitive. Suppose it fires best when it is
exposed to a yellow patch of light. We
are inclined to believe it is telling us that
the color of the light at that point is yel-
low. This, however, is not really true,
because most color receptors have a
broad response curve and will fire, at
least to some extent, over a rather wide
range of wavelengths. Therefore a par-
ticular rate of firing might have been
caused either by a weak yellow light or
by a strong red one. In addition the firing
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of that particular neuron may have been
influenced by the amount of movement
of the spot of light and by its exact shape
and size. In short, many different, al-
though related, inputs will yield the
same rate of firing.

Since the relevant sensory input to the
neuron has many features and its output
(roughly speaking) has only one feature,
the information relayed by a single neu-
ron is bound to be ambiguous. Notice,
however, that we can extract more in-
formation by comparing the firing of
one neuron with that of one or more
other neurons. With one type of color
receptor (rods, say) we cannot perceive
color at all. We see only shades of gray.
To perceive the light as being colored
we need at least two types of receptor,
each of which has a wavelength re-
sponse curve differing from that of the
other. Experiment shows this to be true:
we can perceive color with rods and one
type of cone.

Notice that the argument is not pecu-
liar to color. A single “edge detector”
does not really tell us that an edge is
there. What it is detecting is, loosely
speaking, “edginess” in the visual input,
that is, a particular type of nonuniformi-
ty in theretinal image that might be pro-
duced by many different objects. One of
the objectives of theoretical neurobiolo-
gy is to try to turn such vague concepts
as “edginess” into mathematically pre-
cise descriptions.

his general argument applies at all

levels of the nervous system. It
shows clearly why we need to process
the neural input in so many different
ways in order to extract useful informa-
tion from it.

Can we nonetheless paint some broad
picture of how the information is proc-
essed? Perhaps the easiest way to do so is
to consider the visual system and in par-
ticular the visual cortex of the cere-
brum. At first glance a map of visual
responses in the striate cortex (area 17)
appears to be a rather straightforward
map of half of the visual field. It is true
the map is systematically distorted so
that a large proportion of it is devoted
to the high-acuity central region of the
retina (the fovea) and less to the periph-
ery. The map is nonetheless fairly well
ordered and moderately precise.

Closer inspection shows that things
are not that simple. The input from the
left eye is interlaced in stripes with that
from the right eye. Moreover, there are
three distinct types of input (from the
lateral geniculate nucleus) for each eye,
one input mainly for the Y cells of the
retina (which respond rather transient-
ly) and the other two inputs for the X
cells. In addition there are major inputs
from areas such as the pulvinar and
from other areas of the visual cortex.
The outputs are also multiple. There is
not one output from this area but an
entire series, partly outputs to neurons
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that form maps in other visual areas of
the cortex and partly outputs to subcor-
tical areas, including a relatively large
output back to the lateral geniculate nu-
cleus, where much of the input came
from in the first place. Hence this bit of
cortex is a region of multiple inputs and
multiple outputs. In addition each single
input or output involves large numbers
of individual axons (in the millions)
over the entire area.

What processing does the striate cor-
tex (the first visual area) carry out? As
the article by Hubel and Wiesel shows,
the main function of the striate cortex is
to respond to the orientation of forms in
the visual field. In each “column” of the
striate cortex the neurons respond to
one orientation only, although the re-
sponse can be any one of a variety of
types. The input, thus transformed, is
then sent out to other places.

How much does the processing spread
sideways in the cortex? The remarkable
thing is that the processing is fairly lo-
cal. Beyond arange of a couple of milli-
meters there are relatively few intercon-
nections, except for axonal connections
of a diffuse nature from the brain stem.
Within any one small region there are
many neurons connected together (there
are some 100,000 neurons per square
millimeter of cortical surface), but they
hardly connect at all, in a direct way, to
those dealing with more distant parts of
the visual field. (In the macaque monkey
the total surface area of the striate cor-
tex on one side is about 1,400 square
millimeters.)

Notice that there is as yet no firm evi-
dence that there are discrete modules
within the area. The relation is rather
like one between people living in an
imaginary city all of whom are forbid-
den to travel more than half a mile from
their home. They can interact with their
neighbors within a mile, particularly
their close neighbors, but have no direct
contact with anyone farther away.

he remarkable thing is that this de-

scription, in its most general terms,
seems to apply to much if not all of the
cerebral cortex. There are known to be a
good number of distinct visual areas,
each with some kind of “map” of the
visual field. The owl monkey has at least
eight cortical areas that are primarily
visual, and there are probably more.
When we look at the auditory areas or
the somatic sensory areas we find the
same story. The auditory cortex in the
monkey has at least four distinct areas
“mapped” for frequency and probably
for amplitude. The body surface of the
monkey is mapped several times in the
somatic sensory regions. In all cases the
inputs, most of which lead into the mid-
dle layers of the cortex, consist of alter-
nating stripes of one type or another.
These inputs get mixed together in the
processing that takes place in the upper
and lower layers. The outputs of the
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processing are sent in a systematic way
to several other places in both the cortex
and the subcortical areas. It is a reason-
able hypothesis that when two areas are
connected in this manner, the output of
one area is mapped in a regular but not
necessarily uniform way into the sur-
face of the other one. Moreover, there is
often a reverse connection. In the mon-
key area 17 sends a mapped projection
to area 18, but area 18 also sends some
of its output back to area 17. The return
connections are probably not diffuse but
constitute a reverse mapping. Exactly
how closely a mapping and its reverse
correspond is not known. One might
guess that the correspondence would be
fairly precise.

There is an interesting exception to
the rule that obvious clusters of neurons
are not found within a cortical sheet. It is
the barrel spindles, studied by Thomas
A. Woolsey and his colleagues at the
Washington University School of Medi-
cine and mentioned in the article in this
issue by Maxwell Cowan [see “The De-
velopment of the Brain,” by W. Max-
well Cowan, page 112]. Each barrel
spindle is some 200 millimicrons across,
and although adjacent barrels are con-
nected, the connections within a bar-
rel are much richer. This illustrates
how the cortex can handle smallish in-
puts that are spatially discrete rather
than continuous.

Can it be that there is a fixed, count-
able number of discrete areas in the cor-
tex? It certainly seems to be true for the
sensory areas and probably for the mo-
tor ones. The illustration on page 220
shows a recent map of the visual cortex
of the owl monkey, made by John M.
Allman and his colleagues at the Cali-
fornia Institute of Technology. It shows
the eight discrete areas that have been
mapped in that region. Note that the
mapping shows that although each area
has a fairly well-defined boundary, so
that the definition of an area is in these
cases fairly unambiguous, there are no
obvious insulating boundaries in the
cortex at these points. The cortex in each
hemisphere is a continuous sheet with a
single edge. There are no slits in it. It is
therefore not surprising to find that at
the boundaries there is, loosely speak-
ing, a local mirror plane in the mapping.
In other words, the two maps, one on
each side of the boundary, are related.
They are similar on each side as one
moves along the boundary. As one pro-
ceeds away from the boundary at right
angles to it, the direction of movement
in the visual field is the same in one map
as it is for a movement away from the
boundary in the other map. Careful in-
spection of the illustration will show
that this rule is violated in only one
place. The local-mirror-plane rule is
also obeyed in the mapping of both the
auditory and the somatic sensory sys-
tem, again with a few exceptions. This is
exactly what one might expect if there
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were a series of discrete maps that none-
theless interacted to some extent at their
edges. It suggests, incidentally, that
when new functional areas of the brain
arise in evolution, they arise in pairs.

s this mapping into discrete areas true

for the rest of the cortex, particularly
the frontal regions and what are called
the association regions? At the moment
nobody knows, not even for a monkey,
let alone for a man. What is already
clear is that for a monkey most of the
cerebral cortex can be mapped in this
way. Although it is easy to think of ways
in which the area concept could break
down (an area is a useful concept only if
several distinct definitions of it lead un-
ambiguously to the same parcellation
into areas), I rather suspect it may hold
almost everywhere in the cortex. If it
does hold, how many areas are there in
the human cortex? More than 50? Per-
haps less than 100? If each area could be
clearly stained postmortem, so that we
could see exactly how many there are,
how big each one is and exactly how it is
connected to other areas, we would have
made a big step forward.

So far I have spoken only of the cere-
bral cortex, but the cortex of the cere-
bellum appears to be similar. Again the
input is orderly and forms more than
one map. Both major inputs seem to be
in stripes. There is something in em-
bryology that likes stripes. This has been
dramatically shown by Martha Con-
stantine-Paton of Princeton Universi-
ty, who by.embryological manipulation
has constructed frogs with a third eye.
Normally only one eye projects to one
optic tectum, but in this case two eyes
may do so. When that happens, the in-
puts sort themselves into stripes, a situa-
tion that does not arise in a normal frog.

In addition, if we look at subcortical
regions such as the thalamus, again we
find some evidence for regular map-
pings. Each cortical area tends to map
its own special region of the thalamus,
often with some kind of patchy distribu-
tion. There appear to be regular map-
pings in other parts of the central ner-
vous system, such as the basal ganglia,
the brain stem, the spinal cord and so on.
In each case we need to know exactly
how to parcel out the vast array of neu-
rons into the smallest meaningful units,
even if these units interact to some ex-
tent with their neighbors. In many cases
the units are sheets or parts of sheets. In
other cases they appear to have a more
compact shape. Their inputs and out-
puts are not always as tidily arranged as
they are in the cortex, and so the job will
not always be a simple one.

Armed with a very rough picture of
the higher parts of the brain, we can ad-
dress ourselves to the general questions
of the nature of the connections. To do
this we need two rather simple concepts:
precision wiring and associative nets.

Where it sometimes seems that in the



brain everything is connected to every-
thing else, in precision wiring the con-
nections are made in a definite, orderly
manner. Only certain cells are connect-
ed to certain other cells, and the pattern
of connections is often the same from
one individual animal to another. Preci-
sion wiring is often found when rather
small numbers of cells are involved, as
in simple invertebrates such as Aplysia,
discussed in this issue by Kandel. The
small nematode worm Caenorhabditis
elegans studied by Sydney Brenner and
his colleagues at the Medical Research
Council Laboratory of Molecular Biol-
ogy at Cambridge in England is a good
example. The species has exactly 279
neurons wired, to a good approxima-
tion, in exactly the same way in every in-
dividual. Larger numbers of neurons
can also be precisely wired, particular-
ly if the cellular pattern is repetitive, as
it is in the fly’s eye. Precision wiring
does not imply that learning cannot take
place, as Kandel’s article shows clearly,
because the strength of the connections
can be changed by experience.

On the other hand, when we look at
the wiring diagram (as far as it is
known) of a brain area in a more com-
plex animal, say an area in the visual
cortex of a monkey, we see two things.
There are many more cells and their
wiring appears to be far less precise. One
side of a monkey’s head is certainly not
wired exactly the same way as the other
side. Nevertheless, the connections from
the eye to the visual cortex are by no
means completely random. As Hubel
and Wiesel write in their article, the con-
nections form a topographical map, al-
though it is not an exact one. The neu-
rons are of a number of distinct types
that are not connected haphazardly, al-
though the precise degree of order in the
connections is hard to define. Within one
small region one gets the impression
that the exact connections are partly a
matter of chance. Moreover, one simple
signal to the eye—say a short line at one
point in the visual field—will cause not
just one edge detector to fire but possi-
bly several thousand such detectors. In
short, the wiring not only is designed to
extract particular features from the in-
put but also appears to have some of the
properties of an associative net.

An associative net is an abstract wir-
ing diagram that has been studied by
theoreticians such as Marr, Christopher
Longuet-Higgins, Leon Cooper and oth-
ers. Such a net has a set of input chan-
nels (sometimes more than one set) and
a set of output channels. Every input
channel is connected to every output
channel, but the strengths of the connec-
tions vary. The exact arrangement de-
pends on the type of net being consid-
ered. The strength of the connections is
adjusted “by experience” on the basis of
certain well-defined rules, usually so
that pathways that are often activated
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together are strengthened in some way.

Such nets can serve to fine-tune a sys-
tem that has been partly precision-wired
or to assist in the recall of a complex
output when an input (or better still a
partial input) of something often associ-
ated with it arrives. Seeing a person’s
face, you remember that person’s name
(although, alas, not in all cases). You
may still be able to do it even though
you have seen only part of the per-
son’s face.

The higher nervous system appears to
be an exceedingly cunning combination
of precision wiring and associative nets.
It is not wired so that every input chan-
nel is directly connected to all other in-
put channels. Nor, in higher animals,
does it seem to be wired in a precise way.
The system relies on two stratagems to
achieve its ends. There is the stratagem
of multiple and successive mapping (in-
cluding reciprocal mapping), that being
the component approximating the pre-
cision wiring. The system also, how-
ever, appears to organize the wiring so
that locally—within one small region—
it does, roughly speaking, connect ev-
erything with everything. In each region
there is an entire family of local, over-
lapping associative nets. Hence in the
early stage of signal processing some
signals (one set from the eye, say, and
one from the ear) do not relate to one
another. But as the signals proceed from
one map to another the original map-
ping becomes both more diffuse and
more abstract (the response is better to
orientations than to spots, for example),
so that the signal is analyzed in succes-
sively more complex ways in associa-
tion with signals from other inputs.

When the system is described this
way, we can see immediately that it is
not just one immense associative net. A
net in which each neuron reacted direct-
ly with every other neuron would be far
too difficult to wire up and would take
up far too much space. Therefore the
net is broken down into many small sub-
nets, some in parallel, others arranged
more serially. Moreover, the parcella-
tion into subnets reflects both the struc-
ture of the world, external and internal,
and our relation to it. Each local net is
made to perform those particular opera-
tions on its input that are most needed at
that point to extract meaningful new in-
formation. Seen this way many broad
features of the brain—the numerous
functional areas, the many connections
to each neuron—begin to make some
kind of sense.

here is of course much more to the

performance of the brain than the
processes I have sketched so far. There
must be mechanisms for attention, par-
ticularly localized attention, so that the
activity of small parts of the brain can
be increased. There must be some kind
of overall control system. In case my
oversimplified account should mislead
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the reader I advise him to refer to the
article in this issue by Walle Nauta and
Michael Feirtag, which shows clearly
how complex the entire arrangement
really is [see “The Organization of the
Brain,” by Walle J. H. Nauta and Mi-
chael Feirtag, page 88]. Nevertheless,
the scheme I have outlined should show
at least some of the things we may ex-
pect to find as we explore neural proc-
essing in more detail.

What system or what level is most
likely to yield most easily to experimen-
tal attack? This is always a difficult ques-
tion to answer. As Kandel points out,
invertebrates with large cells connected
in a rather precise way have many ad-
vantages, and it is virtually certain that
some of the results, insights and tech-
niques that come from studying them
will be useful in understanding the ner-
vous systems of higher and more com-
plex organisms. It is doubtful, however,
that all the answers can be obtained
from lower animals. What animal is the
best model for man and what part of the
brain is easiest to study are also difficult
questions to answer. The visual system
of the macaque monkey appears to be
very similar to ours. The visual system
of the cat is less so, but cats have other
experimental advantages. The argument
over whether the cerebellum or the visu-
al cortex is the better system for study
has been rumbling for years. (The input
to the visual system is easier to control,
but its neural structure is nothing like as
regular as that of the cerebellum.)

How should one decide, for example,
whether it is more opportune to study
one or more cortical areas in detail in
order to explain accurately the observed
processing going on in them in terms
of both their neuroanatomy and neu-
rophysiology, or alternatively to treat
each area as a small black box and con-
centrate on the relations between corti-
cal areas? It could well be maintained
that regions that control more diffuse
“enabling” systems, such as the system
projecting from the locus coeruleus,
may yield more easily than systems
concerned with the detailed processing
of information. Whatever choices are
made about what to tackle first, it seems
that we have a long way to go to reach
even an outline understanding of brain
function that is solidly based on both
experiment and theory.

What prospects, then, are there for
early progress in our understanding of
the brain? As knowledge accumulates
can we expect some kind of break-
through? That is always possible, but the
prospects are not very encouraging. It is
sometimes forgotten that neurobiology
has already had several breakthroughs.
The discovery that the nerve impulse
was propagated down the axon as a
“spike” of roughly uniform amplitude
and velocity was one such break-
through. The realization that most syn-
apses involve chemical transmission,
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and particularly that synapses can be in-
hibitory as well as excitatory, was an-
other. Both of these discoveries bear on
phenomena that originated at an early
stage in animal evolution. It is sobering
to note that the major breakthroughs in
molecular biology also have to do with
mechanisms that originated very long
ago. There are often simple processes
underlying the complexities of nature,
but evolution has usually overlaid them
with baroque modifications and addi-
tions. To see through to the underly-
ing simplicity, which in most instances
evolved rather early, is often extremely
difficult.

ISAAC ASIMOV
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here is an additional problem. An

analysis of which parts of molecular
biology have proceeded most rapidly
shows that they are those parts of the
subject that deal with one-dimensional
arrangements (such as determining the
sequence of bases in a nucleic acid or of
amino acids in a protein) or that depend
on being able to separate a small part of
a system (such as an enzyme) and study
it in comparative isolation from the rest
of the system. Problems that involve a
large number of almost simultaneous
parallel interactions, such as the prob-
lem of predicting how a chain of amino
acids will fold up, have made little prog-
ress. Such an analysis does not augur
well for problems of understanding the
higher nervous system, which are main-

ly of the latter type.
CARNEGIE-MELLON UNIVERSITY Carnegie Institute of TEChnD‘OQY yThere was, )}I]F())wever’ one break-

Mellon Institute of Science through in genetics, the one that began
Prog ra m for with Mendel, that resulted from the
-
Technical Managers

black-box approach (the breeding pat-
April 21-May 16, 1980

tern of a plant) and yielded information
at a high level of organization (the chro-

a NEW TECHNOLOGY BRIEFING

for research, development and

mosome). Therefore if a breakthrough
engineering management

through an exhilarating blend sWier ke everytiody » And...

of facts and informed specu- *Why haven't we heard from
lation on the conditions for them? Or have we?

EXTRATERRESTRIAL
CIVILIZATIONS

* A Literary Guild Alternate
* A Main Selection of the
Preferred Choice Bookplan

$10, now at your bookstore

CROWN -

in the study of the brain does come, it is
perhaps likely to be at the level of the
overall control of the system. If the sys-
tem were as chaotic as it sometimes ap-
pears to be, it would not enable us to
perform even the simplest tasks satisfac-
torily. To invent a possible, although un-
likely, example, the discovery that brain
The greater your management responsibilities, the less processing was run phasically, by some
your contact with actual technical work. Yet building an | kind of periodic clock, as a computer
effective staff of younger professionals and setting effec- | is, would probably constitute a major
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tive technical strategies demands a familiarity with the
latest developments in modern science and engineering.

In response, Carnegie-Mellon University has developed
the Program for Technical Managers. Designed for the
experienced technical executive, the Program is an inten-
sive technology update coupled with a review of im-
portant auxiliary topics such as the law, environmental
issues, OSHA, and product liability.

Increase your capacity to help solve your organization’s
technical problems. Make time for the Program for
Technical Managers. For your organization. For the next
20 years of your career.

Call Elizabeth M. Ross (412/578-2207) for information.
Or write Post College Professional Education, Carnegie-
Mellon University, 405 MMCH, Pittsburgh, PA 15213.
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breakthrough.

What this issue of Scientific American
shows is that the brain is being studied
successfully from many different angles
and that much interesting and exciting
new work has resulted. It is only when
we reflect on how intricate the entire sys-
tem is and how complicated the many
different operations it has to perform
are (only some of them have been
touched on in this article) that we realize
we have a long way to go. But new meth-
ods bring new results and new results
foster new ideas, and so we should not
be too easily discouraged. There is no
scientific study more vital to man than
the study of his own brain. Our entire
view of the universe depends on it.
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THAN SPEED READING?

SPEED LEARNING

(SPEEDPLUS COMPREHENSION)

Speed Learning is replacing speed reading because it’s easy to learn. .. lasts a lifetime . .. applies to
everything you read. .. and is the only fully accredited course with the option of college credits.

Do you have too much to read and too
little time to read it? Do you mentally
pronounce each word as you read? Do
you frequently have to go back and re-
read words or whole paragraphs you just
finished reading? Do you have trouble
concentrating? Do you quickly forget
most of what you read?

If you answer “yes” to any of these
questions — then here at last is the prac-
tical help you’'ve been waiting for.
Whether you read for business or plea-
sure, school or college, you will build excep-
tional skills from this major breakthrough
in effective reading, created by Dr. Russell
Stauffer at the University of Delaware.

Not just “speed reading” — but speed
reading-thinking-understanding-
remembering-and-learning

The new Speed Learning Program
shows you step-by-proven-step how to
increase your reading skill and speed, so
you understand more, remember more
and use more of everything you read.
The typical remark made by the 75,000
slow readers who completed the Speed
Learning Program was: “Why didn’t
someone teach me this a long time ago?”
They were no longer held back by the
lack of skills and poor reading habits.
They could read almost as fast as they
could think.

What makes Speed Learning so successful?

The new Speed Learning Program does
not offer you a rehash of the usual eye-
exercises, timing devices, costly gadgets
you've probably heard about in connec-
tion with speed reading courses or even
tried and found ineffective.

In just a few spare minutes a day of
easy reading and exciting listening, you
discover an entirely new way to read and
think — a radical departure from any-
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thing you have ever seen or heard about.
Research shows that reading is 95%
thinking and only 5% eye movement. Yet
most of today’s speed reading programs
spend their time teaching you rapid eye
movement (5% of the problem) and ig-
nore the most important part (95%) fhinlé-
ini. In brief, Speed Learning gives you
what speed reading can’t.

Imagine the new freedom you’ll have
when you learn how to dash through all
types of reading material at least twice as
fast as you do now, and with greater
comprehension. Think of being able to
get on top of the avalanche of newspa-
pers, magazines and correspondence you
have to read . . . finishing a stimulating
book and retaining facts and details more
clearly and with greater accuracy than
ever before.

Listen-and-learn at your own pace

This is a practical, easy-to-learn pro-
l,?\ram that will work for you — no matter
ow slow a reader you think you are
now. The Speed Learning Program is sci-
entifically planned to get you started
quickly . . . to help you in spare minutes
a day. It brings you a “teacher-on-
cassettes” who guides you, instructs, en-
courages you, explain- -
ing material as you
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Please check the method of payment below:

D Check or money order enclosed for items ordered. New Jersey Residents add 5% sales tax.
[ Please charge my credit card under the regular payment terms:

[ Master Charge Interbank No.
Card No.

read. Interesting items taken from Time
Magazine, Business Week, Wall Street
Journal, Family Circle, N.Y. Times and
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stimulating, easy and fun . . . and so
much more effective.

Executives, students, professional
people, men and women in all walks of
life from 15 to 70 have benefited from this
program. Speed Learning is a fully accred-
ited course . . . costing only 1/5 the price
of less effective speed reading classroom
courses. Now you can examine the same,
easy, practical and proven methods at
home . . . in spare time . . . without
risking a penny.
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You will be thrilled at how quickly this
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thinking and reading skills. After listen-
ing to just one cassette and reading the
preface you will quickly see how you can
achieve increases in both the speed at
which you read and in the amount you
understand and remember.

You must be delighted with what you
see or you pay nothing. Examine this
remarkable program for 10 days. If, at
the end of that time you are not con-
vinced that you would like to master
Speed Learning, simply return the pro-

gram and owe nothing.
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THE AMATEUR
SCIENTIST

A radiation detector made out

of aluminum forl and a tin can

by Jearl Walker

nyone who wonders if the amount
A of ionizing radiation in his envi-
ronment might be significantly
above the normal background level can
make in about two hours a meter that
will answer the question. Such a meter,
which can be built with materials that
are ordinarily available in any house-

' Millimeter scale

Aluminum

Tape and

paper holder
for thread fo
charging wire

hold, has been devised by Cresson H.
Kearny, Paul R. Barnes, Conrad V.
Chester and Margaret W. Cortner of the
Oak Ridge National Laboratory. The
meter works on the principle of the
electroscope, in which two lightweight
leaves of metal separate when an elec-
tric charge is deposited on them. In spite

One-foot ruler

Transparent
plastic cover

— ) —

foil leaf

\_Seat
for
ruler

(Eight—ounce can

The radiation meter designed by Cresson H. Kearny and his colleagues
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of its simplicity the meter is accurate
to within 25 percent in the range from
.03 roentgen to 43 roentgens per hour.
Moreover, it works even in 100 per-
cent humidity, which would make many
electroscopes inoperative because the
moisture would deplete the charge on
the leaves.

The Kearny meter is essentially a
combination of an electroscope and a
capacitor. Two metal leaves are sus-
pended in a metal can by means of an
insulating thread. Then they are charged
by the relatively high voltage generated
when hard plastic is rubbed with paper
or when a roll of tape is quickly un-
rolled. Because the leaves receive the
same sign of charge (either positive or
negative) they spread apart. The proc-
ess is assisted by the fact that once the
leaves are charged the can containing
them develops a charge of the opposite
sign on its interior surface. Hence each
metal leaf is repulsed by the other leaf
and attracted by the nearby surface.

When the meter is exposed to ionizing
radiation, the air inside the meter is ion-
ized (atoms or molecules in the air gain
or lose electrons). The ion pairs separate
and drift either to the leaves or to the
inside surface of the can. If the charging
made the leaves positive and therefore
the interior surface negative, the elec-
trons and negative ions (atoms or mole-
cules that have gained an electron) pro-
duced by the ionization drift to the
leaves, and the positive ions (atoms or
molecules that have lost an electron)
drift to the inside surface of the can. The
accumulation of charge reduces the re-
pulsion between the leaves and the at-
traction between each leaf and the inside
surface.

As a result the leaves move toward
each other at a rate that depends on the
amount of radiation passing through
the can. Kearny and his colleagues have
provided a table for converting the rate
at which the leaves move together into a
radiation rate measured in roentgens per
hour. The meter is calibrated in this way
if it is built precisely to the specified
dimensions, so that the weight of the
leaves and the electric field between the
leaves and the wall of the can are known
quantities. One could test the meter by
bringing it near a dentist’s X-ray ma-
chine or a medical device that employs
gamma rays or X rays for therapy. The
Oak Ridge National Laboratory has
provided patterns and detailed instruc-
tions for the Kearny meter, which are
cited in the bibliography for this issue
[page 248]. Here I shall describe most of
the design and construction procedures.

The meter is meant to measure prin-
cipally gamma rays, although any ion-
izing radiation such as beta particles
(high-speed electrons and positrons), X
rays, neutrons and protons could be de-
tected in the same way. The X rays and
gamma rays are high-energy electro-



SCIENCE. "SCOPE

The way in which the brain processes visual information has been used to develop
a set of rules to portray how combat pilots locate ground targets. The concept,

which draws on years of research involving realistic simulations, was created by
Hughes to improve equipment, procedures, and training. It divides the pilot's
search into three stages -- an orientation, a preliminary look, and an examina-
tion of likely targets. Each step, the pilot makes decisions based on what he
sees or expects to see. Because the concept follows the pilot's thinking, engi-
neers can determine which stage of the target acquisition process is most diffi-
cult, and how it might be simplified by the design of more efficient systems.

An_advanced goggle that allows soldiers to see at night has been developed by
Hughes for the U.S. Army's Night Vision Laboratories. The device, called a

holographic one-tube goggle, employs thin-film diffraction optics and advanced
electronics. It amplifies dim visual light and near-infrared radiation, then
superimposes the enhanced image over the wearer's view. Aided by studies on how
the brain overlaps the field of view of each eye, human engineering specialists
designed the goggle so that the image intensifier tube, which extends from above
the bridge of the nose, would not block any portion of a person's view.

A _special-purpose digital computer will serve as the brain for the radar systems
on three U.S. fighter aircraft. The computer, called a programmable signal pro-
cessor (PSP), processes reflected radar signals. It performs up to 7.2 million
operations per second ~-- much faster than general-purpose computers -- to offer
for the first time in a fighter radar a true multimode (air-to-air and air-to-
surface) capability. Whereas previous units had to be rewired to accommodate
processing changes, the PSP merely needs to be reprogrammed with new software.
The PSP was developed by Hughes for the APG-65 radar in the Navy and Marine
Corps F-18A Hornet. It will replace existing processors in the APG-63 radar for
the Air Force F-15 Eagle and the radar portion of the AWG-9 weapon control sys-
tem for the Navy F-14 Tomcat.

Human factors, the study of the complex interactions between man and machine, is
but one of many diverse disciplines needed in developing advanced displays. You
can help Hughes continue a string of innovations in the challenging field of
display technology if your background is psychology, display design, electrical
engineering, computer science, mechanical engineering, or optical design. For
immediate consideration, send your resume to: Professional Employment, Dept.
SE, Hughes Aircraft Company, P.0. Box 92426, Los Angeles, CA, 90009.

Combat pilots will get a better view of the outside world with a cockpit display
employing the technology of diffraction optics. The system has the same purpose
as head-up displays using conventional reflective optics: to superimpose flight
control information over the pilot's view of the outside world. The new tech-
nology, however, permits a wider field of view, brighter images, and a clearer
view outside the cockpit. In fact, video pictures from radar or infrared sen-
sors can also be displayed, allowing the pilot to see at night or in inclement
weather. Hughes psychologists are now determining how to use the new capabili-
ties of diffraction optics in ways that are most beneficial to a pilot.

Crearmg a new world with elecfromcs

5 HUGHES E

HUGHES AIRCRAFT COMPANY
CULVER CITY.CALIFORNIA 90230
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One- foot ruler

Relation of meter and eyes

magnetic waves identical with waves of
visible light except for their much high-
er frequencies and energies. X rays can
be generated when an inner electron has
been ejected from an atom. Another
electron initially orbiting farther from
the nucleus drops into the vacancy,
emitting the difference in energy be-
tween its initial state and its final one as
an X ray. More commonly X rays are
the radiationemitted by a charged parti-
cle because of its rapid deceleration as it
passes through a target.

Gamma rays are generally somewhat
higher in frequency and energy than
X rays, although the two types over-
lap somewhat. Gamma rays come from
changes in the energy state of a nucleus
rather than from an electron outside the
nucleus. A change in the energy level of
a nucleus is greater than a change of
energy of an electron, and so when the
energy is emitted as an electromagnetic
wave (the gamma ray), the wave is more
energetic.

When gamma rays pass through the
air in the meter, they force the ioniza-
tion of the air molecules by providing
energy for electrons to escape from the
molecules. The units for the level of ra-
diation that results in a certain amount
of ionization can be confusing, particu-
larly since they have changed over the
years. One of the first units, the roentgen
(R), was designed solely for X rays and
gamma rays. One roentgen of these rays
produces 2.08 X 109 ion pairs in a cubic
centimeter of air held at a standard tem-
perature and pressure. Since only a frac-
tion of the radiation is actually absorbed
by the air molecules, it is not clear
whether the roentgen is the amount of
radiation available in the beam or the
amount actually absorbed. In addition
the unit is of limited utility because it
does not apply to other types of radia-
tion that have effects on molecules other
than just ionization. Since the Kearny
meter is primarily meant to measure the
radiation levels of gamma rays, how-
ever, its readings are in terms of roent-
gens per hour.

The rad is a unit that is applicable to
any type of radiation. It is a measure of
the energy absorbed by an irradiated
target. One rad is equivalent to the ab-
sorption of .01 joule of energy by one
kilogram of target. The principal disad-
vantage of the unit is that it does not
take into account the biological effects
of the absorption if the target is a human
being. Moreover, it does not distinguish
between the various types of radiation
and their different effects on living tis-
sue. Hence when biological systems are
the targets of radiation, the common
unit of radiation is the rem (“roentgen
equivalent man”). Each of several types
of radiation is assigned a quality factor
that roughly measures the biological
damage caused by that type of radiation
compared with the damage caused by X
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rays or gamma rays. For example, one
rad of protons with less than 10 million
electron volts of energy per proton re-
sults in about the same damage as 10
rads of gammarays, and so the protons
are assigned a quality factor of 10. If a
human being is exposed to such protons,
the dose in rems is calculated by multi-
plying the number of rads for the expo-
sure by the quality factor of 10.

By definition the quality factor for X
rays and gamma rays is 1, so that one
rad of such radiation is the same as one
rem. Although the absorption of radia-
tion can vary greatly between bone and
soft tissue, one can approximate that a
rad of gamma rays is the same as a
roentgen. Hence the meter’s reading in
roentgens per hour for gamma rays can
be interpreted as being approximately
the number of rems per hour.

How serious is a certain dose of gam-
ma-ray radiation? The report from Oak
Ridge contains the following rough
guide. If a healthy person has received
100 roentgens spread over the previous
two weeks, an additional 100 roentgens
in one day or more will probably not
result in illness if there is no further
large exposure in the next two weeks. If
the exposure is as much as 350 roent-
gens spread over a few days, illness is
likely but death can be avoided if the
victim is given proper medical care. If
the exposure is 600 roentgens or more
within a few days, death will follow
some weeks later. Natural radiation
from radioactive materials in the earth
and buildings and from cosmic rays
amounts to an average of 200 millirems
per person per year.

The ionization chamber in the Kearny
meter is made out of a clean eight-ounce
can (with an inside diameter of 2%¢
inches and a height of 27/ inches) from
which the top has been cut to leave a
smooth rim. Any other can of the proper
inside diameter (such as a beer can) can
be substituted, but you will have to cut
the height down. Using the pattern in
the upper illustration on page 238 as a
guide, draw a label for the can to the
proper scale and then glue it or tape it to
the side of the can so that the lower edge
is just above the bottom rim. If the label
is a bit too tall, trim the lower end rather
than the upper one.

Mount the can on a wood handle that
is about equal to the can in diameter.
With a sharp nail and a small hammer
punch four holes in the can at the poinis
indicated on the cover. With a needle
fold back the metal strips surrounding
the holes so that the perimeter of each
hole is smooth. Then run thread through
the holes as is shown in the lower illus-
tration on page 238. Be sure to touch
only the ends of the thread, because it
must remain absolutely clean. To each
end tie a toggle made from a sliver
of wood, adjusting the ties so that the
thread is tight. Pull the thread tighter



TDR goes to extremes
to huild a better cassette.

Most premium cassettes are designed
to perform well enough at room tem-
perature and moderate humidity. At
TDK, we know our cassettes will often
be used in less than ideal conditions
and we’re not satisfied until we know
our tape and our mechanism will per-
form in almost any environment they
might encounter.

That’s why we maintain some of
the most sophisticated quality control
facilities in the industry. We have
rooms where technicians can vary the

temperature and humidity to simulate

arctic winter, desert summer, tropical
rain forest, or anything in be-
tween. We even go beyond these
extremes. Only then can we be
sure that our cassettes will al-
ways perform to our exacting
specifications.

How does this relate to
you? Suppose you leave your
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cassettes in the glove compartment of
your locked car on a sweltering sum-
mer day. Will they work when you pop
them in your in-dash deck, or will the
tape become sticky and gum up the
deck? Suppose you take your portable
cassette player to an unheated ski cab-
in, miles from nowhere. Will your cas-
settes work properly or will the mech-
anism jam
and the tape

3 <57Vl
T

- crack? If you
D-CO0 &TDIC use TDK cas-
settes, you

know they
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will perform, even when some won’t.

Environmental tests are just a
small part of TDK’s quality assurance
program. Because of this program, TDK
was the first cassette manufacturer to
offer a full lifetime warranty* —more
than a decade ago. And our cassettes
are so highly thought of in the hi fiindus-
try that most quality manufacturers
use TDK SA to test their cassette decks,
before they leave the factory!

We know your TDK cassettes
may never leave the living room. But it
makes us proud to know that if you
decide to trek to the North Pole or sail
up the Amazon, you don’t have to leave
your music behind. TDK Electronics
Corp., Garden City, N.Y. 11530

STDIK

The machine for your machine.

“In the unlikely event that any TDK cassette ever fails to perform due to a defect in materials or workmanship, simply return it to your local dealer or to TDK fora free replacement.



by sliding one of the toggles down the
side of the can. Tape it into position
and add tape over the other toggle and
over each hole to maintain the position
of the thread and to prevent the diffu-
sion of air into and out of the chamber.

The thread is to be a stop to keep
the metal leaves from swinging too far
toward the wall of the can when they
are charged and when the meter is being
moved. If the thread becomes the least
bit dirty, it will start to conduct electrici-
ty and so will distort the electric field
between a leaf and the can. Even the
contamination from your fingers is suf-
ficient to ruin the calibration of the in-
strument, so that you should not touch
the thread inside the can. The best type
of thread to use is twisted nylon. Oth-
er types that will also serve, listed in
the order of their quality, are unwaxed
lightweight nylon dental floss, silk and
polyester. Monofilament nylon is a good
insulator, but it is too difficult to work

N Fosten threads holding aluminum leaves \/\

Table used to find dose rates

(R/hr) from readings
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with in the other stages of construction
calling for thread.

The electroscope leaves are made out
of standard aluminum foil. Cut a flat
piece of foil four inches by eight inches
and fold it once to make a two-ply sheet
four inches by four inches. Fold it again
to make a four-ply sheet approximate-
ly two inches by four inches. Fold it a
final time to make an eight-ply sheet
that is approximately two inches by two
inches, but make certain the two halves
of the second-fold edge are exactly
aligned. If you do the folding carefully,
you will have an eight-ply sheet with one
corner exactly square. Now make an-
other leaf that is identical.

If you have only heavy-duty alumi-
num foil, you need to make five-ply
leaves to ensure the calibration of the
meter. Start with a flat piece of foil four
inches square. Fold it twice to make a
two-inch square and then insert into it
another piece of foil that is also two

|

© 1979 SCIENTIFIC AMERICAN, INC

Top of can below lip

_
1‘\Wbp of pencil for ruler rest

| +——0One~inch pencil faped securely |

inches square to give a total of five plies
of equal size.

Following the top illustration on page
243, draw a pattern with which to cut
the leaves to their proper size. Piace the
pattern on the folded foil, press down
to make the leaf as flat as possible and
position one corner of the pattern on
the corner of the leaf that is exactly
square. With a sharp pencil trace along
the line on the pattern to mark the place
where the thread will run once the leaf
is suspended. The indentation made by
the pencil should be deep enough to
facilitate a neat fold when you bring
the short length of foil on one side of
the line over to form a hem. Next trace
around the perimeter of the pattern. Re-
move the pattern, cut the leaf to size,
fold the hem over once and then flatten
it back in its original place.

Mounting the support thread on the
leaf requires some dexterity. Make the
mounting pattern shown in the illustra-

Stop-thread
holes 15/8'
below fop



orce means business.

Get your foot in the door. Are you interested in the complexities
of business? Financial management? Technological challenge? Flying
operations? Scientific exploration? Then the Air Force is for you

The Air Force has immediate opportunities for college graduates
in many fields. Big opportunities.

Air Force comptrollers handle multimillion-dollar budgets. Air
Force managers are responsible for the productivity and coordination of
thousands of people. Air Force engineers are working hand-in-hand
with their counterparts in major corporations ta solve the technological
problems that face the world today

Air Force people do big. tough, important jobs. They're pros.
They've got the know-how to get the job done. You can learn from them,

Air Force Dfficer Training School can be your first step. If you
qualify, and graduate from this intensive 90-day training, you become
an Air Force Dfficer and accept the challenge and responsibility that go
with it. You also receive a good salary, medical benefits for you and
your family and 30 days vacation with pay every year

If you're still in college, 2- and 3-year Air Force ROTC scholarships
could be available to help you through. If you qualify they provide
tuition, books, fees, and $100 a month tax free.

Take care of business. Talk to your local Air Force recruiter or
AFROTC campus representative. Call toll free 800-523-5000 (in PA:
800-362-5696). Or send resume to Air Force Opportunities, RSAANE,
Randolph AFB, Texas 78148
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A technology developed to
protect America from itS enemies

Twenty years ago Westinghouse developed its ultrasonic flow meters
for defense by using sound to measure water flow so that proper firing
conditions for our underwater missiles could be predicted.

Today that same technology, with some innovation, is being used to
protect the delicate environment around the trans-Alaskan pipeline. By
measuring the speed of the oil as it flows, ultrasonic flow meters monitor the
800-mile pipeline, detecting possible breaks or leaks.
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IS now protecting
America’s environment
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Ultrasonic flow meters. Just another way Westinghouse is helping
protect America.

[ ]
Westinghouse @
A powerful part of your life.




Fish Sto

starts with gwals from
600 miles up.
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600 miles up, processed
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of time lookinfg in the

o

© about hgurtl{)%r;naar?}?n wrong places for their catch.
g X And that means more
looks. This information fish to show for those lon
year -~ reaches us in the form of da s%t se(:)a or those fong
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tion on the next page, drawing the pat-
tern to scale on a clean sheet of paper.
Cut a length of thread 8% inches long,
being careful not to touch or soil any
part of it except the ends. Then cut some
pieces of tape to match the size of the
rectangles on the pattern marked “Tape
here.” Put the tape on the rectangles.
Stretch the thread between the rectan-
gles and put another piece of tape on
each end of the thread to hold it in place.
(An extra pair of hands will help.) The
reason for the double layer of tape is
that eventually the thread is to be re-
moved from the pattern. When it is, the
bottom layer of tape will remain on
the pattern paper and the top layer of
tape will come off easily, along with the
thread.

To prepare the leaf for mounting put
a minute amount of one-hour epoxy
along the seam of the hem and inside the
leaf wherever the individual plies have
free ends. The epoxy will not only hold
the hem in place once it is folded over
but also prevent the thread that runs
along the seam from slipping and de-
stroying the calibration of the meter. Be
careful not to put glue near the ends of
the seam; otherwise it will seep out once
the hem is finished and then will stiffen
the thread emerging from the hem.

If you have no epoxy, strips of Band-
Aid tape will serve. Cut out two pieces,
each 1/8 inch by one inch, and mount
them on the leaf at the angles shown in
the illustration on the next page. The
sticky side is up except at the ends,
which are doubled back so that they
stick to the foil. When the leaf is mount-
ed on the thread, the hem will be folded
over and the tape strips will secure both
the hem and the thread.

To position the leaf on the thread
without touching the thread with your
fingers lift the midpoint of the thread
with a knife and slip the leaf under it.
(The thread is of course still taped se-
curely to the pattern.) Maneuver the leaf
until the thread falls into the seam of the
hem when you lower the thread. Once
the thread is in position in the seam hold
it down with the point of the knife while
you fold over the hem. Make certain
that the thread emerges properly at the
seam line. Then press the hem down
to ensure that the glue or the Band-Aid
strips will hold the hem well.

With a ball-point pen make two small
marks at the places indicated on the
thread. The marks show where the
thread is to rest on the rim of the can
when you mount the leaf inside. Attach
to the leaf five strips of Band-Aid tape,
each 1/8 by 1/4 inch, just to hold every-
thing in place. Put three pieces along the
hem and two pieces on the edges of the
leaf where individual plies can be seen.

Lift the leaf and thread from the pa-
per pattern, keeping the top piece of
tape on each end attached to the thread.
Mount the thread and leaf inside the can
according to the pen marks on the rim of

Open
|
. Hem flap Seam line for
1 hem and
support thread
e
|
Zl‘,
0z Paper pattern
Third-fold edge
_— Squore Corner
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the can and with the tape attached to the
outside of the can. Make the support for
the other leaf and mount it. The threads
should cross the rim of the can at the
same place. They can be kept from slip-
ping around the rim if you file small
notches at the crossing points. The hems
should be opposite each other on the
leaves. Add small strips of tape to the
thread outside the can and just below
the rim to help hold the thread in place.
Make the top edges of the strips flush
with the rim. Add tape to the rest of the
thread running down the outside surface
of the can.

Part of the calibration of the meter
requires you to view the separation of
the leaves from a specific height. Put a
one-foot ruler between your eyebrows
and a “seat” on the outside of the can.
The seat is a short length of pencil taped
to the outside of the can so that the top
of it is three-quarters of an inch below
the top rim of the can. When it is mount-
ed at the place marked on the label, your
view will be directly between the leaves.

Moisture will destroy the calibration
of the meter, and so a drying agent must
be placed inside the can. You can make
such a material (an anhydrite) by heat-
ing pieces of common gypsum wall-
board (Sheetrock). Do not use calcium
chloride. Remove the paper and glue
from the wallboard by wetting the pa-
per. Break the board into pieces no larg-
er than half an inch. From a sheet of
aluminum foil form a small bowl to
hold the pieces. Dry the gypsum for one
hour at a temperature above 400 de-
grees Fahrenheit (204 degrees Celsius)
in your oven. To ensure that you always
have enough dry gypsum you could
make several batches simultaneously,
fold the foil around the extra batches
and store them in a large, sealed jar. The
radiation meter takes one batch at a
time, loaded in the can.

The can is fitted with a plastic cover to
stop the diffusion of air in and out, but
the cover must be easily removable so
that fresh batches of anhydrite can be
added. If you cannot find a suitable cov-
er (from, say, a container of nuts), you
can make one. Using polyethylene plas-
tic four mils thick (the kind that serves
in a type of storm window) or some oth-
er strong clear plastic, cut out a cir-

Mark made with
ball-point pen

\ ™ R

|

Tape here
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cle about the size indicated in the bot-
tom illustration on the preceding page.
Stretch the circle over the top of the can
and tuck in the “skirt” on the sides of the
can so that there are no wrinkles on top.
Hold the plastic in place with a strong
rubber band encircling the can. Along
the rim add strong tape about a quarter
of an inch wide so that the cover will
maintain its shape when it is removed
and so that the snugness of the fit is in-
creased. Cloth duct tape is recommend-
ed, but a double layer of freezer or
masking tape will do.

Cut off the skirt of the plastic about an
inch below the top rim of the can and
add a notch in the skirt where the piece
of pencil has been taped to the side of
the can. Remove the plastic cover and
add short lengths of tape around the
trimmed lower edge of the skirt. Adding
tape to both the inside and the outside of
the skirt edge will make the edge firmer,
but be careful not to fold up the tucks so
tightly that the cover is difficult to get
back on the can.

A millimeter scale is taped on the top
of the plastic cover at the position indi-
cated on the pattern. The scale should
be perpendicular to the leaves below it
so that when you look down through
the transparent cover, you can measure
the separation of the lower ends of the
leaves by viewing them and the millime-
ter scale simultaneously.

Next you must make the wire with
which you will charge the leaves. Door-
bell wire (outside diameter 1/16 inch)
or any other wire of comparable size
will do. Both ends of the wire must
be stripped bare. Around the midpoint
wrap a small strip of Band-Aid tape held
in place with a drop of glue. Wrap more
tape near the top end in order to attach
about five inches of thread near the mid-
point of the thread. The threads will
serve to maneuver the wire close to the
leaves when you are charging them and
then to move it out of the way while you
make measurements. Leave one end of
the thread bare. Run the other end be-
tween two strips of tape. One strip is just
large enough to cover the thread. The
other piece is larger. On it fix even more
tape or a section of folded paper large
enough for you to hold with two fingers.
You must also arrange for part of the

Leaf
cut fo size

sticky side of the tape to be exposed
there.

The tape and paper at this end of the
thread can be pulled so that the charging
wire is positioned properly and can then
be fastened to the side of the can, there-
by freeing both of your hands to pro-
duce the charge for the leaves. Mount
the charging wire through a small hole
pricked into the plastic cover on the can
at the position indicated on the pattern
for the cover. Slip the wire down until
the tape at its midpoint stops it.

To charge the leaves bring the lower
end of the charging wire to a position
about 1/16 inch above the top of the
leaves and tape the paper and tape hold-
er of the wire to the side of the can. Fold
one or more pieces of paper into 20 lay-
ers and then rub the paper over a piece
of hard plastic that you hold by one end.
With many types of hard plastic the con-
tact of the paper and the plastic will re-
sult in a charge separation that endows
the plastic with a net positive or negative
charge (which type does not matter).
The multiple layers of paper are neces-
sary to prevent the plastic from being
discharged through your hand. The dis-
charge through the hand that is holding
one end of the plastic is insignificant be-
cause the hand touches only a small sec-
tion of the plastic.

When the plastic has been charged,
bring it near the upper end of the charg-
ing wire. Small sparks will leap between
the two and between the lower end of
the wire and the leaves. (The sparks will
be visible if you turn off the room
lights.) As the charge builds up on the
leaves the charging wire may be forced
away from them by the electrostatic re-
pulsion. To charge the leaves sufficiently
you may have to hold the wire in place
by pulling on one of its threads.

You can also develop a large elec-
trostatic charge by quickly unrolling
certain kinds of tape. The Oak Ridge
group recommends Scotch Brand Magic
Transparent Tape and PVC electrical
tape, although others may work. Rapid-
ly unroll several inches, face the sticky
side toward the upper end of the charg-
ing wire about a quarter of an inch from
it and pass the sticky side past the wire
slowly to allow the charge transfer to
occur. Once the transfer is finished roll

Mark made with

. ball-point pen ' ,

Tape here b

If Band-Aid fapes
are used instead of
. epoxy, mount them
— I"like this

How to mount a leaf on its support thread
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Garden!
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and the how-come, the superstition
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ture, floriculture, agriculture and the
environment. A gift of year-round
entertainment for the enterprising
and inquisitive gardener.

A Garden sampler:

The Spiderwort Assay: A Japanese
plant geneticist has developed clones
of a wildflower that can detect ioniz-
ing radiation with more sensitivity
than a Geiger counter,

The Bamboozling Thamnocalamus:
In s{nchronization throughout the
world, a popular en bamboo is
blooming for the first time in a century
—signaling the death of this entire
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generation of the species.

The Non-Lawn Grass: There is a
beautiful natural alternative to turf
that requires no mowing, spraying
or fertilizing,

Power Lines in the Wake of 2,4,5-T:
There is a non-chemical alternative to
the country’s most toxic herbicide—
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maintain fully 32,000 square miles
of transmission line rights-of-way.

- The Directors of the Chicago Horti-

cultural Society, The Horticultural
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the tape back up so that you can use it
for the next charge.

If the meter is to be used in a very
humid environment, it must be placed
inside a container made out of a large
bucket topped with more of the thick
transparent plastic from which the top
of the meter was made. Fasten the plas-
tic to the bucket, cut holes in the plastic
for your hands and then attach cutoff
bread wrappers to the holes so that you
can work with the meter without expos-
ing it to the outside air. Put anhydrite
in the bucket. Readings could be tak-
en with the meter still in the bucket as
long as you keep the proper distance be-
tween the meter and your eyebrows.
The charging materials (hard plastic,
tape and paper) could also be put in the
bucket to keep them dry.

To measure the radiation level with
your meter charge the leaves and then
move the charging wire out of the way.
Charge the leaves enough to make them
separate more than seven millimeters
(as measured with the scale on top) but
not so much that either leaf touches
its stop thread. (The deflections of the
leaves are unlikely to be equal. The dis-

Total length of wire 21V1e"

o
1
i
r'd
—

V4" bare wire

crepancy has no effect on your reading
of the instrument, since only the change
in the leaf separation matters.)

Put the meter on a horizontal surface
about three feet off the ground or floor.
Position the foot ruler between its seat
and your eyebrows so that you peer
straight down between the leaves. The
apparent separation of the lower ends of
the leaves is measured with respect to
the scale, which is also in your field of
view. The calibration of the instrument
depends critically on your success in
getting your eyes at the correct height
above the scale and the leaves.

If you have no idea what amount of
radiation may be present, expose the
meter for about a minute. A proper
reading can be made if the final sepa-
ration between the leaves is no small-
er than five millimeters and the change
in the separation between readings is
at least two millimeters. Measure the
change and then use the table on the side
of the can to convert the change in leaf
separation into radiation rates in units
of roentgens per hour. To increase the
accuracy of the measurement you could
make multiple readings.

~—2_ 2" thread for
- positioning
charging wire

m

P Sticky side

underneath;

stick to side
of can

Arrangement of the charging wire
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R 4
WINTER PARK, FL

CITY, KS

WHAT DO
THESE CITIES HAVE IN COMMON

Large and small communities across America are doing something about their future. You'll find pleasantly landscaped
trees, shrubs and nature areas that offer beauty and pleasure in an urban setting.

Because they care for trees and their environment, these communities have been recognized as a TREE CITY USA. To
qualify, each city had to meet four basic standards: An active community forestry program, a legally constituted tree board,
a city tree management ordinance, and an annual Arbor Day observance.

If your city meets these standards, it can qualify as a TREE CITY USA. If it doesn’t qualify, we'll show you how it can. Contact
the mayor of your community (or your local or state forester) or write:

The National Arbor Day Foundation, Arbor Lodge 100, Nebraska City, Nebraska 68410
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Your community could use
some foreign aid.

Just about any American town could use could never learn from books. For more informa-
foreign aid, in the form of a high school student tion write to:
from another country. AFS International/ Intercultural Programs,

For over 30 years, communities and families all 313 E. 43rd St, NY, NY 10017. Or call toll free
over America have hosted foreign high school (800) 327-2777. In Florida (800) 432-2766.
students, on a yearly basis, through a program
called AFS. )

A student lives in your home for one year AP S Ir'l't,er nat!onal EXChanges
while attending high school. Everyone benetits. or l'ligh SChOOI Students.

Students teach us things about the world we We provide the students. You provide the love.
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The energy crisis has prompted new
interest in coal gasification — the deriva-
tion of fuel gases from coal. At IBM’s
Scientific Center in Palo Alto, Califor-
nia, Dr. Louis Lopez is directing the de-
velopment of a computer model of the
“moving bed” gasification process. This
treats coal with steam and air or oxygen,
which react with the carbon to produce a
mixture of combustible gases: primarily
carbon monoxide, hydrogen and a small
quantity of methane (CHa).

The challenge, Lopez points out, is to
design an economic process: one that
yields enough gas for the energy it con-
sumes. This would offer major advan-
tages over burning the coal directly: gas-
burning industrial processes would not
have to convert, and a natural-gas distri-
bution system already exists. Moreover,

burning sulfur-bearing coal produces a
sulfur-oxide pollution that is difficult to
control. But burning the gas produces a
pollutant that is mostly hydrogen sul-
fide, and is much easier to extract.
“Although simple in principle, the
gasification process is extremely com-
plex in physical detail.” he says. “The
yield is affected by the chemistry of the
coal, the geometry of the moving bed and
its velocity. The temperatures and vol-
umes of steam and air or oxygen —among
many other factors —are also significant.

Details are Important

“To be useful, the model must be
quite detailed,” he notes. “We start with
equations for the general laws of the pro-
cess. We end up with a mathematically
complex model, for which a numerical
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solution is not easily found. If we make
certain simplifying assumptions, many of
the problems go away. But that’s just
what we don’t want to do; these are im-
portant effects.”

Today, scientists at the Palo Alto cen-
ter have found methods to reach numeri-
cal solutions of such problems with rea-
sonable amounts of computer time.
“Once a process design with a good yield
is found,” Lopez adds, “there is a fresh set
of complications: it won't scale up readily
from a demonstration or pilot plant to a
full-sized plant. The significant physical
effects will all behave differently, and
trial-and-error on an actual plant would
be costly. Computer testing of tentative
designs for a commercial plant should
avoid millions of dollars worth of con-
struction and operating trials.”
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Shipbuilding Costs Don't Go Overboard at NASSCO

“We are controlling shipbuilding costs
with the help of the computer,” says
George A. Uberti, chief of developmental
engineering for National Steel and Ship-
building Company (NASSCO).

NASSCO’s San Diego, California,
yard builds ships for the United States
Navy, and commercial vessels such as
188,500-deadweight-ton tankers, usingan
IBM 3031 Processor for numerical con-
trol, production control, and engineering
systems. “The direct savings in manhours
for certain crafts are the most obvious
gain,” Uberti adds, “but the improve-
ments in the quality of construction and
the control of waste have been important
too.”

One task performed with the help of
the computer is the development of some
detailed structural drawings from an in-
put of basic hull geometry. Structural de-
tails — frames and bulkheads, longitudi-
nals, internal decks, webs and stiffeners —
are entered into the 3031. The system can

then be asked for a drawing of certain
components and assemblies.

The computer also produces output
which is used to generate reduced-scale
drawings of the structural parts. For
curved plates, the computer calculates
and produces drawings of flat equivalent
plates and roll templates of the curvature,
to be used in bending.

An operator selects a “nesting” or ar-
rangement of pieces that wastes a mini-
mum of steel plate. The system then aids
in working out a flame-cutter path to burn
the nested pieces out of stock, and
punches a control
tape for the plasma
or gas cutters.
Thereafter, an online
production control
system routes the
work through fabri-

aided engineering, numerical control,
and production control,” Ubertisays, “we
have achieved levels of productivity that
would not have been possible any other
way.”

At 188,500 deadweight tons, this
tanker is one of four being built at
NASSCO’s San Diego yard; the class
is the largest ever built on the West
Coast of the U.S. An IBM computer
helps reduce costs at many stages of
engineering and construction.

cation and construc-
tion.
“With computer-
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Light Pen: A Powerful
Design and Engineering Tool at Gibbs & Hill

“We are saving 25 to 30 percent of
designer and engineer man-hours,” says
Frank D. Hutchinson, vice president of
the Power and Energy Division of Gibbs
& Hill, Inc., New York City. “We know
that a 40 to 50 percent savings is achiev-
able within a few years, and there are
other, equally valuable gains.”

One of the world’s largest designers
and builders of electric utility generating
plants, the Dravo Corporation subsidiary
uses a Computer-Aided Design and Engi-
neering (CADAESM) system to help pre-
pare the required thousands of construc-
tion drawings. A designer or engineer
works with a light pen, positioning ele-
ments of the drawing directly on the
screen of an IBM 3251 Graphic Display
Station.

A major benefit, Hutchinson notes,
has been the control of a rising flood of
paper. Master drawings are stored in an
IBM 3032 Processor and revisions are
made at the terminal rather than by issu-
ing a new paper drawing.

Superimposed views can be stacked or
separated, he points out, to show spatial

Engineers at Gibbs & Hill, Inc., are
designing electrical generation stations
similar to this 600-megawatt coal-fired gen-
erating plant in Nebraska City, Nebraska,
with the help of an IBM computer.

relationships or check interferences, such
as whether cable trays conflict with pip-
ing. “Elements can be rotated or moved
within the drawing. Details developed at
the terminal can be replicated with a
touch of the light pen. We can ask the
system to generate a scaled-up drawing of
acongested area.

“Drawings are produced to scale in
either English or metric units or both,
which allows use of standard design ele-
ments on international and domestic
projects.”

The designer selects frequently used
graphic elements and components from a
standards library stored in the computer.
To enter straight lines and curves, let-
tering and dimensions, he positions the
light pen and touches keys.

“We can merge engineering computa-
tions with the drafting process,” Hutchin-
son says. “For example, the computer can
count the elbows and other fittings in a
piping system and —based on the viscosity
of the fluid — calculate the pressure drop
and generate a pump specification.

“A most important immediate gain,”
Hutchinson notes, “is the electronic
transmission of drawings to the field on
remote graphic display stations and full-
size plotters, where reproducible draw-
ings are generated within five minutes.
Construction forces can interrogate the
drawings on the display station for added
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dimensions and views as may be needed.

“We're working our way toward an in-
tegrated system of documentation —draw-
ings, reports, calculations and invoices —
in which the output of one step will be the
input of the next. Project managers track
engineering and design work at head-
quarters, and keep track of work at the
site, with the aid of the computer. Even-
tually they will eliminate today’s masses of
paper, using the computer to extract and
present to engineers and constructors the
information they need.”

DP Engineering Dialogue is designed to
provide you with useful information
about data processing applications,
concepts and techniques. For more
information about IBM products or
services, contact your local IBM branch
office, or write Editor, DP Dialogue, IBM
Data Processing Division, White Plains,
N.Y. 10604.

Data Processing Division



It's simple. Just get into Technics SU-8011 stereo amplifier, ®
ST-8011 AM/FM stereo tuner and SH-8010 stereo I eChn]_CS
frequency equalizer. You'll get a lot of performance out of
them, without pouring a lot of money into them.

Try our SU-8011 amplifier on for size. You'll get a lot
more than 25 watts RMS per channel, into 8 ohms from
20 Hz to 20 kHz, with no more than 0.08 % total harmonic
distortion. A lot more. Like 13,600 microfarads worth of
high-capacitance filtering for plenty of reserve power. Like a
two-stage, direct-coupled phono equalizer with the kind of
S/N ratio (80 dB) that doesn’t know the meaning of noise.
And 11 fast-acting LED peak-power indicators that let your
eyes share the performance your ears hear.

With our ST-8011 AM/FM stereo tuner, your eyes get in
on the action, too. Take its tuning indicator for example. It
not only tells you what station you're tuned to, it also tells you
how well you're receiving it. Two green LEDsindicate ideal
signal strength, while one LED tells you the stereo quieting

_levelis at least 50 dB. You also get a frequency response
of 20 Hz to 15 kHz (+1, —2 dB) and a 50 dB stereo quieting
sensitivity of 38.6 dBf.

But whether you're listening to your favorite station or
your favorite records, our SH-8010 stereo frequency equalizer
will let you make the most of each. By dividing the audio
range into 5 bands with each center frequency set 1.6 octaves
apart, you can tailor the sound to match your speakers, your
room and your own taste. You can also add tops to the highs,
bottoms to the lows, or vice versa, by as much as 12 dB.

Technics SU-8011 amp, ST-8011 tuner and SH-8010
equalizer.It’s as easy to get into their performance as it is to
keep out of debt.

How to get into the performance of
separates without getting into debt.
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