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INTRODUCTION

I am known to be a science fiction writer. I am also known
to be a member of the faculty of Boston University School
of Medicine. Consequently, I suppose it is natural that I
am often asked what my colleagues think of the fact that I
write science fiction.

Perhaps the questioner has the feeling that I probably
meet with disapproval; that my path is strewn with tacks
over which I must walk barefoot; that my professional career
is blunted and stultified.

It is rather a disappointment to me to have to deny the
drama, but my professional life is not a hard one. Some of
my colleagues are unaware that I write science fiction, and
wouldn’t know how to care less if they did know. Others
are aware of it but consider it as just another academic
idiosyncrasy. Still others happen to be science fiction read-
ers and often read my stories—I hope with pleasure. And
a few, by Heaven, are science fiction writers themselves.

This is not to say that there wasn’t a time when I myself
wondered whether an academic career and a reputation as
a wild-eyed science fiction writer might prove to be incom-
patible.

The possibility struck me most forcibly in June 1949,
when two things happened. First, I was about to join the
medical school faculty. Second I had just sold mv first
science fiction novel to Doubleday & Co., and it was to
appear as a “regular book.”



INTRODUCTION

1 had been selling science fiction stories to the magazines
of the genre for eleven years before that, to be sure, but I
always felt that to be an obscure exercise that was a secret
between myself and an odd scattering of exotic Fans. But a
book was a different thing; it couldn’t be kept secret, could
it?

Fortunately, I was caught in no quandary, trapped in no
dilemma, haunted by no uncertainty. From an early age, I
had known I was a writer, and I had also known that if I
ever had to choose between writing and something else,
I would always choose writing. (Knowing one’s course of
action in advance lends one a great peace of mind and it is
to this I attribute my freedom from ulcers despite a way of
life that is made up almost exclusively of deadlines.)

Hence I saw no need to act irresolutely. If I was ever to
be faced with a choice, let it be now. So I made an appoint-
ment with the dean.

I said to him politely, but firmly, “Sir, as you know, I am
a new instructor in biochemistry here. However, I feel it
only fair to tell you that in a few months my first science
fiction novel will be published as a book and the medical
school will find itself indirectly identified with it.”

To which he asked in his turn, “Is it a good book?”

I answered, cautiously, “Doubleday thinks so.”

“Well, then,” he said, “we’ll be glad to be identified with
it.”

And that was it. In the years that have since passed, no’
one at school has objected to my science fiction to my face;
and no one has brought me any report of any objection be--
hind my back either.

Another crisis arose in my mind when I began to pub-

lish non-fiction. In 1952, I was part-author of a textbook of
biochemistry for medical students, and since then I have
published many non-fiction books on a wide variety of sub-
jects. :
At the start, I wondered whether I might not be plagued
to use a pseudonym. “Come, come, Asimov,” I heard some
ghostly editor say in my ear, “we can’t ruin the sales of
a serious book by having prospective readers say: ‘This
can’t be good; that nutty science fiction writer wrote it.” ”

I was prepared for Homeric battles, for I was determined
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to have my name on everything I wrote. (In the first place,
I like my name; in the second place, I am self-centered; in
the third place, I am proud of science fiction and of my place
in it and I won’t have it insulted.)

The Homeric battle, alas, never took place. No editor—
not one—ever objected to the science fictional halo that rests
slantedly over my amiable head. In fact, I began to notice
that in many cases, the little biographical squib placed on_
the flaps of the book jackets of my most serious non-fiction
took care to mention my science fiction as proof of the fact
that I could write well.

That drove me back to the final bastion of possible lack

of appreciation, the mass media. Good science fiction, after
all, appealed to the minority; there was no getting round
that. Outlets that, of necessity, had to appeal to a broad
and miscellaneous readership had to give it a miss.
. That carefully reasoned conclusion broke into little pieces
with the coming of the space age in 1957. Suddenly the
most mass and the most medium of the mass media were
interested in the oddest matters. They began to desire arti-
cles concerning matters on the frontiers of science, and
they even grew increasingly interested in science fiction.
(Last year, The Saturday Evening Post published a science
fiction novel of mine—something I never thought would
happen.) '

Again I found that my science fiction background did not
hinder; rather, it helped. I was asked to write articles by
publications I would scarcely have dared approach a few
years earlier. Pretending nonchalance, I wrote the articles
and soon found that, while I retain my-post on the faculty,
I had to give up teaching. I am a full-time writer now.

How different the situation is from what it was as late as
'1949. Then I was convinced I was working in total ob-
scurity and that if I were to ask the question “Is Anyone
There?” with respect to my audience, the answer would
come back from a vast echo-sounding emptiness: “No one
but us science fiction fans, Asimov.”

But now as I look about the rather large array of miscel-
laneous writings for which I am responsible (all of them
based, to begin with, on my reputation as a science fiction
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writer) I can ask the question again, and know that the
answer will be clamorously many-tongued.

And to come full circle, here we are at Doubleday again,
where my first novel was published. The gentlemen here
seem perfectly willing to publish a collection of my articles
from the general magazines, suitably revised and updated
wherever necessary. Some of these articles deal with science,
some with speculation, and some with science fiction—the
three legs of my tripod.

12
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Chapter 1 Matter Over Mind

What is mind? No matter!
What is matter? Never mind!

This ancient witticism testifies to man’s firm conviction
through the ages that the human mind transcends the ma-
terial, that it is not bound by the ordinary rules that govern
gross matter.

The physical structure of the living organism is accepted
as a thing of atoms and molecules, governed by the same
laws that govern the rocks underfoot and the stars over-
head. That is as true for Man the Proud as for Worm the
Lowly. But man’s mind? Can one analyze the creative genius
that gives rise to a masterpiece? Can one weigh, count, and
measure emotion and imagination, love and hate, passion,
thought, and a sense of good and evil?

There has always been a strong impulse to place mind
over matter and to apply different and more subtle rules to
the former. It seems natural, then, that doctor’s medicine
should prove unable to work on the mind. Shakespeare has
Macbeth ask cynically of the doctor treating his nightmare-
ridden wife:

Canst thou not minister to a mind diseased,
. Pluck from the memory a rooted sorrow,
Raze out the written troubles of the brain,
And with some sweet oblivious antidote
Cleanse the stuffed bosom of that perilous stuff
Which weighs upon the heart?

This appeared under the title “That Odd Chemical Complex, The
Human Mind” in The New York Times Magazine, July 3, 19686.
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To which the doctor can only reply humbly:

Therein the patient
Must minister to himself.

Three centuries after Shakespeare, when doctors began
to “minister to a mind diseased,” they did it without any
“sweet oblivious antidote,” without any potion, nostrum, or
material device. To reach the mind the laws of matter
were insufficient; the mind itself had to be the tool. Doctors
began to talk to patients and, more important,. to listen
while patients talked. In place of the physician’s stethoscope
and the clinician’s test tube we had the psychiatrist’s couch.

Physical scientists have been strongly tempted to leave it
at that and to make no move toward the mentally disturbed
person upon the psychiatrist’s couch. To approach the vast
complexities of the mind with the cold, material instruments
of science required a kind of heroism. There was a grim
promise of inevitable failure about the fire-breathing dragon
of mind-chemistry that tended to daunt the would-be St.
George of the microscope and the slide rule.

And yet the brain is made up of atoms and molecules—as
is the rest of the body. The molecules in the cells of the
body, and in those of the brain in particular, are so many
and so various and so versatile that they interact and change
in a dazzling pattern that we do not, as yet, understand
well. But the very dazzle of this chemical complexity is
hopeful, for it is, quite conceivably, complex enough to
account for all the nearly infinite subtlety of what we call
the mind.

This complexity is now being tackled by new techniques
that are making top news out of advances in brain chemistry
and physiology. Computers are being used to analyze brain-
wave data with a completeness never before possible. Greater
understanding of nucleic acids in connection with the ma-
chinery of heredity is producing exciting hints concerning
the mechanics of memory (something I shall take up in some
detail in Chapter 2).

Most of all, new drugs are being used that affect the
workings of the brain, sometimes drastically, and by that
very fact are giving us possible insights into these workings.
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It is this last technique that has been creating the most stir,
for it involves, among other things, the compound called
LSD, which offers mankind a new dimension in drug use.
and drug consequence.

The new advances, striking as they do at the most subtle
manifestations of the brain—memory, perception, reason—
do not come from nowhere. There is a century of advance
in connection with the less complex aspects of brain- action.
Although the nervous system is an intricately interlaced
whole on almost every level of its activity, it shows, in some
respects, a sort of gradually increasing complexity of func-
tion from the bottom upward. This has helped scientists
move onward by easy stages until now they can reasonably
try to cope with the mental machinery that knits together
all levels of the nervous system.

Below the brain is the spinal cord, a narrow 18-inch-long
mass of nerve tissue that runs down the center of the bones
making up the spinal column. The spinal cord is a switching
center for many of our common reflexes. Touch something.
hot and the sensation sparks its way to the cord and is
converted into an outward-surging nerve impulse calling for
a quick withdrawal. Your finger moves away even before
your conscious mind has a chance to say, “It’s hot.”

(Mind you, this is not to say that this is all the spinal
cord does. It is knit byl nerve tracts to the various centers of
the brain and it forms part of a unified whole. However, it is
this reflex action that was first understood, and I am deliber-
ately) over-simplifying to get across the historical perspec-
tive.

At its upper end the spinal cord widens into the medulla
oblongata, or “brain stem,” upon which the brain itself sits
like a swollen piece of wrinkled fruit. The brain stem handles
matters that are more complicated than the simple reflexes.
It is an important center for the control of the manner in
which we stand, for instance.

In standing, we are actively using muscles to keep our
back and legs stiff against the pull of gravity. To do this
efficiently, there must be a constant, delicately adjusted inter-
‘play. No one set of muscles is allowed to overbalance us to
one side or another without a countering set being quickly
thrown in to readjust the balance accurately. We are not
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ordinarily aware of this activity, but if we have been stand-
ing a long time, weariness makes itself unpleasantly evident,
and if we lose consciousness while standing, the muscles
relax and we crumple to the ground at once.

If it were our conscious mind that were continually con-
cerned with the muscles involved in standing, we would
have little time for anything else. It is the brain stem that is
in charge, however, with scarcely any conscious interference.
We remain standing, balancing ourselves accurately, no mat-
ter how distracted we are, no matter how lost in thought,
provided only that we are not actually asleep or unconscious.

Above the brain stem are two swollen bodies with wrinkled
surfaces, each divided nearly in half. The larger is the
cerebrum (the Latin word for brain); the smaller, in the
rear, is the cerebellum (little brain).

The cerebellum goes one step beyond the brain stem. It
does more than keep us balanced while motionless; it keeps
us balanced in motion. While we walk, we lift one leg, throw
ourselves off balance temporarily and then move the leg
forward and bring it to a halt upon the ground in just the
manner calculated to retrieve that balance. If we move our
hand toward a pencil, that hand must begin to slow before
it reaches the pencil and must come to a halt just as it
reaches it,

There must be “feedback.” We must see (or otherwise
sense) the motion of a portion of our body, estimate its
distance from its goal and adjust its speed and direction
constantly on the basis of the changing situation. It is the
cerebellum that is in charge of this. It takes care of the mat-
‘ter automatically, so that if we reach for a pencil we seize
it with perfect efficiency, without any awareness of the deli-
cacy of the task. But watch someone with cerebral palsy
who cannot manage this feedback. He is unable to perform
the slightest task without a pathetic overshooting and under-
shooting of the mark.

In accomplishing all this, incoming sensations must pro-
duce chemical changes in-the brain cells which, in turn,
give rise to nerve impulses that produce specific muscle
responses, What the details of these chemical changes might
be we don’t know.

As we come to the cerebrum we find ourselves more
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directly involved with chemistry. At the bottom of the
cerebrum, for instance, is a section called the hypothalamus,
one of the functions of which is to act as a thermostat. The
body’s heat is produced through a constant gentle vibration
of the muscles at a rate of from seven to thirteen times per
second, a fact reported in 1962. The hypothalamus senses
the temperature of the blood passing through it. If that
temperature is too low, it sparks an increase in the vibration
rate, producing additional heat. If the temperature is too
high, the vibration rate is lowered. This is one way in which
body heat is maintained at an almost constant level despite
changes in outside temperature.

The hypothalamus also detects the water concentration
in the blood and acts through a nearby gland, the pituitary,
to adjust the workings of the kidney accordingly. More water
is eliminated if the blood is getting too thin; less water, if it is
too thick. The hypothalamus is also constantly measuring
the sugar concentration in the blood. When that concen-
tration falls too low, the hypothalamus acts to set up hunger
‘sensations (see Chapter 3).

Here we have clearer examples of actual chemical in-
volvement. Small (as yet harmless) chemical changes in the
blood call forth alterations in the body’s mechanism to pre-
vent any further (and increasingly harmful) changes in that
direction. The body’s chemistry is thus kept in accurate.
balance.

The details must be extraordinarily complex, however. The
body’s mechanism is intricately interconnected, and the hypo-
thalamus must bring about desirable changes in one part of
that supercomplicated network without bringing about un-
desirable changes elsewhere. The difficulty here is exempli- -
fied by the manner in which almost every man-applied drug,
despite the most careful use, has always the possibility of
bringing on unpleasant “side effects.” The hypothalamus
must work with the kind of incredible sure-footedness that
avoids side effects. ‘ :

But what about the upper parts of the cerebrum—th
parts particularly concerned with conscious motion and sen-
sations, with thought and reason, memory and imagination?
If we are stumped by the chemistry of such things as re-
flexes and water balance, surely we must be completely,
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hopelessly, and helplessly at sea in connection with the
chemistry of memory, for instance?

In fact (as we shall see in the next chapter), we are not.
We are actually making progress, or seem to be, in the
understanding of memory, and the most exciting prospects
may be looming on the far horizon.

And it is not only the reasonably healthy mind that is in
question. What we call mental disorders may simply be
shifts in the chemical workings of the brain. If mental disease
is a material malfunction, then through the study of brain
chemistry we may well find the cures that have steadily
eluded the psychiatrists.

Consider schizophrenia, for instance—the most common of
the serious mental illnesses. The name was -coined in 1911
by a Swiss psychiatrist, Paul E. Bleuler, from the Greek
words meaning “split mind” because it was frequently noted
that persons suffering from this disease seemed to be domi-
nated by one set of ideas (or “complex”) to the exclusion of
others, as though the mind’s harmonious workings had been
disrupted and split, with one portion of that split mind
seizing control of the rest. An older name for the disease
was dementia praecox (“early ripening madness”), a term
intended to differentiate it from senile dementia, mental
illness affecting the old through the deterioration of the
brain with age. Schizophrenia shows itself at a compara-
tively early age, generally between 18 and 28.

Schizophrenia may exist in several varieties, depending on
which complex predominates. It may be hebephrenic (“child-
ish mind”), where one prominent symptom is childish or silly
behavior. It may be catatonic (“toning down”), in which
behavior is indeed toned down and the patient seems to
withdraw from participation in the objective world, becom-
ing mute and rigid. It may also be paranoid (“madness”),
characterized by extreme hostility and suspicion, with feel- -
ings of persecution.

At least half of all patients in mental hospitals are schizo-
phrenics of these or other types, and it is estimated that one
percent of mankind is affected. This means that there are at
least 30 million schizophrenics in the world, a figure equal
to the total population of a nation like Spain.
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Can this most common variety of the mind diseased be
treated by “some sweet oblivious antidote”?

There are precedents that give us ground for hope. Some
mental illnesses have already been cured, and the mind
has shown itself amenable to physical treatment—in certain
cases at least.

One example is pe]lagra, a disease once very common in
Mediterranean lands and in our own South. It was char-
acterized by what were called the three D’s: diarrhea, derma-
titis, and dementia. As it twrned out, pellagra was caused
by a vitamin deficiency, the lack of niacin in the diet. Once
niacin was supplied to patients in the necessary quantities
the disease cleared up. Not only did the diarrhea stop, not
only was the red, inflamed, roughened skin restored to nor-
mal, but the mental disorders ceased. The same chemical
that healed the body healed the mind. In this instance, at
least, it was a case of matter over mind.

Pellagra is caused by a failure of supplies from outside.
But what about malfunctions caused by inadequacies in the
body’s own chemical machinery? Every chemical reaction in
the body is controlled by complex substances. known as
enzymes; each reaction has its own particular enzyme. What,
then, if a person is born without the ability to manufacture
some particular enzyme?

This is the situation in cases of a disease called phenyl-
pyruvic oligophrenia, which is characterized by serious men-
tal deficiency. This disease (not common, fortunately) is
present at birth. A child is born without the ability to make
a certain enzyme that brings about the conversion of a sub-
stance called phenylalanine into another called tyrosine. The
phenylalanine, unable to follow its normal course, changes
into other, abnormal substances. These abnormal substances
accumulate and interfere with brain chemistry.

Here, unfortunately, the situation cannot be corrected
as simply as in the case of pellagra. Although it is easy to
supply a missing vitamin, it is as yet impossible to supply
a missing enzyme. However some improvement in mental
condition has been reported among patients with the disease
who have been kept on a diet low in phenylalanine.

Is it possible, then, that schizophrenia is also the result of
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a chemical failure, either from without or within? Dr. A.
Hoffer at the University Hospital in Saskatoon, Canada, has
been treating schizophrenia for years by the administration
of large doses of niacin and has been reporting considerable
success. Apparently at least some forms of schizophrenia
are a vitamin-deficiency disease rather like a more serious
pellagra.

It takes more niacin to handle schizophrenia than pellagra,
and Hoffer suggests a reason for this. Niacin is converted in
the body into a more complex substance called NAD, which
is what really does the work. The normal body can form
NAD out of niacin easily and quickly if the latter is present
in the diet. (Hence pellagra is cured as soon as small quan-
tities of niacin are added to the otherwise deficient diet.) But
the schizophrenic may have a disordered chemistry, char-
acterized in part by the inability to form NAD easily.
Therefore, a great deal of niacin must be supplied as a
means of seeing to it that the inefficient chemical machinery
produces at least a little NAD.

Hoffer reports that in the first half of 1966 he tried ad-
ministration of NAD, ready-made, with very hopeful re-
sults. Smaller doses produced more rapid improvement.
(As is usual in the case of experimental treatments on the
border of the known, there have also been reports from
other laboratories that NAD treatment has proven disap-
pointing.)

The chemical failure in the case of the schizophrenic
(whether it is the inability to make NAD out of niacin,
or something else altogether) is apparently something that -
is inherited; for certainly the tendency to develop the disease
is inherited. The chance of a particular individual in the
general population developing schizophrenia is about 1 in
100. If, however, a person has a brother or sister who is
schizophrenic, he has a one in seven chance of becoming
schizophrenic himself. If he has an identical twin who is
schizophrenic, his own chances rise to three in four.

People aren’t usually born with schizophrenic symptoms
to be sure; it is not inborn in the sense that phenylpyruvic
oligophrenia is. We 'might put it this way: The schizophrenic
is born not with a part of his chemical machinery missing
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but rather with a part that is fragile and wears out relatively
early in life. It is the fragility of the part that is inherited.

But what is it that NAD (if it is NAD) does that keeps:

the body normal? What goes wrong in the body if NAD
is missing?

Suspicion has fallen upon a portion of the chemical scheme
that begins with a substance called adrenalin. In very tiny
quantities, adrenalin stimulates certain nerves controlling the
heart beat, blood pressure, breathing rate and so on. The
adrenal gland (a small bit of tissue over each kidney) has,
as one of its functions, the secretion of adrenalin into the
blood stream in times of stress. When we are angry or
afraid, adrenalin is produced at once so that our blood pres-
sure rises, our heart beats faster, our lungs pump more

rapidly. We are placed on an emergency footing that fits

us to fight or run.

Naturally, it is important that, once the emergency is
over, the body be returned to normal. For that reason the
body has chemical devices for the rapid destruction of

adrenalin. This destruction is supervised by an enzyme called -

amine oxidase, which combines with adrenalin and holds it
still, so to speak, while it is altered into harmlessness.-
But suppose the enzyme is occupied in some other direc-

tion? Ordinarily, enzymes are quite specific, that is, they -

will deal only with certain molecules possessing one particu-
lar shape and will not work with any others. This is the
“lock-and-key” view. of enzyme-workings (see Chapter 7).
A particular key will open a particular lock, and other
keys will not do. '

Enzyme specificity is not perfect, however. An enzyme
may combine with a molecule that is nearly but not quite
the shape of the right one. The wrong molecule then com-
petes with the right one for union with the enzyme, and if
the enzyme is busy with the wrong molecule it cannot work
with the right one, so- that its action is inhibited. This
phenomenon is called “competitive inhibition” and it can be
serious indeed.

When the enzyme unites with the right molecule, it per-
forms a task upon it and lets go; but when it unites with

the wrong one it may find itself more or less permanently -

stuck, like a wrong key jammed into a lock and broken off

23



CONCERNING THE MORE OR LESS KNOWN: LIFE

there. When that happens, even a tiny quantity of a wrong
molecule can bring about a long-continued chemical disorder
that may do permanent damage or even bring about death.
Poisons generally work in this way.

Perhaps, then, some enzyme, amine oxidase or some other,
is subjected to competitive inhibition by something that is
formed in the absence of NAD but not in its presence.

The possibility that competitive inhibition is indeed in-
volved is pointed up dramatically by the case of a cactus,
native to the American Southwest, that contains the com-
pound called mescaline. The mescaline molecule bears a cer-
tain general resemblance to adrenalin—apparently close
enough to allow mescaline to interfere with amine oxidase.
This kind of interference, even with a single enzyme, can have
a widespread effect upon brain function. The chemical work-
ings of the brain can be likened to a vast three-dimensional
lacework, intricately interconnected. A jab or yank at any
one portion is going to move and shift every other portion
to one extent or another. Consequently, when the portions
of the cactus containing mescaline are chewed, the adrena-
lin-destroying enzyme is occupied with the mescaline and
the adrenalin accumulates, producing all sorts of effects.
A person experiences sense perceptions that have no objec-
tive existence. Ordinary objects take on strange and bizarre
overtones. In “short, the mescaline produces hallucinations
and is therefore a “hallucinogen.”

Furthermore, the reactions of the mescaline eater are
inappropriate to the real universe. They depend on his dis-
torted sense perception—and sometimes don’t even match
those. His behavior ‘becomes peculiar and unpredictable.
The Indians of the Southwest, experiencing all this when
they ate the cactus, made the rather natural assumption
that they were opening a door into a world beyond the
common one of the ordinary senses. They made use of
mescaline, therefore, in religious rites.

Mescaline-induced behavior resembles that of schizophren-
ics, and it is natural to wonder if perhaps a chemical may
be formed within the body which produces effects similar
to those of mescaline. Perhaps the chemical is formed more
easily in the case of NAD deficiency, so that people born
with a tendency to develop inefficiencies in the NAD-manu-
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facturing reactions will therefore be subjected to the effect
of these chemicals.

In the test tube, adrenalin can be easily altered to a
slightly changed compound called adrenochrome. Adreno-
chrome, if injected into the blood stream, will also produce
temporary bouts of schizophrenic-like behavior. To be sure,
adrenochrome isn’t formed in the normal body, but it might
be in the schizophrenic.

It became a matter of interest, then, to study and analyze
in detail those portions of the schizophrenic body which
could be easily obtained and tested—the blood, for instance,
or the urine. Any substance that could be found in all, or
- almost all, schizophrenics and was not found in all, or almost
all, nonschizophrenics would be instantly suspect.

One way of testing body fluids is to use a technique called
paper chromatography. Different kinds of molecules in the
fluids are made to spread out and occupy separate spots
on pieces of porous paper. These spots can then be made
visible by allowing the molecules occupying them to undergo
a chemical reaction that produces a colored material.

In 1962, Arnold J. Friedhoff of New York University
found that with a certain .course of treatment a pink spot
could be obtained from the urine of 15 out of 19 schizo-
phrenics, but from not one of 14 nonschizophrenics.

Similar tests have since been conducted on larger numbers
of people. In one series of experiments, conducted by C. A.
Clarke at the University of Liverpool, not one pink spot was
found in tests on 265 healthy people—or on 126 people who
were sick with diseases other than schizophrenia. Pink spots
were found, however, with 46 out of 84 schizophrenics.
Most of the schizophrenics who did not show the pink spot
were of the paranoid variety. Among the nonparanoids, four
out of every five showed it.

And what was that pink spotP It turned out to be a chemi-
cal called dimethoxyphenylethylamine (DMPE), and its struc-
ture lies somewhere between adrenalin and mescalinel

In other words, certain schizophrenics (whether for lack
of NAD or some other cause) form their own hallucinogens
and are, in effect, on a permanent mescaline kick.

This is only a bare beginning in the physical-chemical
attack on schizophrenia, but it is a hopeful beginning. The
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pink spot (and any other chemical giveaways that may
turn up) can help doctors spot the oncoming of schizo-
phrenia earlier than might otherwise be possible and at a
time when therapy might be easier. By studying the chemi-
cal processes that give rise to the pink spot, the abnormal
section of the chemical mechanism in a schizophrenic may
be detected and treatment might then be sharpened.

. But adrenalin is not the only chemical that seems to be
intimately concerned with the workings of the brain. There
is also a substance called serotonin.

Serotonin’s importance was brought out most dramatically
in connection with lysergic acid diethylamide, the now-
famous LSD. LSD has a structure somewhat more compli-
cated than serotonin, but chemists can easily trace out a
serotonin “backbone” in the LSD molecule. It is not sur-
prising, then, that LSD may compete with serotonin for a
particular enzyme as DMPE competes with adrenalin—and
with the same results. In other words, the ingestion of LSD
may lead to the accumulation of serotonin in the brain and
the appearance of schizophrenic-like symptoms.

This fact was discovered accidentally in 1943, when a
chemist, Dr. Albert Hofmann, was working on LSD with
some perfectly ordinary chemical purpose in mind. He must
have gotten a few crystals on his fingertips and transferred
them to his lips, for he fell into a dreamlike state that left
him unable to work. He returned home and experienced
a kind of drunken fantasy of hallucination. He suspected it
was the LSD and the next day (with remarkable courage)
he swallowed about a hundred-thousandth of an ounce of
it, risking only what he thought was a small test dose. It
was actually a large dose, as it happened, for a tenth that
quantity would have been sufficient. The fantasies and hallu-
cinations returned and the rest is history.

Hofmann was completely normal after 24 hours, and he
did no harm to himself or to others while he was under its
influence. Unfortunately, this is not something we can rely
on as a general rule. Each individual has a chemical ma-
chinery of his own, so that the effect of LSD will vary from
one person to another. One will experience a mild case of
fantasy, others a severe one; some will recover quickly,
others much more slowly.
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The chemical machinery is, in some individuals, more
fragile at particular key points than in others in the sense
that it may be more prone to snap at those points. If the
point in question is one which would produce schizophrenia
if broken, taking LSD is certainly not an advisable experi-
ment. :

Ordinarily, the fragile point in the chemical schem
might hold up quite well through a long lifetime of ordinary
stress so that a person might be schizophrenia-prone, with-
out ever developing schizophrenia. Yet under the powerful
jab of LSD, the point gives, and what might be merely an
unusual and temporary experience for someone else be-
comes a permanent and serious change in the man in ques-
tion.

Since none of us know just how firm some crucial part of
our chemical fabric might be, using LSD without the great-
est of professional care is a kind of mental Russian roulette.
It is an invitation to temporary insanity for all-and possibly
permanent insanity for some.

LSD is an important tool for research into mental illness. .
It is by studying the causes of illness that we may work out
the cure. We can see that from the medical researchers who,
a century ago, were led to study dangerous bacteria in order
to work out a cure for infectious disease. By and large they
succeeded and it is to be hoped that the second half of the
20th century will be to mental disease what the second
half of the 19th was to infectious disease.

But there is one important difference. College students in
the late 19th century didn’t think it was exciting fun to in-
ject themselves with cholera bacilli. :

Chapter 2 1 Remember, I Remember
It is a common thing to equate a good memory with great
intelligence. The quiz programs of a decade ago were
widely considered to be rewarding genius when they were

actually paying off on trick memories that were sometimes

This appeared under the title “Pills to Help Us Remember?” in
The New York Times Magazine, October 9, 1966.
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(not always, of course) quite unrelated to the actual criteria
of a high-powered mind.

An extreme example that came to light in this connection
was the case of twins who made the newspaper headlines
by their ability to give the day of the week for any date
given them, through thousands of years into the past; and to
do it quickly and correctly.

How they do this is not known. Have they simply mem-
orized the calendar, or some weekday-finding summary of
the calendar? Do they know the day of the week for key
dates and calculate quickly from these landmarks? It is im-
possible to say. Nor can the twins help, for they can’t ex-
plain at all. They are mentally retarded.

What’s more, their freak ability does not carry over into
any other branch of calculation. Even simple additions and
subtractions are beyond them.

Such prodigies are by no means unheard of in history.
An eighteenth century Englishman, Jedediah Buxton, could
multiply 23,145,789 by 5,642,732 by 54,965 in his head
and quickly get the correct answer, but he was of dull
mentality just the same and remained a day laborer all his
life. Zerah Colburn, born in Vermont in 1804, could give the
answer to 816 (sixteen 8’s multiplied together) in a few
seconds and work out the cube root of 268,336,125 almost
at once. Nevertheless, he was not remarkably bright.

There are a number of other cases of the sort. How do
they do it? It is probably a matter of a nearly indelible
memory for numbers. The calculations they do in their heads
can be done by anyone of ordinary intelligence on paper,
since then one can write down partial products and other
intermediate steps. The calculating prodigy “writes down”
the numbers and the partial products in his brain and can
“see” them there. There are cases of prodigies who can work
their way half through a problem, pass on to other things,
and then, after long periods, return to the abandoned prob-
lem, picking up where they left off without trouble. If they
can do such problems with amazing speed, that may result
from constant, intense, and single-minded practice.

To be sure it is not necessary to be of only normal intelli-
gence or less in order to be a calculating prodigy. Truly
great mathematicians like André M. Ampére, John Wallis,
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Leonhard Euler, and, greatest of all, Carl Friedrich Gauss,
had prodigious memories. These memories, however, while
they aided the mathematicians in their work, were not the-
cause of their genius.

Still, if we leave out of account the prodigies, whether
supernormal or- subnormal in intelligence, we find that, in
general, memory and intelligence march hand in hand. The
brighter a person, the better his memory. The size of the
vocabulary one understands and uses is, for instance, a pretty
good indication of both the efficiency of one’s memory and
the extent of one’s intelligence.

If we were to ask, then, what made one person have a
better memory than another, we could only say that what-
ever it was, it was the same unknown physical cause that
made one person more intelligent than another.

Theories of memory, whether ancient or modern, seem to
involve one of two possibilities: memory by association or
memory by image. Almost all of us accept these theories as
a matter of course. We tie a knot on our finger to remember
to buy bread; each time we happen to notice the knot we
say, “Oh, yes; buy bread.” After we’ve done that a few
times, the matter is firmly fixed in our mind. The association -
has become a kind of image.

The Russian physiologist, Ivan P. Pavlov, managed to
establish “conditioned reflexes” in animals by means of con-
tinued associations. He rang a bell, then showed a dog food
and the dog responded by salivating. Eventually, after a
number of repetitions, the dog associated the bell with food
so strongly that it salivated at the sound of the bell alone.
The dog’s salivating mechanism had come to “remember”
that the bell meant food.

This led to a school of psychology called “behaviorism”
which, in its most extreme form, held that all learning and
all responses were the result of conditional reflexes. It was
as though you remembered a poem by heart, because you
associated each phrase with the one before; or because each -
phrase stimulated the next phrase as a conditional response.

Yet there is no question but that memory is not necessarily
merely a sequence of cause and response, of one thing re-
minding you of another which in turn reminds you of still
another and so on. One can remember in images.
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If I may use myself as an example (I know my own mem-
ory best) I have but an indifferent memory for numbers. I
cannot multiply two three-digit numbers in my head without
a great deal of trouble. However, I have a clear map of the
United States imprinted in my mind and I can look at it
and copy off the names of all the states as fast as I can
write. (When I was young, I used to win nickles by betting
I could write down the names of all the states in less than
five minutes. )

Memory also comes in duration-varieties. There are short-
term memories and long-term memories. If you look up a
phone number, it is not difficult to remember it until you have
dialed; it is then automatically forgotten. A telephone num-
ber you use frequently, however, enters the long-term mem-
ory category. Even after a lapse of months, you can dredge
it up.

It is easy to suppose that a memory starts short-term and
becomes long-term with use. To see what I mean, let’s con-
sider the structure of the nervous system.

The nervous system is made up of numerous microscopic
cells called neurons. These are irregular in shape, with fine
projections jutting out in this direction or that. These pro-
jections are called dendrites from a Latin word for tree be-
cause they resemble the branches of a tree. A particularly
long process called an axon may be inches or even feet
long. The dendrites or axon of one neutron may approach
other neutrons very closely, but they do not quite touch.
The tiny gap that remains is a synapse.

A neuron, when stimulated, is capable of transmitting a
tiny electric current along its surface and down its various
projections. Ordinarily, the current might stop at a synapse,
but under certain conditions, the chemical environment at
the synapse changes in such a fashion as to allow the current
to jump the gap and pass through another cell. By jumping
one synapse or another, an electric current can follow.some
slzgdﬁc path from any part of the nervous system to any
other.

Suppose, then, that with every sensation you receive, a
particular group of synapses is somehow affected in such a
way as to make passage of the nerve-current easier. The
group of synapses is so chosen that the current flows from
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one cell to another to another and finally it keeps on going
over and over that cycle for a period of time, like auto
racers lapping a track. The original sensation and a particu-
lar current-cycle can be viewed as associated. As long as
the body can somehow sense a particular current-cycle and
select it from all others (how such “recall” takes place, no
one yet knows), it can remember the sensation that set up
that particular current-cycle.

With time, however, the effect on the synapses wears
off, the current~cycle fades away, and the memory is gone.
It has been a short-term memory.

But each time the current-cycle is somehow sensed and
the memory recalled, it may be that the change in the syn-
apses is intensified, so that the current becomes stronger.
Eventually, even the physical structure of the cells may be
changed; more dendrites may form between the cells making
up the cycle, thus easing the way for the current. Eventually,
the current may be so firmly set that it will continue indefi-
nitely without additional reactivation. The memory has be-
come long-term.

Naturally, the longer a current-cycle has been in existence,
the more firmly it has a chance to set, and for many of us it is
therefore considerably easier to remember items learned as
a youngster, than other items learned last year.

Perhaps in some exceptional cases, brains are so con-
structed that certain types of long-term memories, such as
those involving numbers, form with particular ease, giving
rise to prodigies even where the brain is not so constructed
as to impart intelligence as well. Perhaps some types of
current-cycles are, through usage, more easily formed and
more easily set than others, so that you have a person who
can remember names but not faces, or the absent-minded
professor who has a viselike memory for all aspects of his
subject but has difficulty recalling his home address.

But is there room enough for all the different current-
cycles in the brain? Some estimates are that the brain, in a
lifetime, absorbs as many as one quadrillion—1,000,000,-
000.000,000—separate bits of information.

There are some ten billion (10,000,000,000) gray cells or
neurons in the brain and about nine times as many auxiliary
glial cells. (Some have suggested that the small glial cells
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are involved in short-term memory while the larger neurons
handle the long-term.) If each current-cycle involves only
two cells, then there is room for ten million quadrillion cycles
—room for ten million times as many memories as could
conceivably be accumulated in a lifetime. Of course, there
are large numbers of cells that are not neighboring, but on
the other hand, current-cycles can involve many more than
two cells, dozens if necessary. If dozens of cells are involved,
then there is more than ample room for all the current-
" cycles we would need.

It may even be that the brain has not only plenty of room
for the necessary cycles, but has ample room to set up each
cycle in many copies, for quite extensive surgery can be
performed on the brain without serious impairment of the
memory function. If some copies of individual cycles are
removed, so to speak, by surgery, other copies remain in
the parts of the brain left intact.

And yet can we be sure of something so seemingly obvi-
ous as the fact that short-term memories become long-term
memories? Sometimes, when portions of the brain are stimu-
lated electrically (for certain legitimate reasons during opera-
tions) a flow of memory results. This flow is filled with such
realistic detail that the patient virtually relives a portion of
his past life in full even while he simultaneously remains fully
conscious of the present. Wilder G. Penfield, at McGill
University, could, in this manner, cause a patient, at will, to
hear snatches of music and experience scenes of childhood.

Findings such as these tempt one to suppose that the
brain contains a perfect and indelible impression of all the
sensations it receives. All memories are long-term, it would
seem, but are quickly blocked off unless this is prevented
by repeated recall. (In that case, prodigies might suffer from
an imperfect blocking mechanism.)

To Sigmund Freud and his followers, such blockage of
memory is by no means automatic or mechanical. Rather, it
involves an active process, albeit an unconscious one. Individ-
ual memories may be chosen to be forgotten for some rea-
son; because they are painful, embarrassing, shocking, be-
cause they brought punishment or humiliation, because thev
gon’t fit a chosen scheme of life. The process is one of
repression.” :
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The repression isn’t perfect, and some analysts suggest that
neurosis is the result of the very imperfection of the act of
forgetting. That which the mind would like to forget will
bob up inconveniently and must then be masked, often in an
irrational (that is, a neurotic) way. The cure of the neurosis
may then depend, according to Freudian thinking, on drag-
ging the memory into the open through free association,
dream analysis, or other techniques. Once the memory is in
clear view, it can be dealt with rationally, rather than neu-
rotically.

Not all psychiatrists are of the Freudian school, however,
and surely one might argue that forgetting can’t always be
a matter of harmful repression. If the brain is a perfect
memory instrument, selective forgetting is necessary to sur-
vival. If you remembered every telephone number you had
ever seen or heard, how difficult it would be to place your
finger upon the important number you wanted among all the
trivial ones you would never want.

In fact, what is the recall mechanism? Even after allowing

for selective forgetting, much remains. How do you select
" the one item from a possibly large group of similar items in
your mind? ;

Or, to be personal again, I am rather glib on historical
names and dates. Ask me when Queen Elizabeth I died and
I will answer 1603 without perceptible pause, and say
336 =B.c. just as quickly if asked when Philip of Macedon was
assassinated. How I select those dates so easily I don’t
know. I can detect no perceptible effort and am aware of
no particular system. .

The difficulties of determining where it is in the brain that
current-cycles of memory might be concentrated, of trying
to follow them once located, and, indeed, of discovering
whether they exist at all are surely problems of the first
magnitude. Can one shift the attack to another area instead
—from physiology and cells, to chemistry and molecules,
perhaps? As long ago as 1874, the English biologist, T. H.
Huxley, had suggested that there was a separate key mole-
cule in the brain for each separate memory.

The move from cells, which can at least be seen, to mole-
cules, which cannot, might seem to be from the terribly
difficult to the flatly insuperable, but it is not. Rather it
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resembles the story of the doctor who told his patient with a
bad cold to drench himself with water and sit in a draft.
“But, doctor,” protested the patient, “that will turn my
cold into pneumonia.” “Exactly,” said the doctor, “and that
we can cure.”

By the 1950s, biochemists had become increasingly confi-
dent that a certain intricate compound called ribonucleic
acid (usually abbreviated RNA) was involved in the manu-
facture of protein. This fit in well with earlier discoveries
to the effect that RNA was present in high concentration in
just those cells which manufactured unusually large quan-
tities of proteins. These included cells that were growing
and multiplying and also cells that produced quantities of
protein-rich secretions.

Oddly enough, however, the cell that was richest in RNA
was the brain cell, and yet brain cells neither grew, mult-
plied, nor produced secretions. Why all the RNA then?

A Swedish neurologist, Holger Hyden, tackled this prob-
lem at the University of Gothenburg. He developed tech-
niques that could separate single cells from the brain and
then analyze them for RNA content. He took to subjecting
rats to conditions where they were forced to learn new skills
—that of balancing on a wire for long periods of time, for
instance. By 1959, he had discovered that the brain cells
of rats that were forced to learn increased their RNA content
to a point where it was 12 percent higher than that of the
brain cells of rats allowed to go their normal way.

RNA is thus implicated in learning and, therefore, in
memory (without which learning is impossible). But is this
conceivable? Granted that a set of a hundred billion cells
could include current-cycles in sufficient numbers to include
a lifetime of memories—how could one squeeze them all into
the structure of a single molecule? )

Well, the molecule of RNA is made up of a long string
of four closely related, but distinctly different, units. Each
item in that chain can be any one of the four units: A, B,
C, or D. Two neighboring units could be any of 4 X 4 or
sixteen different two-unit combinations: AA, AB, AC, AD, '
BA, BB, BC, BD, CA, CB, CC, CD, DA, DB, DC, or DD.
Three neighboring units can be any of 4 X 4 X 4, or sixty-
four different combinations, and so on.
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The possible number of different combinations builds up
at a tremendous rate. An RNA molecule made up of merely
25 units can have any of one quadrillion different combina-
tions, if each unit of the molecule can be any one of the
four different kinds. This means that if every different sensa-
tion experienced by a human being in the course of a long
lifetime were somehow “filed away” in his brain as a different
RNA combination-of-units, a 25-unit molecule would be
sufficient for the task.

But RNA molecules contain many hundreds of units and
not merely twenty-five. There is no question, then, but that
the RNA molecule represents a filing system perfectly cap-
able of handling any load of learning and memory that the
human being is likely to put upon it—and a billion times
more than that quantity, too.

Suppose that we picture a kind of “RNA -memory.” All
cells can manufacture RNA molecules quickly and easily, but
ordinary cells can prepare them in a limited variety only,
to do certain limited tasks. What if brain cells can prepare
them in limitless sets of combinations? Every different sensa-
tion might cause, somehow, the production of a slightly
different RNA molecule. The use of that molecule at any
future time might, somehow, bring back the associated sen-
sation as a memory.

And, to be sure, Hyden found that the RNA in his lean-
ing-stimulated rats altered in nature as well as increased
in kind. The ratios of the four different units were changed,
as though the rats, in forming many new combinations,
made use of the different units in proportions different from
those they ordinarily required.

How does a brain cell go about responding to a sensation
by forming an RNA molecule? Does it form any combination
at random and is that combination then “assigned” to the
memory of the particular sensation that brought about its
formation? If that were the case, might not an RNA mole-
cule be formed that has already been formed on another
occasion, and might not memories be confused? The answer
to this last question is: Probably not. The number of possible
combinations is so great that the chance of accidental dupli-
cation is virtually zero.

Yet there is also the possibility that the RNA combination
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for a particular sensation is fixed; that the particular sensation
would give rise to the same RNA molecule in any creature.

A possible choice between these alternatives arose out of
the work of James V. McConnell at the University of Michi-
gan. He experimented with flatworms (planaria) about an
inch and a half long. He subjected them to a flash of light
and then to an electric shock. Their bodies contracted
at the shock and eventually began to contract as soon as
the light shone, even when the shock did not follow. They
had become conditioned; that is, they had “learned” that
the light meant a coming shock, and presumably they had
formed new RNA molecules to take care of that bit of learn-
ing and memory.

Such trained planaria were chopped up and fed to un-
trained planaria which were then subjected to the same
process. In 1961, McConnell reported that untrained planaria
which ate the trained ones learned to react to the light
faster than ordinary planaria did. They had incorporated
the new RNA molecules from their food and had “eaten
memory,” one might say.

This meant that a particllar RNA molecule was some-
how tied to a particular sensation. The molecular combina-
tions could not be selected at random, since the RNA mole-
cule formed by planarium 1 in response to certain sensations
“made sense” to planarium 2.

Allan L. Jacobson, who had worked with McConnell,
continued such experiments at the University of California.
If one planaria eats another, it is hard to tell which molecule
in the food is being used. Why not, then, extract RNA from
conditioned planaria and inject only that into unconditioned
ones. That worked too. The conditioning was injected, after
a fashion, along with the RNA.

And why restrict matters to planaria? (Some research
workers insisted that the response of planaria was so diffi-
cult to observe that one could not be certain which ones
were conditioned or whether any were conditioned at all.)
Jacobson conditioned rats and hamsters to respond to the
sound of a click or the flash of a light by going to a feeding
box. Once conditioned, they were killed and RNA from
their brains was injected into animals that hadn’t been con-
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ditioned. The animals receiving these injections were found
to be easier to train for they already had some of the
necessary RNA they would be required to form. Interest-
ingly, the injection worked across species. A rat could bene-
fit by injections of RNA from a hamster.

When McConnell's work on planaria was first published,
there were joking suggestions (I hope they were joking) that
students eat their professors and get their education that
way.

Surely, though, there are alternatives. Perhaps a supply
of any kind of RNA would help—just additional raw ma-
terial. The injection of such “unconditioned” RNA has been
reported as having produced borderline improvements in
learning ability.

And then, too, why not encourage the body to form
greater quantities of RNA for itself? A certain drug called
“Cylert” (its chemical name is magnesium pemoline) is
known to increase RNA production by 35 to 40 percent.
When used on rats, it was found to improve the ease of
" conditioning markedly.

Experiments of this sort are being conducted (very cau-
tiously) on human beings; specifically, on patients suffering
from premature senility. D. Ewen Cameron at Albany Medical
Center reports that at least 17 of 24 patients showed improve-
ment.

Upsetting the total euphoria that might follow such posi-
tive results is a statement published in the August 5, 1966,
issue of “Science” by a number of scientists from eight dif-
ferent laboratories. Their independent attempts to transfer
conditioning along with RNA. from trained rats to untrained
rats have all failed.

This is not, however, grounds for despair or even confusion
on the part of those who hope for startling advances. Scientists
are now in mid-leap, so to speak, in this field of inquiry, and
it is a particularly subtle and complicated field. Different
laboratories generally conduct complex experiments with
variations that seem unimportant but could turn out to be
crucial when all the facts are in. The measurement of learning
ability is, in addition, a particularly tricky process and what
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seems like learning to one experimenter may not seem so to
another.

The paper in “Science” puts it this way: “Failure to repro-
duce results is_not, after all, unusual in the early phase of
research when all relevant variables are as yet unspecified.”

The negative results do not necessarily indicate that RNA
is not involved in the mechanism of memory, or even that
such memory cannot be transferred. What it does indicate
is that the technique of transference has certainly not been
perfected as yet; and at this early stage of the game, that is
not surprising.

One can’t consider RNA molecules by themselves. They
come from somewhere. It is known, for instance, that specific
RNA molecules are formed as “copies” of similar, but even
more complicated molecules, called DNA, in the cell nucleus.
Fresh combinations of RNA molecules are not known to be
formed within the cell in any other way, and many scientists
doubt that incoming sensations can form RNA molecules
directly. .

The DNA molecules make up the genes, or units of heredi-
ty, and these are passed along from parents to offspring by

" means of a complex but nearly foolproof mechanism.

Each cell contains a long chain of DNA molecules, with
each part of those molecules capable of producing an RNA
copy of a certain structure. It may be that some of the por-
tions of the DNA molecules are ready to serve as models
from the start, and through these portions the cells can
form the RNA types they need for the ordinary working of
their chemical machinery.

Other portions of the DNA molecules are perhaps blocked
off to begin with. A particular sensation might then act to
unblock a particular section of one of the DNA molecules,
and an RNA molecule matching that unblocked section would
then be formed.

This would mean that each person carries a vast supply of
possible memories, a “memory bank,” so to speak, in the DNA
molecules he was born with—a supply vast enough to take
care of all reasonable contingencies. The nature of the mem-
ory bank might be quite similar among individuals within
a species or even within closely related species. It would then
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become understandable why an RNA molecule producing a
particular memory in one will produce a similar memory in
the other, and why learning might conceivably be transferable.

And if RNA isn’t the beginning, it isn’t the end, either.
The chief function of the RNA molecules, as far as we know,
is to bring about the formation of protein molecules. Each
different RNA molecule is involved in the formation of a dif-
ferent protein molecule. Could it be the protein molecule
rather than the RNA that is truly related to the memory func-
tion? '

One way of testing this is to make use of a drug called
puromycin. It interferes with the chemical machinery by
which the cell produces protein through RNA, but doesn’t
affect the formation of RNA itself.

Louis B. Flexner and his wife, Josepha, conducted ex-
periments with puromycin at the University of Pennsylvania
School of Medicine. First, they would condition mice in a
simple maze, teaching them to follow Path A to avoid a shock.
The conditioned mice were then given an injection of puro-
mycin and promptly forgot what they had learned. The
RNA molecule was still there but the key protein molecule
could not be formed. (Once the effects of the puromycin
wore off, the mice could be retrained. )

The memory loss depended on when the injection of puro-
mycin was given. If the Flexners waited more than five days,
puromycin did not induce forgetting. It was as though some-
thing permanent had been formed; as though short-term
memory had become long-term and only the former could be
affected by puromycin.

Another example involved reversal learning. The mouse,
having learned to follow Path A to avoid shock, is sud-
denly shocked every time it enters Path A. To avoid the
shock, the mice had to take Path B. Once the mice had
learned the reversals puromycin was injected. The Path B
memory, still short-term, was wiped out, but the Path A
memory, long-term by now, was unaffected. The mice re-
turned to the pattern of taking Path A.

All this can be connected with the current-cycles mentioned
at the beginning of the article. Suppose that when RNA forms
proteins, those proteins contribute to the formation of new-
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dendrites or, perhaps, to the activation of old ones. If this is
a gradually strengthening effect, then for the first few days
the new current-cycles are feeble and can easily be broken
if the flow of specific protein is interfered with, as by puro-
mycin injections. Eventually, though, the dendrites would
have been built up to the point where the current-cycle is
firm and intense and requires no further protein. Puromycin,
after that, is without effect.

But that implies that short-term memory is converted
to long-term memory. What if it is the other way around?

Jacobson (who transfers RNA from creature to creature)
conditioned planaria and then reverse-conditioned them. He
transferred their RNA into new planaria and found that
he transferred the tendency to conditioning, but not to the
feverse-conditioning,.

It could be that when a planaria is made to “forget”
something it had learned, the RNA molecules formed in the
learning process are not removed, merely blocked in some
fashion. If the RNA alone is transferred and not the blocking
agent (whatever it might be), then only the memory is
transferred and not the forgetting. This would back the hy-
pothesis that all memory is long-term and that nerve cells
spend their time arranging a forgetting mechanism rather
than a remembering one—rather @ lz Freud.

All this work on memory is exciting in the extreme and
holds out all sorts of hopes (and fears) for the future. Can
we improve our memories by taking pills? Can we learn faster
and grow more educated through chemical stimulation? Can
we even become more intelligent? Can we adjust minds,
by external manipulation, to suit our needs? Can we, through
our own effort, change Man into Betterman? Or will some of
us decide that what is needed is something else and change
Man into Docileman?

But the consequences, whether for good or evil, are per-
haps not imminent. With all the excitement of these last few
years it may nevertheless be that we are but on the first step
of a rocky road that fades off into the farthest visible horizon.
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Chapter 3 The Hungry People

It is wonderfully easy to preach to those who are overweight.
You can scare them with the possibility of an early death
and brusquely order them to eat less. You can tell them
kindly to try special exercises, such as pushing the chair
away from the table halfway through the meal or turning
the head briskly left, right, left when offered a second help-
ing.

Nothing sounds simpler than to follow such advice. Why,
then, do so many people go on gaining, even though
overwelght is uncomfortable, is considered unattractive, and
is a danger to health? What makes the plump person keep
eating?

An explanatwn that is popular with a lot of people is that
overweight is essentially a matter of psychology. The fact
may be visible all over the body but the cause, according to
many psychiatrists, is h1dden in the unconscious. Overwelght
is of psychogemc origin.”

If this is true, those moderately fat people who are not
actually suifering from some obvious hormone disorder are the
victims of personality problems that force them to overeat
—against the advice of friends and doctors and against their
own common sense and often against their most compelling
conscious desires.

Perhaps they were overprotected and overfed as children
until the habit of overeating was irrevocably established.
Perhaps, on the other hand, they were rejected, and turned to
food as compensation. Perhaps the trauma of weaning drove
them to seek solace in eating. Or perhaps they found them-
selves trapped in a period of oral eroticism that they never
outgrew. Or—still more complicated—perhaps they eat com-
pulsively to conceal from themselves an even more deeply
hidden desire to reject food and mother.

Psychiatrists are certainly at no loss for explanations and
psychoanalyms would seem to offer the poss1b1]1ty of a cure.
Yet the increasing number of psychiatrists in the last gen-

First published in Mademoiselle, October 1960. )

41



CONCERNING THE MORE OR LESS KNOWN: LIFE

eration or two cannot be said to have resulted in any
noticeable defeat of overweight. On the contrary, more people
are overweight than ever. If we are to judge by results, then
there would certainly seem to be serious shortcomings to the
psychological approach.

Some years ago, two investigators at Iowa State College
reported an attempt to check the theory of the psychogenic
origin of overweight. They studied over a hundred girls going
to rural schools, dividing them into those who had been
distinctly fat for at least three years and those of normal
weight.

To prove the psychogenic theory correct, the fat girls
should have shown more signs of emotional disturbance
than the girls of normal weight: their schoolwork should have
been below par and they should have done badly in tests
designed to assess mental stability, sexual attitudes, and so
on.

But when comparisons were made the fat girls showed no
difference as a group. Their schoolwork, their stability, their
sexual attitudes were indistinguishable from those of the
slender girls. In fact, the experimenters could find only one
definite difference between the two groups. The parents of
the fat girls were, on the average, markedly stouter than
the parents of the girls of normal weight.

This last point is not surprising. Earlier studies of a large
number of cases have shown that only 10 percent of the
children of parents of normal weight grow fat. When one
of the parents is fat, 50 percent of the children tend to be
overweight. When both parents are fat, 80 percent of their
children will share the same fate,

This seems to indicate that overeating may be a result of
parental example. And yet identical twins tend to weigh
about the same, even when they are brought up separately
and exposed to different eating habits.

There is good reason, therefore, to look squarely and som-
berly at inheritance. There may be an inherited quirk in the
body’s physical make-up that leads to overeating and the
preldominating cause of overweight may well be physiolog-
ical,

Some nutritionists recognize this and complain that the
search for the physiological causes has been hampered by
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the popular attitude toward overweight. Those who are not
fat (and this includes some doctors and nutritionists) seem
too often to assume that overeating can be avoided by the
pure and simple use of will power.

A failure to exert the will in this respect is “gluttony.” To
find a physical cause for overeating, after all, exonerates the
glutton—and this seems almost immoral to some people.

Yet it is impossible to rule out physiology. An inherited

tendency to overweight has been recognized and studied in
animals, in whom complex psychological motivations are
unlikely to be involved. There are strains of laboratory mice
‘that, when allowed to eat freely, do so until they are twice
the weight of ordinary mice (who eat more sparingly even
when supplied with unlimited food). This “fat tendency” is
inherited and can be followed from generation to genera-
tion.
. Our domestic animals are in many cases deliberately bred
in such a way as to develop just those strains that have a
pronounced fat tendency. The domestic pig is little more
than a fat-making machine and is nothing like the thin,
rangy wild pig from which it is descended. Why not con-
sider inherited factors involving overweight in humans too?
And why not ask whether they involve some defective work-
ing of the body machinery?

We all know that food intake is regulated by the appetite. -
You eat when you are hungry and stop eating when you
are full. For most people these automatic adjustments work
well enough to keep body weight steady (within 2 or 3 per-
cent) indefinitely. These lucky ones needn’t be particularly
conscious of what or of how much they eat. Their weight
just takes care of itself.

But this is not true for everyone. There are those who
find themselves steadily gaining weight if they pay no at-
tention to their diet. To keep from getting fat they must make
a conscious effort to restrict their intake, constantly eating
less than they want, sometimes to the point where life is a
misery to them. .

The person whose appetite exceeds his body’s needs may
find a plateau of moderate overweight from which he will
not vary much. As he gains weight he will have to lift,
tug, and move those extra pounds at every step and with
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every motion. This will mean the expenditure of additional
energy and it may be enough to balance his moderate over-
eating. In other cases, however, an overweight person will
eat more to make up for the extra energy so expended
and will go on gaining, perhaps slowly, until such time as he
deliberately decides to do something about it.

Nor need it be a question of absolute food intake. One
recent study of schoolchildren showed that most of the plump
ones actually ate less than did those of normal weight. But
they were also more inclined to sit still for hours watching
television, while the others devoted their leisure to livelier
activities.

It is the balance between food intake and energy expen-
diture that determines weight gain or loss. Among overweight
people there is a constant tendency to eat just a bit more
food than is necessary to replace the energy expended, how-
ever little or much that expenditure may be. That “little
bit more” is laid away as fat.

May it not be, then, that with such people there is some-
thing wrong with the appetite control? Suppose we compare
the appetite control to the thermosat on a furnace (indeed,
the appetite control is frequently called the “appestat” by nu-
tritionists). Just as the thermostat may be set for different
temperatures—and may therefore be set at one that keeps a
room too warm for comfort—so may an appestat be set at
different levels. The person whose appestat is set too high is
one of the Hungry People. He gets hungry sooner and
stays hungry longer, and before long he gets fat.

This is sad, for in America we have come to think of fat
as ugly and we know that it is a danger to health. Fat
people are about four times as likely to develop diabetes
as people of normal weight and nearly twice as likely to
develop diseases of the heart and circulatory system. For
the sake of both health and appearance many fat people
try to lose weight, usually by going on a diet. But for fat
people whose appestat is set high this can be simply tor-
ture. To make matters worse, their bodies automatically com-
pensate for restricted food by restricting activity, so that in
spite of the agony they may actually lose less weight than
would an ordinary person eating the same amount.

A fat person on a diet is pushing down the appestat

44



THE HUNGRY PEOPLE

manually, so to speak. He has to have his finger on the
control all the time, because as soon as he relaxes it moves
back to its automatically set position and he begins to gain
again. The woods are full of fat people who have lost
weight on strenuous diets and have then gained it all back
again.

gYou can tamper with the appestat by means other than
the naked force of sheer will power. You can take pills that
deaden the appetite. Or you can try to “fool” the control by
eating very slowly or in small nibbles during the day. There
are trick diets like those involving high-fat, low-carbohydrate
foods, since fat, the theory goes, seems to deaden the appe-
tite faster and for longer periods than carbohydrate does. But
however you do it, once you have achieved the weight you
want and give up whatever trick you have been using, then
—very likely—up yeu go again.

But where is the appestat to be found and how does it
work? It seems to be located in a part of the brain called
the hypothalamus (see Chapter 1). If the hypothalamus of
a laboratory animal is damaged chemically or surgically the
appestat is shoved drastically upward. The animal begins
to eat voraciously and soon gets fat.

As to how the appestat works, there is considerably more
dispute. If its vagaries are controlled not by personality
dist;n-bances but by something physical and material, what
is it

One interesting possibility arises from a theory put forward
by Jean Mayer, a physiologist at Harvard Medical School.
This theory involves the quantity of glucose in the blood.
Glucose is a type of sugar always found in the blood in
small quantities, and it is stored in the liver as a starchlike
substance called glycogen. The body’s cells absorb glucose
out of the blood stream and use it for energy. As glucose is
used up, more is produced in the liver from its stores of
glycogen and is dribbled into the blood at just the rate needed
to compensate for its withdrawal by the cells. When you are
active, the cells are using up larger amounts of glucose and,
to make up for this, liver glycogen is converted to glucose at
a faster rate. When you are resting, the cells are using less
glucose, and glycogen conversion slows up too. The re-
sult is a well-controlled balance. But the balance is not per-
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fectly steady. The glucose in the blood slowly decreases a
little during a fast and rises again after a meal. Mayer
suggests that this variation is what affects the appestat in
the hypothalamus. The cells of the appestat are continually
testing the glucose level of the blood. As the level dips,
the appetite is turned on: as it rises, the appetite is turned
off.

If Mayer’s theory is accepted as a working hypothesis, the
next question is: What regulates the quantity of glucose in
the blood and so neatly keeps the balance between the op-
posing tendencies of glucose formation and glucose absorp-
tion?

As far as we know, the balance is controlled chiefly by the
activities of two hormones produced by certain cells in
the pancreas. One of these is a well-known hormone, insulin.
Insulin tends to keep the glucose level low, apparently by
making it possible for cells to absorb glucose easily. If for
any reason the glucose level threatens to rise too high, more
insulin is produced and is poured into the blood stream. The
cells absorb glucose more quickly as a consequence and the
level falls again.

The second hormone is glucagon and it works in the oppo-
site direction. It tends to keep the glucose level high, ap-
parently by encouraging the conversion into glucose of the
glycogen stored in the liver. If the glucose level threatens to
fall too low, the pancreas gets to work, produces glucagon,
which converts glycogen into glucose, which is poured into
the blood stream so that the level is raised again. With
both hormones working smoothly the glucose level is kept
steady, except for the very minor fluctuations used by the
hypothalamus to run the appetite control.

But what if the hormones get out of order?

Fairly often (too often) the body loses its capacity to
form insulin in the required amounts. The tendency to suffer
this loss is an inherited characteristic and the condition that
results is called “diabetes millitus.”

With insulin formed in below-normal quantities, the body
cells cannot readily absorb glucose; the glucose level in the
blood rises dangerously as a result. In spite of this high
blood level, Mayer points out, the cells of the appestat can
only absorb a small quantity of glucose, since insulin is in
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low supply. They behave, therefore, as though only a low
level of glucose were present and the appetite is turned on.
A diabetic, for that reason, is always hungry and if left to
his own devices will overeat. (Because he utilizes the glucose
derived from food inefficiently, he nevertheless loses weight.)

And what about glucagon, the other hormone involved in
maintaining the blood’s glucose level? It has been reported
that injections of glucagon will cause a rise in the glucose
level and a consequent prompt loss of appetite. This fits
in with the Mayer theory.

It is tempting at this point to speculate. Could a decline
in the body’s ability to form glucagon keep the blood level
of ‘glucose too low and therefore set the appestat too high?
Are those people suffering from ordinary overweight also those
with a tendency to low glucagon? Is this tendency inherited?

If so, does the insulin control go out of order more easily
when the glucagon control that co-operates with it is already
out of order? Is that the reason why fat people are so much
more likely to become diabetic than are people of normal
weight? Is it possible that simple overweight may someday be
controlled by some form of hormone therapy, just as diabetes
is? To all these questions we can only say that as yet we
don’t know.

But whatever the answers, it is useless to consider a fat
person weak-willed, mentally disturbed, or merely gluttonous.
Scoldings, scare psychology, dream analysis, rarely help except
temporarily. Even if Mayer’s theory proves wrong in de-
tail, it seems almost certain that some physiological mechanism
is involved and, one hopes, will eventually be discovered
and understood. When it is, a rational hormone therapy may
be evolved and overweight can be treated as the physical
disease it is. And meanwhile?

There is a way. People who want to do so can lose
weight most safely and permanently if they realize that above
all they must be patient. They can never relax completely
and if they are to keep the appestat “on manual” indefinitely
they had better exert a gentle rather than a heavy pressure.

They can undergo the spectacular procedure of a crash
diet or a gymnasium treatment, surprise their friends, and
delight themselves with the short-term results. But to what
end, if the hard pressure on the manual control is released
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sooner or later (usually sooner) and the body resumes its
regimen of overeating?

It is better to eat a little less at each meal than impulse
would suggest and to do that constantly. Add to this a little
more exercise or activity than impulse suggests and keep that
up constantly too. A few less calories taken in each day and
a few more used up will decrease weight, slowly, to be sure,
but without undue misery. And with better long-range results
too, for if followed faithfully such a gentle pressure on the
appestat becomes easier, not harder, to maintain with time.

At least one extended investigation has shown that if a
once-overweight person can maintain a normal weight for
six months to a year, he is likely to continue doing so for
a long time to come. It is as if the pressure of manual con-
trol on the appestat, held gently and persistently enough,
becomes, with long habit, so easy to maintain that it is
tantamount to a new and lower automatic setting.

1]Take heart, then. Slow but steady may win the race after
all.

Special Note: At the time I first wrote the chapter
above, I was myself some forty pounds overweight and
quite cheerful about it. I was in perfect health, with
no signs of diabetes or circulatory disorders. Moreover, I
was full of energy, usually in good spirits, and, generally,
;avs:i no reason why I should limit my pleasure in good
ood.

Having written the chapter, though, I began to re-
consider. Encouraged by those who love me, I put my
preaching into practice. Eventually, I found I had lost
thirty pounds. I have now kept myself at this new
weight-level for over two years without much trouble.
I am, of course, on a perpetual diet in the sense that
I no longer eat as much as in the old carefree days,
and hope never to do so, but it isn’t hard.

Of course, there are still the remaining ten pounds.
Well, having had to go over this chapter a second
time, I will draw a deep breath and try again.
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Chapter 4 Blood Will Tell

We carry in our veins a personal encyclopedia which doctors
and biochemists are gradually learning to read. They are still
struggling with the obscurer passages, but what they’ve now
deciphered has already prolonged human life.

“Blood will tell” runs the old saw, with a meaning that is
all wrong. For what blood was supposed to tell in the old
days involved such things as manners and breeding, bravery
and honesty—or the reverse; in short, all the things that are
determined by training and environment and not by heredity
at all.

It was only with the dawn of the 20th century that the
true code of the blood began to yield to investigation. Blood
will tell, indeed, it was found, if it is asked the right ques-
tions.

It was discovered in 1901 that blood existed in four major
types. These types gave no outward sign. No one could tell,
by looking at another person, or by studying any part of
him but his blood, which blood type he belonged to.

The difference showed up thus: When different types of
blood are mixed, the red blood cells of one of the samples
clump together into a sticky mass. This never happens when
two samples of blood of the same type are mixed.

In the test tube such clumping is interesting. In the living
veins of a human being, however, it can be fatal, because
clumps of red blood cells plug up vital capillaries in the kid-
ney, heart, or brain.

Here, at last, was the answer to the erratic results that had
accompanied pre-20th century attempts at blood transfusion.
Every once in a while throughout history, some doctor had
tried to make up for blood loss by feeding blood from some
donor into the veins of a patient. Sometimes the patient
was helped; often he was killed.

In the 20th century, transfusion became safe and routine.
It was only necessary to use a donor of the same.blood

This appeared in Think, April 1962.
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type as the patient or, at worst, of another blood type
known to be compatible with the patient’s.

The blood types are inherited according to a fixed pat-
tern, so that blood will tell not only the transfusion possi-
bilities but also something about relationships.

Thus, 2 man and wife, both of blood type A, cannot
possibly have a child of blood type B. If a child of theirs
does have a blood type B, then only two possibilities exist:
either the child was inadvertently switched in the hospital, or
the husband in the case is not the real father. It doesn’t matter
how feverishly the various relatives may testify that the child
has his mother’s husband’s nose and chin. That may be so,
but it would be pure coincidence. Blood will tell in such a
case, and it doesn’t lie. (Though one must admit that it is
possible for technicians to make a mistake in determining
blood type.)

Relationships of a broader nature are also hidden in the
blood. For instance, a blood type commonly called “Rh
negative” occurs in an appreciable number of Europeans and
among their descendants in other continents. It hardly ever
appears in the natives of Asia, Africa, Australia, and the
Americas.

In Europe, the incidence of this blood type is highest among
the Basques of the Spanish Pyrenees, where one-third of the
population is Rh negative. It is possible, then, that the Bas-
ques represent an older stratum of European population, sub-
merged by a flood of later immigrants from Asia or North
Africa who have been the “Europeans” now for many thous-
ands of years.

That the Basques are the last remnant of the “Old Euro-
peans” is indicated by the fact that their language is not
related to any other language on earth—and by their blood.

In fact, the changing ratio of the different blood groups as
one travels the face of the globe has been used to try to fol-
low past migrations. A tide of blood type B slowly recedes
as one travels westward through Europe from the Urals
toward the Atlantic, and this may mark the passage of such
Asian invaders as the Huns and Mongols, for the percen-
tage of B is highest in central Asia. Invasions of Australia
from the north, of Japan from the west, can also be traced in
the blood of the population.
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If only the chief blood types, those of importance in trans-
fusion, are used for such purposes, however, we are con-
fining ourselves to a fuzzy technique. These types are spread
too broadly and the ratios of one to another differ by too
narrow a margin. )

Fortunately, many additional blood types have been dis-
covered in the last half century. None of the additional ones
are of importance to transfusion, to be sure, but all are
clearly definable and all are inherited according to some
fixed pattern.

As of now, in fact, over 60 blood types of one sort or
another have been identified. The number of possible combina-
tions of those types that might exist in a particular human
being (even allowing for the fact that some types are un-
common) has been estimated at 1,152,900,000,000,000,000.

This huge number is 400 million times as large as the total
population of the earth. It is therefore quite likely that a
laboratory that was equipped to test for all possible blood
types (and none is so equipped at the moment, unfortunately)
could differentiate any human being’s blood from that of
any other—except in the case of identical twins.

Potentially, then, you carry your calling card about with
you at all times. Once your blood type pattern is recorded
in full, it is a case of “John Doe, I presume” to any blood
technician who carries through the necessary tests.

And, as a result of a full analysis, relationships, in the
narrow sense of paternity, or in the broader sense of tribal
migrations, might be worked out with precision. Such prob-
Jlems as the wanderings of the Polynesisns or the route of
entry of the Indians into the Americas might be solved once
and for all.

(Anthropologists interested in such past wanderings, how-
ever, had better work things out in a hurry. The automobile
hastened the mixing of peoples within nations, and now the
jet plane is introducing a new ease of shifting and uprooting
on an intercontinental scale. If this continues, migratory his-
tory 1;1ay be blurred out of all recognition in a few genera-
tions.

All this, in essence, means that blood can, at least poten-
tially, tell us who we are.

It would be interesting if, in addition, it could tell us
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what we are. Suppose it could tell us if we are well or ill,
for instance; and if ill, how ill and in what fashion. It
would be even more fascinating if it could predict the future,
and tell us if we are likely to become ill; and if so, in what
way.

All this, blood can indeed do, at least potentially. It will
give the answers if the proper questions are asked.

Nor is this just a matter of curiosity; just mankind’s
primitive urge to look into a crystal ball. We are all a prey
to sickness, and the more we know about it the more likely
we are to arrest its progress, or even reverse it. Best of all,
we may prevent it in the first place.

It is a general rule that the earlier in its progress any
disease is detected, the easier it is to treat. Now any dis-
ease, if it progresses far enough, will produce visible symp-
toms—or it would not be recognized as a disease. But the
body struggles hard to retain its equilibrium against the
onslaught of the disease, and by the time symptoms are
actually visible, the body has lost the battle, at least tem-
porarily. For best treatment, therefore, the disease ought to
be discovered well before symptoms are visible to the naked
eye.

Well, every phase of the body’s activities, both in health
and sickness, is reflected in the complex chemistry of the
Elood. So we turn to the blood. Diabetes is a good example

ere. .

The advanced diabetic loses weight though he eats vor-
aciously (see Chapter 3); he must both drink and urinate
copiously. He is plagued by boils and itching and a number
of other more serious, if less immediately noticeable, dis-
orders. By that time, the diabetic is in a bad way and al-
most past help.

Diabetes is caused by a shortage of a hormone: insulin.
This controls the concentration level in the blood of a form
of sugar called glucose. As the supply of insulin declines, glu-
cose concentration rises until some spills over into the urine.
Detecting the first signs of glucose in the urine will prove
the existence of diabetes before the patient is at the last
gasp.

But that is still too late in the course of the disease for
comfort. One can test the blood directly and note whether
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the glucose concentration, though not high enough to spill
over into the urine, is yet above normal. Better still, one can
put the body’s chemical devices for handling glucose under
a strain. Then we can observe whether the body, while
" still able to control glucose level under ordinary conditions,
will show signs of failure in an emergency. If the body
does show such signs, we will be detecting diabetes at the
very start.

This is done by means of a “glucose tolerance test.” The

patient is given a fairly large dose of glucose solution to drink,
and his blood is analyzed before and at various times after-
ward, -
The glucose is absorbed quickly through the intestines
and floods into the blood. The glucose concentration shoots
up as a result. In response to that rise in glucose concen-
tration, however, insulin is produced in higher quantities
than normal and the glucose level is brought down to the
proper place in fairly short order. In normal individuals, the
glucose concentration is about 100 milligrams per 100
milliliters of blood. About 45 minutes after a glucose meal, the’
figure has risen to 200, but within an hour after that it is
back to 100.

If the figure rises markedly higher than 200 after the meal
and takes a number of hours to straggle back to normal,
it means that the body is having difficulty producing insulin
in emergency quantities and there is therefore a good chance
that diabetes is developing. When the disease is caught at
this stage, a judicious diet and a proper regimen of exer-
cise can maintain reasonable normality indefinitely. The use
of insulin injections can well be avoided.

A second example involves the thyroid gland, which con-
trols the rate at which the chemical machinery of the body
is grinding away. This is called the “basal metabolic rate,”
or BMR. Until a few years ago, the way of measuring the
BMR was to have a patient breathe from an oxygen cylinder;
since the rate at which oxygen was consumed was the rough
measure of this BMR. But the thyroid gland produces
certain hormones that control the BMR. These hormones
contain jodine atoms that are transported by the proteins
of the blood stream from the thyroid gland to the rest of the
body. Once a method for determining the “protein-bound
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iodine” (PBI) of the blood was worked out, the slow
oxygen-breathing test became obsolete. A quick puncture, and
a little blood will tell. :

Kidney disease, like diabetes, is easy to detect when it is
well advanced. Something is needed to detect it at the
start. Well, the prime function of the kidneys is to filter waste
out of the blood, and the most important waste is one
called urea. It is not difficult to measure the concentration of
urea in the blood, and when that goes up beyond the
normal stage, the kidney may be starting to fall down on
its job—in time to be caught, perhaps.

The liver is the busiest chemical factory in the body and
its proper functioning is vital to life. But every necessary sub-
stance it forms must be distributed by way of the blood
stream, and from the rise or fall in concentration of these,
the exact story of the liver’s shortcomings, if any, can be
worked out. Jaundice is a condition, for instance, in which a
yellow-green pigment called bilirubin occurs in the blood
in abnormally high concentration. It can be caused by trouble
with the red blood cells which, in breaking down too quickly,
form abnormal amounts of bilirubin. Or it can be caused by
trouble with the liver, which may be blocked from delivering
bilirubin into the intestines, as it should, and may be de-
livering it into the blood stream instead. By checking for
bilirubin by two different chemical methods, the biochemist
can at once distinguish whether the trouble is in the blood
or in the liver.

If the blood is an open book, it is a rather complicated
one. Biochemists can detect any of the many dozens of
substances in the blood, and a variation in concentration of
any one of these may possibly be symptomatic of any of a
number of diseases. A rise in a protein called serum amylase
may bespeak pancreatitis; a rise in another called alkaline
phosphatase may be pointing the finger at bone cancer; a
rise in acid phosphatase is possibly symptomatic of cancer of
the prostate. A protein called transaminase may, when ele-
vated in concentration, indicate heart damage. A rise in cer-
tain types of fatty substances make atherosclerosis an uneasy
possibility. There are dozens of other examples.

No one test is a certain indication of one disease, but each
test narrows the field of possibilities, and a combination of
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tests may narrow it quite a bit. The physician is told quite
clearly in which direction to look, and he is told this at a
time when no open symptoms may yet have had time to
develop and when treatment still offers high hopes of a cure
or, at least, a stay in the progress of the disease.

What does the future hold? There is every reason to think
that blood’s value as a diagnostic tool will continue to rise.
Since World War II, newer techniques have been continuously
devised for analyzing more and more complex mixtures with
greater and greater precision. We can take blood apart into
its components with more and more certainty.

But not all variations in blood composition are necessarily
pathological. The blood groups are a good example of this.
As far as we know, a person of blood group A is as normal
as one with blood group B, and as likely to live as long
and as healthy a life. But the two individuals are different
just the same, and when transfusion is involved this difference
must be taken into account. .

There may be other differences, too, lying within the limits
of normality and yet requiring slight gradations of treat-
ment. :

For instance, one of the most important functions of the
blood is that of supplying to the various cells the sub-
stances required for building tissue. The prime requirements
here are some twenty closely related compounds called
“amino acids.” These may occur separately, or combined into
giant molecules—the proteins. The particular amino acid
make-up of the blood of a particular individual may have
i51nportant significance to his medical treatment (see Chapter

So perhaps the next century will see human biochemistry
become a truly individual matter. A person’s blood will not
merely be his or her calling card. It will become a record of
his past, present, and future history. -

The Sherlock Holmes of the future will be the bloo
technician. Indeed, one can imagine a time when blood
analysis will be so perfected through the use of micro-tests,
analyzed by computer perhaps, that a drop of blood will -
suffice to tell your fortune, like the card in the weighing
machine. Only it won’t tell you that you are to meet an
interesting stranger, or are about to go on a long trip. In-
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stead, it will advise you on your diet, tell you of the dangers
that may befall, of the little maladjustments of your body
machinery which, if ignored, may become serious malad-
justments. To your grandchildren, information from that drop
of blood may be the key to a healthy and prolonged life.

Chapter 5 The Chemical You

We take it for granted that no two people look exactly
alike. A child has no difficulty recognizing its mother, and a
boy assures his sweetheart that no one in the world is anything
like her. Even identical twins have their differences. And what
is apparent to our own sense of sight is equally apparent to
the dog’s sense of smell. But looks are only skin-deep,
our poets tell us. And odor, too, say our television commer-
cials.

Can we go deeper, then? Are there differences in the inner
workings of the body that can make themselves apparent in
the coldly impartial world of the chemist’s test tube? To
be sure, all of us use hemoglobin to absorb oxygen and
certain enzymes to produce energy. We all have lungs and
heart and kidneys. We can all live on the same food, suffer
the same diseases, and come equally to the death in the
end. But there is more to it than that.

In the previous chapter, we discussed the blood’s role
in displaying man’s chemical individuality—now let’s go
farther.

In the first couple of decades of this century, an English
physician, Archibald E. Garrod, studied the pattern of me-
tabolism in human beings. That is, he studied the sequence
of chemical reactions by which the body broke down food to
form energy and build tissue. He found cases of people who
lacked the ability to bring about one particular reaction or
another, with results that were occasionally disastrous (see
page 21 for an example).

Such chemical quirks are with a person from birth. The
equipment, or lack of it, with which you must conduct
your internal chemistry is yours from the start (at least

First published in Mademoiselle, January 1963.
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potentially, for in some cases the deficiency makes itself

. fully apparent only in later life). Garrod referred to deviations
from what seemed normal metabolism as “inbom errors of
metabolism.” '

Naturally, the inborn errors that are easiest to see are
just the ones that produce serious diseases, such as dia-
betes (see Chapter 4); or startling symptoms, like the rela-
tively harmless alkaptonuria, in which the urine, under
certain conditions, turns black.

Realizing that the chemical mechanisms within cells are -
highly complex, Garrod felt that there might be any number
of deviations from the normal that produced neither startling
nor dangerous symptoms. In other words each individual
might follow a chemical path not quite like that of anyone
else and be very little the worse for. it. From that point of
view we would all be individuals not only in appearance,
but in chemistry.

Consider! The body builds up special defensive proteins
(antibodies) that react with foreign molecules and neutralize
them. This is one of its best defenses against invading bac-
teria and viruses. Once someone has formed an antibody
against the measles virus, he is immune to further attacks
of measles. The Sabin vaccine encourages the body to form
antibodies against the polio virus by presenting it with the
necessary virus in a form that will not actually produce
the disease. The body is then made immune without having
to undergo the prior risk of polio itself.

A negative instance of the same use of proteins is the fact
that the body may also accidentally become sensitive to
foreign substances that are fairly harmless in themselves; to
the proteins of certain types of pollen, for instance, or to
certain types of food. A person will in such a case suffer
from hay fever or food allergy.

A particular antibody can distinguish between one foreign
substance and another (between chicken protein and duck
protein, for instance) even when the difference is not readily
apparent to the chemist. It can always distinguish between
a foreign substance and the molecules present in the body it
belongs to. -

If an antibody can distinguish between two proteins, those
two proteins must in some way be different. That being so,

57



CONCERNING THE MORE OR LESS KNOWN: LIFE

no two human beings, except for identical twins, can have
proteins that are completely alike. The proof of this is that a
skin graft will fail unless it is taken from another part of the
patient’s own body, or, at furthest remove, from the body
of his identical twin, if he is lucky enough to have one.
The patient’s body will recognize and form antibodies
against the skin protein of any human being other than him-
self (or his identical twin). Those antibodies will prevent
the graft from “taking” and will, at great inconvenience or
danger to himself, prove the patierit a chemical individual.

So far, much of our medical magic is confined to methods
that strike at the common denominator of all mankind. As-
pirin will relieve pain in almost anyone, and penicillin will
almost always halt the growth of certain germs in anyone.
A physician must, of course, be on the lookout for the tiny
minority who are sensitive to these universal panaceas,
but he can, in general, prescribe such drugs freely.

As knowledge increases, however, a finer control, care-
fully geared to the needs of each individual, will be added
to such wholesale therapy. The physician will have to recog-
nize that there is not only a psychological and biological
you, but a chemical you as well.

The first step in the direction of finer control will un-
doubtedly involve proteins. After all, most of the substances
that induce an antibody reaction are proteins, and the anti-
bodies themselves are proteins. Obviously, then, proteins pres-
ent in the body differ among themselves in subtle ways, and
the body can design other proteins to take advantage of
these differences.

What are these subtle differences? To begin with, proteins
consist of large molecules. Even a protein molecule of only
average size is made up of a conglomeration of perhaps
four hundred thousand atoms. In comparison, a water mole-
cule is made up of three atoms and a molecule of table
sugar of forty-five atoms.

Atoms within the protein molecule are arranged in com-
binations called amino acids, each of which is made up of
anywhere from ten to thirty atoms. The amino acids are
strung together, like beads in a necklace, to form a protein
molecule.
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Although the general structure of the amino acids is alike,
there are differences in detail. An individual protein will be
made of anywhere from fifteen to twenty-two different types
of amino acids, placed in a particular order in a chain that
may contain up to thousands of them altogether.

Naturally, if two proteins are made up of different numbers
of amino acids, they are different, and this difference can
be distinguished by antibodies. Again, if they are made
up of the same number of amino acids but of different
proportions of the various types, they are different.

The interesting thing is, though, that if two protein mole-
cules are made up of the same number of the same.
types of amino acids, they will still be different if the order
in which those amino acids occur in the chain differs. It
is as if you were to make a necklace out of twenty beads—
five red, five yellow, five blue, and five green. Depending on
the order in which you arranged them you could make
twelve billion different patterns.

But proteins are almost never as simple as that. An average-
sized protein would have five hundred amino acids, not
twenty; and the amino acids would be of twenty different
types, not four. The number of possible ways in which the
amino acids of an average protein molecule could be ar-
ranged requires well over six hundred zeros to be written.

This being so, it is obvious that everyone in the world
can easily have his own individual proteins not quite like
those of anyone else. In fact, every living creature who has
ever lived can have had his own individual proteins not
quite like those of any other creature who ever lived—and,
therefore, his own individual chemistry as well.

But then, if every creature has different proteins and the
body is sensitive to foreign proteins, how is it that we can
eat? Fortunately the food doesn’t enter our body in its original
form. It remains in the alimentary canal until it undergoes
certain digestive changes. Only then does it cross the walls of
the intestines and enter the body itself.

Proteins, in being digested, are broken down to individual
amino acids, and only the amino acids are absorbed. If even
a small bit of the intact protein itself were absorbed, the
body would become sensitized to it and would thereafter
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display a strong allergic reaction to that protein. The amino
acids, however, are harmless.

Out of the absorbed amino acids, the body builds the
individual proteins of its own tissues, tearing down any
amino-acid excess for energy. Naturally it makes use of
amino acids in certain proportions for building body protein,
and these proportions may not be quite those in which the
amino acids occur in the particular food proteins that have
been ingested. Fortunately the body can deal with the dis-
crepancy by changing the molecular structure of some amino
acids to that of others. One present in excess may be
converted to one that is deficient, making for a more efficient
mixture.

However, there are limits to this. Almost a hundred years
ago, it was discovered that rats would die if their only
source of protein was corn, but that they would live if a bit
of milk protein were added to the diet. The explanation for
this turned out to be that corn protein was deficient in an
amino acid called tryptophan, which milk proteins possessed
in ample quantity. Apparently the rat could not make trypto-
phan out of other amino acids, and, being unable to main-

~ tain the protein level of its tissues without it, it died.

In the 1930s the American biochemist, William C. Rose,
through dietary experiments on university students, found
that the human body could not make eight of the amino
acids. These eight are called the “essential amino acids,”
because their presence in the diet is essential to health.

On a reasonably varied diet that is above the starvation
level, it is unlikely that many of us will suffer seriously from
deficiency of one or more of the essential amino acids. But
‘some may suffer borderline discomforts and malaise be-
cause the diet we choose for ourselves supplies us with the
wrong pattern of the essential amino acids.

Nutritionists are easily able to analyze foods for their
amino-acid content; they also know average daily require-
ments. It is possible to make blanket decisions about what
amino acids are missing from a given diet and how to supple-
ment the deficiency with food or pills. This again is whole-
sale therapy. But more individual treatment is becoming
possible.

There is a fairly simple method of sizing up a patient’s
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chemical individuality. The body supplies protein for its own
cells, which circulates in the blood stream and presumably
has the particular pattern of amino acids required by the
individual involved. The proteins in a few drops of blood
can be analyzed, and the amino acid pattern—a kind of
chemical fingerprint—taken. When this is compared with the
amino-acid pattern of the patient’s diet, specific suggestions
for supplementation can be made. ‘ .

A person with inborn quirks in his pattern can be treated
individually and need not be victimized as a member of
a mythical normal group. This can be applied on a larger
scale to whole areas where a low standard of living - re-
quires efficient supplementation.

As medical and chemical knowledge increases, the day
may come when each individual is metabolically assayed in
infancy and periodically thereafter; when central medical
files may contain records of each individual pattern. And
then perhaps no doctor will treat any patient, except in
emergency, without preliminary study of the pattern.

It isn’t humanity in the abstract, after all, that the doctor
faces when you go to him for help. It is you, the individual;
the chemical you.

Chapter 6  Survival of the Molecular Fittest

As explained in the previous chapter, proteins are one of th
chief keys to chemical individuality, thanks to the intricacies
of their molecular structure. And among the most significant
proteins are the various enzymes, mention of which was
made in Chapter 1.

It is no wonder, then, that biochemists are eagerly attack-
ing the problem of enzyme structure, and achieving re-
sults, too.

Enzymes, like all proteins, are built up of relatively sim-
ple units—amino acids. The twenty or so different types
of amino acids occur in the smaller enzyme molecules to the

First published under the title “The New Enzymology” in

Consultant, May 1965. Copyright © 1965, reprinted by permission
of Smith, Kline & French Laboratories. .
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extent of two to six each; in the larger ones to the extent
of several dozen each.

Biochemists know the detailed structure of each different
amino acid. They also know the exact manner in which
one amino acid is connected to another to build up a
“peptide chain.” To work out the exact formula of a protein,
we must first determine which amino acids, and how many
of each, are in its particular peptide chain.

The peptide chain may be hydrolyzed by heating it in
an acid solution. This process decomposes the chain into
individual amino acids. The mixture can then be analyzed,
and the number of each variety of amino acids present in
the chain determined.

This, however, is not enough. In what order are the amino
acids present in the peptide chain? The number of possible
orders is very great in even the simplest protein. For example,
there is a hormone called oxytocin which is one of the
smallest of the naturally occurring proteins. Its molecule is
made up of a peptide chain containing only one each of
merely eight different kinds of amino acids. Yet these eight
amino acids can be arranged in no less than 80,220 ways.

The situation grows inconceivably complex for the large
protein molecules—and yet not hopeless. By chopping pep-
tide chains into small pieces, containing two or three amino
acids each, and working out the order in one small piece at
a time, the order in the entire chain can be deduced. By
1953, the order of the fiftv-odd amino acids in the mole-
cules of the hormone insulin (see Chapter 4) had been
worked out completely.

Insulin was the first protein molecule to be conquered
in this fashion, and the conquest had taken eight years. With
the detailed technique worked out, however, larger mole-
cules were conquered in less time. Thus, the molecule of
ribonuclease (an enzyme which brings about the breakup
of ribonucleic acid—the famous RNA concerning which there
was so much said in Chapter 2), made up of a peptide
chain of 124 amino acids, was soon completely worked out.

The manner in which ribonuclease (or any enzyme) brings
about a chemical reaction is itself quite subtle and inter-
esting, and I will have more to say about that in the next
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chapter. Naturally, once chemists knew the exact amino acid
make-up of an enzyme molecule, they were interested in
knowing what there was about that make-up that gave the
molecule such amazing facility at bringing about a certain
chemical reaction, such as, in this case, the breakup of the
RNA molecule.
Carefully, chemists went on, therefore, to alter this or that
~particular amino acid in ribonuclease in order to find the
“active sites,” the portions that were directly involved in
the enzyme action. It turned out that some particular amino
acids, when altered ever so slightly, were associated with a
loss in enzyme activity, while others could be manhandled
quite a bit without any overall effect. The key spots turned
out to be amino acid 12 (of the variety called “histidine”),
amino acid 41 (“lysine”), and 119 (“histidine” again).

It seems quite likely that, despite the wide separation of
these three amino acids in the chain, this represents a single
active site. The peptide chain is not a long, straight rod,
after all, but is more like a flexible rope which can be
folded in such a way in the ribonuclease molecule as to
bring positions 14, 21, and 119 together. In this way a
specific three-amino-acid pattern is formed.

The enzyme molecule is held in its folded shape by par-

ticular links between particular atom groupings. One of the
most important of these involves the amino acid “cystine.” -
Cystine is a sort of double molecule. Each half is a complete
amino acid in itself, the two halves being connected by a
chain that includes two sulfur atoms (a “disulfide bridge”).
One half of the cystine can form part of one peptide chain
and the other half part of another. In this way, two separate
chains (or two sections of a single chain) are firmly held
together by a disulfide bridge.
- The ribonuclease molecule has four such bridges linking
- different parts of the chain. There are other weaker types
of attachment also, all contributing to making the peptide
chain fold properly, so as to create an active site.

But if a small group of amino acids forms the active site,
why the need for over a hundred other amino acidsP Some
of the reasons for this have already become clear.

If ribonuclease is split into two parts at the position of
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amino acid 20, each part, separately, is inactive. If solutions
of the two parts are mixed, much of the activity is restored.
It is as though the two parts were able to line up properly
even though there are countless trillions of possible ways of
lining up improperly. Apparently, the amino acid arrange-
ment in an enzyme is such that natural folds appear in the
chain, folds that bring the proper amino acids together and
form an appropriate active site. It would seem, then, that
the long chain is necessary in order to devise a natural
folding process leading to the automatic formation of that
active site.

But why build a long chain merely to make the active site
a sure thing? Why not have the amino acids of the active
site put together permanently and dispense with the rest of
the molecule altogether? For one thing, it is not desirable
to have the enzyme active at all times.

Consider the common enzymes trypsin and chymotrypsin.
They are digestive enzymes which act upon the food in our
intestines, breaking down the protein molecules in the food
and converting them to small fragments, which are then
broken down to individual amino acids and absorbed.

Such enzymes are part of a complex team and should
perform their work only at an appropriate moment. They
are therefore secreted in inactive forms called trypsinogen
and chymotrypsinogen. The peptide chains in these inactive
forms cannot easily fold in such a way as to bring an active
site into being. If, however, the chain is broken at one
specific point, what is left folds properly and an active
enzyme comes into being; chymotrypsinogen becomes chy-
motrypsin while trypsinogen becomes trypsin.

Similarly, ribonuclease, which must fold to form an
active site, will presumably only fold in the proper manner
when certain conditions are fulfilled. It can then be inactive
or active in order to suit circumstances. An active site, ready-
made, would be always active, and that would not suit the
needs of living tissue, which requires enormously subtle
flexibility in the behavior of its components.

. Let us return to the digestive enzymes we have just men-
tl?l’}ed. The molecule of trypsin contains 223 amino acids
divided into three peptide chains held together by cystine
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bridges. That of chymotrypsin is somewhat larger. The
amino-acid order in both enzymes has been worked out.

Trypsin and chymotrypsin turn out to have identical
active sites, and about half the amino acid order in trypsin -
is identical with that in chymotrypsin. In view of this simi-
larity, it is not surprising that the two enzymes are similar
in function; that both bring about the breakdown of protein
molecules as part of the digestive process.

But there are differences, too. The differences in the
amino-acid order make it possible for trypsin to attach itself
to protein molecules in one fashion while chymotrypsin
attaches itself to them in another fasion. In this way, proteins
are oriented differently with respect to the active site and
the two enzymes are not precise duplicates.

Because of this difference in orientation, trypsin will split
only certain types of amino-acid links including those that
involve lysine, which I have already mentioned, or another
amino acid, arginine, which is rather similar to lysine in -
certain respects. Chymotrypsin will split links involving amino
acids such as phenylalanine, tyrosine, and tryptophan (all
three of which have in common the presence of a ring of
six carbon atoms in the molecule). .

Since both trypsin and chymotrypsin have active sites o
identical structure, the purpose of the remainder of the
molecule is shown in still another light. By governing the
manner in which the enzyme combines with those molecules
it influences, additional flexibility of behavior is made possi-
ble that would not exist if the active site were present in
isolation.

The similarity of trypsin and chymotrypsin suggests that
both developed from the same molecular ancestor. The dif-
ferences between the two enzymes arise from the fact that
though the ability to form specific peptide chains is inherited,
this ability is occasionally distorted in transit (“mutation”).

The process of evolution by natural selection applies to
peptide chains, presumably, as well as to organisms as a
whole. If 2 new peptide chain is formed which has an
inefficient method of functioning, or none at all, organisms
possessing it may tend to die out. A new peptide chain with
a slightly altered function, or even a radically new one that
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can be put to use, will survive, and the organism possessing
it may be modified to suit the new function. There is thus
a survival-of-the-fittest among molecules as well as among
organisms.

What's more, evolution among molecules may shed light
upon evolution among organisms. The structure of the mole-
cules of the enzyme cytochrome C (one that is involved with
the handling of oxygen in tissues) has recently been studied
in 13 different species from man to yeast. About half of the
104 to 108 amino acids of this enzyme were found to be
present in identical order in all the species. This is strong
evidence in favor of the belief that all of life originates from
a common ancestor.

The differences that do exist become more marked as
the species are more distant. The peptide chain of the cyto-
chrome C molecule in man differs by only one amino acid
from that in a rhesus monkey. There are, however, 21 differ-
ences between man and a tuna fish; and 48 differences be-
tween man and a yeast cell, as far as this molecule is con-
cerned (even though it performs an analogous function in
all the species).

Undoubtedly, if chemists could simplify their techniques
to the point where numerous enzymes could be studied in
many species, the overall differences would be complex
enough to reveal the evolutionary pattern in great detail.

Chapter 7 Enzymes and Metaphor

A classic experiment that often serves to start a course in
high school general chemistry is one in which oxygen is pre-
pared by the decomposition of potassium chlorate (which
contains oxygen atoms in its molecule). The directions for
conducting the experiment are explicit. The student does not
simply heat potassium chlorate. Manganese dioxide (which
also contains oxygen atoms in its molecule) must be added

This was presented as a paper to the American Chemical
Society on April 7, 1959, and was then published in the Journal
of Chemical Education, November 1959. Copyright © 1959 by
Division of Chemical Education, American Chemical Society.

66



ENZYMES AND METAPHOR

first. Without it, potassium chlorate must be heated strongly
and oxygen evolution is, nevertheless, slow. With it, the mix-
ture may be heated gently and oxygen is given off quickly.

It is necessary to explain to the student that the man-
ganese dioxide does not enter into the reaction, if only to
prevent him from suspecting that the oxygen comes from
the manganese dioxide and that metallic manganese is left
behind. The function of manganese dioxide is only to ac-
celerate the breakdown of potassium chlorate in some fashion
that does not consume the manganese dioxide. Its mere pres-
ence is sufficient. It is a catalyst, and the process of in-
fluencing by mere presence is called catalysis.

This, left to itself (as it often is), can lead the beginner
to a lifelong and unnecessary association of catalysis with
mystery. The notion of influence by mere presence rather
than by participation is uncomfortably like a kind of molecu-
lar psi force, an extrasensory perception on the part of po-
tassium chlorate that the influential aura of manganese
dioxide is present, or perhaps a telekinesis, a supernatural
action at a distance on the part of the aloof but godlike
manganese dioxide molecule.

Any unnecessary aura of mystery in science is undesirable,
since science is devoted to making the universe less mys-
terious, not more so. The fact that any student going on to
industrial chemistry will be constantly involved with cataly-
sis and that any student going on to biochemistry will meet
with those exceptionally useful protein catalysts, the en-
zymes, makes this particular unnecessary mystery especially
undesirable.

It is, naturally, impossible to stop an introductory course
long enough to delve into surface chemistry with the neces-
sary detail to remove the mystery. For one thing, the stu-
dents lack the necessary background for it, and for another,
nothing like this is required. All that need be done at the
start is to puncture the mystery; time enough later to supply
the rationale.

To do away with mystery, it is only necessary to offer the
students common examples of how a reaction can be has-
tened by mere presence of an extraneous substance; examples
that, on the face of it, do not involve witchcraft. In short,
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a student may be unready for advanced chemistry, but he is
always ready for metaphor.

Once given the metaphor, the student will retain it in-
definitely, if it is dramatic enough. Even if he never pro-
ceeds beyond the elementary chemistry course, he will yet
avoid in this one tiny respect the plague of mysticism; and
a contribution will have been made to the rational view of
the universe, which is one of the ends of scientific thought.
If the student proceeds into advanced chemistry courses
where catalysis will crop up again and be placed on a firmer
theoretical base, he will at least have his proper start and
be able to approach the subject with greater confidence.

For instance, how can a catalyst influence a reaction by
its mere presence? What is there in ordinary life that can
offer an analogy to such an esoteric phenomenon? Suppose
we make use of the “brick-and-inclined-plane” metaphor.

Instead of potassium chlorate breaking down and down
and down, liberating oxygen, imagine a brick sliding down
and down and down a gentle incline, liberating energy. Both
are spontaneous processes, but both need initial pushes. The
potassium chlorate requires the encouragement of heat; the
brick will require an initial thrust by hand.

Suppose the incline on which the brick rests is a rough
one, however, so that there is a great deal of friction between
brick and surface. Despite gravitational pull and the help-
ing hand, the brick stops quickly once the hand is removed.

Now suppose you were to coat both brick and incline with
ice. The brick suddenly slides more easily. A gentle push to
start it, or even, perhaps, no push at all, is necessary.

But the ice itself does not push the brick; it does not in-
crease the gravitational force; it does not supply force in any
form; it plays no active role at all. Its mere presence is
enough. Nor need much be present; only enough to coat
thinly those portions of brick and incline that come into
contact. Nor is any of the ice used up in the process, ideally.
When one brick has moved on, the ice is all there; another
iced brick can be set sliding, and then another and another.

A catalyst is defined as a substance capable of accelerating
a chemical reaction by its presence in small quantities, with-
out itself undergoing permanent change in the process. Elimi-
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nate the word “chemical” and the ice that coats an incline
is a perfect catalyst.

An alternative analogy is the “writing-board” metaphor.
Imagine a man with a pencil and paper, and nothing else,
standing in the midst of a desert with only soft, shifting sand
underfoot. The man wishes to write a note upon the paper.

The man knows how to write, he has the wherewithal to
write with, and the wherewithal to write upon. Nevertheless
he can write only the most fumbling note, one that is very
likely undecipherable, and he will almost certainly tear the
paper in the process.

Now imagine him suddenly endowed with a smooth writ-
ing board of polished wood which will not itself take a pencil
mark. How different the situation suddenly.

The man undergoes no increase in his knowledge of
writing. His instrument of writing remains as before, the
pencil. The only object upon which he can write a note re-
mains the paper.

Yet now his message can be written smoothly, clearly, and
painlessly—all thanks to a writing board, which hastens the
process by its mere presence and is unchanged in the pro-
cess. Both paper and pencil are somewhat used up and the
man himself has expended some: calories, but the writing
board has suffered no significant loss. It can be used for an
indefinite number of similar jobs. It is, in short, a catalyst.

Both metaphors serve, furthermore, to introduce the no-
tion that catalysis is essentially a surface phenomenon; that
a reaction is hastened (whether it is the sliding .of a brick,
the writing of a note, or, by extension, the breakdown of
potassium chlorate) by the provision of a surface that is
specifically suited for the activities involved in the reaction.

Later in the course, the student may be presented with
the notion that catalysis hastens a reaction without, how-
ever, changing the position of the equilibrium point. Sup-
pose, for instance, one begins with two substances A and
B, which react to form C and D. Left to themselves the re-
action will proceed partway, reaching a halt at an equilib-
rium point where A, B, C, and D are all present in fixed
proportions. The presence of a catalyst hastens the rate at
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which that equilibrium point is reached, but does not alter
its position.

Moreover, if you begin with C and D, they will react
partway, reaching an equilibrium point—the same equilib-
rium point—with A, B, C, and D present in fixed propor-
tions. And the same catalyst will hasten this reverse reaction,
too.

To the student who first encounters this fact, there may
seem something diabolical about an inanimate substance that
can pull in either direction as though it knew in advance
where the equilibrium point was.

Yet it is simple to demonstrate that the catalyst is not
pulling in two directions but in only one, if we go back to
our brick-and-inclined-plane metaphor. Imagine a double
incline in the shape of a shallow, blunted V, made of a rough,
high-friction substance. Again, a coating of ice will serve as
catalyst, allowing the brick to slide. Observe though that it
will slide down either slope of the V and in both cases end at
the same point, the bottom.

If the top of one arm of the V is labeled “A and B” and
the top of the other “C and D,” and the whole viewed from
directly above, it would seem that the catalyst works in
either direction. The brick will seem to slide from right to
left, or from left to right, and, in each case, will seem to
stop at a mysterious midpoint that seems no different from
any other point.

View it from the side, though, and you see at once that the
reaction is in one direction only—downward, in the direc-
tion of the pull of gravity. The ice-catalyst accelerates this
one downward movement. The endpoint (or equilibrium)
is the lowest point in the V, the point of least gravitational
potential, and hence unique. Even the least intuitive student
can see that the ice is actuated by no mysterious foreknowl-
edge of the equilibrium position. The brick simply slides to
the bottom.

The student should see at once, too, why catalyzing a re-
versible reaction does not change the equilibrium point and
why hastening a reaction in a particular direction does not
cause it to move further in that direction. Obviously coating
brick and incline with ice to enable the brick to slide more
quickly doesn’t alter the position of the bottom of the V
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or allow the brick to go past it and climb halfway up the
other side and remain there permanently. )

In more advanced courses, the student will learn there is
something called “chemical potential” that can be dealt
with, in some ways, analogously to the familiar and every-
day gravitational potential, and the picture he grasps at the
beginning will stand him in good stead later.

Nor need the usefulness of metaphor be restricted to only
the more elementary notions. Eventually, it will be explained
that a catalyst achieves ifs results by lowering the energy of
activation.

In other words, the substance being worked on by the
enzyme first forms an unstable intermediate compound which
then breaks down to form the final product. The unstable
intermediate compound requires the input of a comparatively
large amount of energy, but until it is formed, no final prod-
ucts will be formed, although the products themselves are
not particularly high-energy. The entire reaction will pro-
ceed no more quickly than the unstable intermediate can
be formed.

The catalyst, by making the intermediate more stable,
allows its formation with a smaller energy input. This hastens
the rate of formation of intermediate and consequently has-
tens the reaction as a whole.

Often the energy of activation (the energy required to
form the intermediate) is represented as an “energy hump”
between products and reactants. The enzyme is shown as
lowering the hump and thus increasing the traffic over it.
Make a highway out of this, with automobiles passing in
either direction, and it is an interesting metaphor. However,
it does not show how a catalyst can lower the hump. This
can be done quite dramatically by means of the “shoelace”
metaphor.

Imagine a man who is standing in a muddy field of indefi-
nite extent who finds he must tie his shoelace. Now there
is no danger of his flopping down into the mud (some-
thing he does not want to do) as he stands there with his
shoelace untied. Once his shoelace is tied, he is again in no
danger. Both are stable positions. ,

During the process of tying his shoelace, however, he must
either squat, bend, or raise his foot while remaining stand-
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ing. In each of these alternatives, he significantly increases
_the risk that he will get part of himself muddy or that he
may lose his footing altogether. He must therefore work
very slowly and carefully through the unstable intermedi-
ate position.

If we imagine a whole series of men, all of whom must
tie their shoelaces under similar conditions, one after the
other, no one man starting till the one before has finished,
the whole process will take a long time for completion, just
because of the slowness of that unstable intermediate step.

Now supply a firmly placed chair and allow a man to sit
in it. Once he is sitting, a foot can be raised without loss of
stability, The shoelace can be tied without danger and the
man can rise. The chair is not only a catalyst (again serving
its purpose by offering a suitable surface), but it is one that
specifically serves to stabilize the unstable intermediate posi-
tion. It lowers the “energy hump” in a manner that can be
clearly visualized.

Now a large number of individuals can tie their shoelaces,
one after the other, much more quickly if the chair is used
by each than otherwise. By stabilizing the unstable inter-
mediate position, the chair-catalyst hastens the shoelace-
tying reaction.

When a student is first introduced to enzymes, he meets
those catalysts which are at once the most intimately in-
volved with life and the most “mysterious.” Yet, although
protein in nature, enzymes share all the fundamental prop-
erties of catalysts generally. The brick-and-inclined-plane
metaphor, the writing-board metaphor, and the shoelace
metaphor all apply to enzymes as directly as to manganese
dioxide.

But enzymes introduce additional refinements also. One
way in which protein catalysts (enzymes) differ from the
mineral catalysts is that the former are vastly more specific.
It is not unusual to have an enzyme capable of catalyzing
but one reaction out of the uncounted numbers possible.
Yet this need not be accepted as a sample of the sweet
mystery -of life. Even a very superficial knowledge of protein
structure would show that it is possible to build very complex
surfaces out of protein molecules by varying the nature and
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arrangement of the amino-acid components. The value of a
highly specialized surface over a generalized surface can. be
demonstrated by an extension of the shoelace metaphor.

A chair is a chair, but there are chairs and chairs. An
ordinary kitchen chair is quite adequate as a catalyst with
which to accelerate the typing of shoelaces. But now im-
agine a specially designed chair with back, arm rests, and
foot rests that are motorized and capable of automated
motion. As you sit down, your weight upon the seat closes
a contact and up flies one of the foot rests, lifting your foot
to just the right height. Simultaneously, the back moves
forward, tilting you appropriately, while the arm rests move
inward, bending your arms at the elbow and gently forcing
your hands together. In a fraction of a second, and without
effort on your own part, you have assumed the shoelace-
tying position and a padded lever gently ejects you from the
seat. It is now ready for another individual.

Obviously such a specially designed chair would hasten
the shoelace-tying reaction to a greater extent than the gen-
erally designed kitchen chair could. It would also further
stabilize that unstable intermediate position. Furthermore,
such a specially designed chair by the very virtue of its
specialization becomes less useful for other purposes. Un-
thinkingly, a young man might attempt to use it in order
that he might hold his best girl on his lap. The motion of
the various portions of the chair may surprise him. Yet even
though he might find those motions endurable under the
circumstances and even pleasant, he would almost certainly
be disconcerted by the final ejection, as would the young
lady also in question.

And if you only intended to use the chair to read a news-
paper, you would abandon it in disgust even before you
were ejected. In either case, you would seek a generally
designed chair on the next occasion, or a chair specially
gesigned for girl-holding or paper-reading as the case might

e. :

In short, the specially designed chair (enzyme) is at once
a more efficient and more specific catalyst than the generally
designed one (ordinary mineral), each characteristic almost
necessarily implying the other.

Nor need we devise imaginary chairs to make the point.

73



CONCERNING THE MORE OR LESS KNOWN: LIFE

One can as well, if not as ingeniously, use the notion of a
barber’s chair, a dentist’s chair, a soda-fountain stool, or an
electric chair and compare each with a kitchen chair to
point out how a specialized smface at once increases effici-
ency and specificity.

The notion of specificity enters into the idea of competi-
tive inhibition (see Chapter 2) as well. An enzyme may
specifically catalyze the breakdown of substance A, let us
say. It will not catalyze the breakdown of different sub-
stance B, nor yet of similar (but hot identical) substance A’,
yet the presence of A’ will interfere with the normal func-
tioning of the enzyme with respect to A, while the presence
of B will not.

Here we can use that most familiar of all enzyme meta-
phors, the “lock-and-key” metaphor. An enzyme working on
a specific substance A may be compared with a lock to which
A is the key. Substance B, which is nothing like A, is a key
with its shaft completely different in grooving from that of
A. It cannot even be inserted into the lock. As far as the
lock is concerned, the presence of B has no meaning.

But now you have a substance A’ which is similar to A. It
represents a key with a shaft similar to that of A. There-
fore A’ can be inserted into the lock. However, the notches
of A’ are not similar to those of A. Therefore A’ will not
turn the lock. But it is occupying the lock. While it is there,
though it will not turn, neither will it allow A to enter. The
lock is temporarily useless or, if you prefer, the enzyme is
inhibited.

The student will not only meet enzymes, he will meet
groups of enzymes. A day will come when he will find that
compounds within the body yield energy by having their
hydrogen atoms transferred two at a time from compound
to compound, till, at the end, they are attached to oxygen
to form water. Most of the energy released in the process
is stored in the form of compounds called “high-energy
phosphate esters,” about three of these being formed for
each pair of hydrogen atoms transferred.

The hydrogen transfer from position to position is rather
like a bucket brigade, with each step catalyzed by a separ-
ate enzyme.

Why the series of steps and the series of enzymes? Would
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it not be better and simpler to combine the hydrogen atoms
directly with molecular oxygen in a single step and use but
a single enzyme to catalyze the reaction. As usual, we can
find a metaphoric answer—the “staircase” metaphor.

Suppose it were necessary for a man to move from the
fifth story to the ground floor and store the gravitational’
potential thus given off by using the energy of his down-
ward motion to wind up three clocks. He could do this by
pulling chains as he passed each clock and thus raising their
weights by the pull of his own weight as he moved down-
ward.

If he goes from fifth floor to ground level by means of
five flights of stairs (a multi-enzyme system) he can, in the
process, move relatively slowly, seize the clock chains surely,
and pull them smoothly without breaking stride.

The man might also go from fifth floor to sidewalk level
by jumping over the banister and down the stair well (the
single-enzyme method). He would get to the sidewalk more
simply and more quickly and lose gravitational potential
-as surely as by a stately progress down the stairs. However,
he will find it difficult to snatch at the clock chains as he
passes. He will release energy, but will not store any.

Again, the stair method of going from fifth floor to ground
floor is reversible. One can move back up those same flights
of stairs from ground level to fifth floor without a prohibi-
tive expenditure of energy. However, having jumped down
in a single bound, one cannot, alas (even supposing one to
be in a position to try) bound back to the fifth floor in a
single leap.

Similarly, a multi-enzyme reaction, in which each com-
ponent step involves a relatively small energy change, allows
a more efficient energy storage and is, at the same time,
more easily reversible and hence more efficiently controlled
by the body. The large energy change of the one-step method
(although apparently this is the simpler alternative) makes
it difficult to store energy efficiently and still more difficult
to reverse matters at need. ’

These metaphors are not intended to be exhaustive, or

even to be samples of the best possible; they are merely
those which appeal to my own imagination. It is not the
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individual metaphors I value, but the principle of metaphor.
Metaphor is itself a catalyst. By its mere presence and with-
out actually increasing the scientific content of a course, it
hastens the process of learning and is not used up thereby.

Chapter 8 A Pinch of Life

From the previous chapters in this book, one would be
justified in deciding that life was a most subtle and com-
plex phenomenon, the understanding of which taxes human
ingenuity to the limit—and possibly beyond. Yet of what
are living organisms composed that make possible this mar-
velous phenomenon?

If the human body, for instance, were broken up into
separate atoms and the different kinds of atoms carefully
segregated, two things would be obvious: (1) almost all the
atoms would fall into a mere half-dozen varieties; (2) they’d
be very common varieties.

In the first place, the body is mostly water, and each mole-
cule of water is composed of two hydrogen atoms and an
oxygen atom. Both hydrogen and oxygen atoms are found
in most of the other molecules in the body as well. Aside
from water, the body is made up mostly of organic (that is,
carbon-containing) compounds. The most important organic
compounds are the proteins, which contain nitrogen atoms,
along with hydrogen, oxygen, and carbon.

The chief inorganic, or mineral, components of the body
are the bones. The most common atoms in these, aside from
those mentioned already, are calcium and phosphorus.

If we were now to count the various atoms, it would turn
out that of every ten thousand atoms in the body there are:

6,300 hydrogen atoms
2,550 oxygen atoms
940 carbon atoms
140 nitrogen atoms
30 calcium atoms
21 phosphorus atoms
19 atoms of other varieties.

This appeared in Science World, March 5, 1957.
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This is a most unglamorous list. Oxygen is the most com-
mon type of atom on earth. Carbon, calcium, and phos-
phorus are also among the dozen most common elements, in
the earth’s crust, at least. Most of the atoms that make up
the oceans are hydrogen, and most of the atoms making up
the atmosphere are nitrogen.

But let’s put the top half-dozen varieties of atoms to one
side. They are the staples out of which life is made. What
about those 19 out of every ten thousand atoms that belong
to other varieties? Why are they needed? If we've made
9,981/10,000 of the body with six elements, can’t we let
the remaining 19/10,000 go?

Apparently not. Nature is like a good cook, who knows
that although a cake is made mostly of flour, milk, and eggs,
it needs a pinch of this and that.

Let’s see, then, what the other varieties of atoms are.
Instead of counting the atoms in every ten thousand, let’s
count them in every million. If we do, we find that of every
million atoms in the body, there are:

998,100 atoms of the types I've mentioned so far
570 potassium atoms
490 sulfur atoms
410 sodium atoms
260 chlorine atoms
130 magnesium atoms
38 iron atoms .
2 atoms of all other varieties.

There we have another half-dozen elements present in
medium-sized pinches. Each is a common element that we.
couldn’t do without.

Sulfur atoms occur as essential parts of almost every pro-
tein in the body, so we can’t do without them.

Sodium, potassium, and chlorine are present as electrically
charged atoms (“ions”) dissolved in the body fluid. Sodium
ion and potassium ion both carry a positive electric charge.
Sodium ijon is mostly found in the fluid outside the cells and
potassium ion in the fluid inside the cells. Chlorine atoms
carry a negative electric charge and are, in that form, called
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“chloride ions” (with a d). These chloride ions are found
both within and without the cell, balancing some of the
positive charge of both the sodium ion and the potassium
ion.
These positive ions are responsible, among other things,
for the electrical phenomena of the body. Shifts in the dis-
tribution of sodium ions and potassium jons inside and out-
side the nerve cells are responsible for the tiny electric cur-
rents that accompany nerve impulses. Without them, no
nerve impulses and without nerve impulses, no life.

About half the magnesium in the body is in the bones.
The rest occurs as positively charged ions in the body fluids.
Magnesium is involved in the energy reactions of the body.
Little packets of chemical energy are shifted from com-
pound to compound, usually by means of the action of a
substance known as adenosine triphosphate (ATP). Every
reaction involving ATP requires the presence of a magnesium
ion, which is thus necessary in energy-handling and is there-
fore essential to life.

The hemoglobin molecules in the blood contain four iron
atoms each. Hemoglobin picks up oxygen molecules in the
lungs and carries them to all body cells. It is the iron atoms
in the molecule that do the actual carrying, so we can’t do
without iron.

If you consider hemoglobin and ATP, you will see why the
body needs only a few atoms of certain elements. Each
hemoglobin molecule carries four oxygen molecules from
lungs to cell, then goes back for a new supply. In the same
way, each molecule of ATP shifts one energy packet, then is
reformed so it can go back for another.

Imagine bricklayers building a house. You don’t need one
bricklayer for each brick. One man can lay a million bricks
if he works long enough. Though you need many bricks,
you need only a few bricklayers.

In the same way, we need a great deal of oxygen, but
only a small quantity of iron; or a great deal of energy, but
only a small quantity of magnesium—just enough to help
the hemoglobin and ATP, respectively.

Of course, we don’t always know why one particular ele-
ment, and no other, is needed for a certain job. Why mag-
nesium ion, for instance? Why couldn’t calcium ion (which
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is quite similar chemically) do the job with ATP? A good
question, but so far no good answer.

The bncklayer reasoning applies to other essential ele-
ments needed in even smaller pinches than iron. These are
the “trace elements.”

If we count the atoms, not in every ten thousand or even
million, but in every billion, we find that of every billion
atoms in the body, there are:

999,998,000 atoms of the types mentioned so far
1,500 zinc atoms
170 manganese atoms
170 copper atoms
125 fluorine atoms
20 iodine atoms
10 molybdenum atoms
5 cobalt atoms.

Of these, fluorine is found almost entirely in the teeth, and
is not really necessary to life, but only to healthy teeth. The
other trace elements are essential to life.

Iodine atoms form part of the hormone molecules manu-
factured by the thyroid gland. The thyroid hormones con-
trol the rate at which the body produces and uses energy.
It takes just a tiny bit of the hormone to do the job, just as
it takes a tiny thermostat to control a huge furnace. The
hormone won't do the job without iodine, so that element
is essential to our body.

Of all the essential elements, iodine is the rarest in nature.
Despite the small amount we need, it is sometimes present
in insufficient quantities in the soil of many regions and
therefore in the plant food grown in that soil and in the ani-
mal life that feeds on those plants. It is therefore necessary
sometimes to add a pinch of it to a city’s reservoir, or to
make use of iodized salt (table salt to which traces of iodine-
containing substances have been deliberately added).

Manganese, copper, zinc, molybdenum, and cobalt are
each associated with some of the enzymes that are needed
by the body to catalyze certain essential reactions (see pre-
vious chapter). It is because without them the enzymes
won’t work that they are essential.
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You may wonder how the body can get any use out of an
element like cobalt, when there are only five cobalt atoms
out of every billion in the body.

But how little is five out of a billionP It is estimated that
the human body contains some fifty trillion cells, but an atom
is so much smaller than a cell that each cell, microscopic
though it is, has room in it for at least a hundred trillion
atoms.

If five out of every billion of these atoms are cobalt, then
each cell can have an average of 500,000 cobalt atoms.
Which shows that even the smallest pinch is not so small
after all. :

And now that we have the recipe of living tissue, what
are the chances that we can take quantities of these atoms,
put them together in the right proportion, and—

But that’s the subject of the next chapter.

Chapter 9 Constructing a Man

In September of 1965, the chemists at the 150th National
Meeting of the American Chemical Society were exhorted
by their president, Dr. Charles C. Price, as follows:

“I would like to suggest a timely question of great public
importance to which the scientific community and the Gov-
ernment should now be giving serious consideration: the
setting of the synthesis of life as a national goal. . . .

“It seems to me we may be no further today from at least
partial syntheses of living systems than we were in the
1920s from the release of nuclear energy—or in the 1940s
from a man in space.”

Imagine that! The synthesis of life!l It is a theme as old
as civilization.

In ancient times there. were the girls of gold who (accord-
ing to Homer) helped Hephaestos, Greek god of the forge,
form the armor of Achilles. In medieval times, there was the
tale of the golem, an automatonlike creature made of clay

A version of this article appeared under the title “Conceived in

the Love Bed of Science” in True, February 1966. Copyright ©
1965 by Fawecett Publications, Inc.
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into which life was infused by Rabbi Léw of Prague through
the use of the ineffable name of God. And in modern times
there is the well-known story of Pinocchio, the wooden
marionette who came to life.

Will the age-old dream ever become reality, or will it be
nothing more than science fiction forever?

That same question was asked in 1960 at a gathering of
scientisfs interested in the problem. Scientists are cautious
individuals and some placed the synthesis of life thousands
of years in the future; others, more daring, placed it cen-
turies in the future; some wild optimists only decades.

But when Hermann J. Muller, the Nobel-prize-winning
geneticist, was asked the question, he answered firmly, “Five
years agol”

Surely it sounds ridiculous to say that life was synthesized
in 1955. What can Muller have meant?

Well, if Muller’s words sound like a paradox, that para-
dox rests in the definition of life, and in how simple an object
one'is willing to call a living system. i

The nonscientist, when he thinks of “life,” tends to think
of complicated systems indeed. To begin with, he is likely
to think of man himself. If he visualizes the formation of
synthetic life, he is apt to conjure up dim memories of
Frankenstein. He may picture a cleverly fashioned artificial
body of a man (or woman) lying upon an operating slab
while the scientist pours “life” into it by way of some exotic
radiation or some rare chemical.

Yet that, as sure as anything can be, is not how life will
ever be created.

Why mold a human being, complete with flesh and bones,
muscles and brain, glands and blood vessels? Nature doesn’t
—not all at once. No one begins life as a complete adult.
All living organisms of any complexity at all, including hu-
man beings, are self-building devices that begin quite simply
(at least, in comparison to the final product).

Living organisms are composed of cells, tiny (usually
microscopically tiny) blobs of life. The human body is
composed of some 50 trillion cells, but some very simple
fml-]ms of life, such as the amoeba, are composed of single
cells,
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And even those organisms built up of many trillions of
cells begin life as a single cell, the fertilized ovum. A man
or a woman is formed, in actual fact, from a little blob of
living jelly, a blob just barely big enough to see with the
naked eye in a strong light. From that fertilized ovum, prop-
erly nourished in the female uterus by the mother’s placenta,
a baby containing about two trillion cells is formed in a
period of nine months.

To create a man, then, it would be sufficient to create a
fertilized ovum. Synthesizing the ovum is hard enough,
goodness knows, but not nearly as hard as synthesizing a full-
grown, perfectly formed man. Once the ovum is formed, it
can carry on from there. To be sure, it would have to be
nourished adequately thereafter, but we are approaching
the ability to do that.

Biologists can keep isolated organs, and even scraps of
tissue, alive for considerable lengths of time. Before World
War II, the well-known surgeon, Alexis Carrel, managed
to keep a scrap of embryonic chicken heart alive and growing
(it had to be periodically trimmed) for over 32 years.
This was quite a feat, for special precautions had to be
taken to keep the tissue from becoming infected by bac-
teria. Nowadays, with the development of antibiotics, infec-
tion is no longer a serious problem and tissues can be kept
alive more easily.

As for the fertilized ovum, progress has been made there,
too. It is quite within the realm of present technology to
transfer a fertilized ovum into another body and let it de-
velop there. This was done as long as 70 years ago with
rabbits. It has been done with most common laboratory
and farm animals, and, if the species are the same, a foreign
womb often produces normal young. One prize ewe has
given proxy birth to 11 lambs in one season instead of the
usual one or two.

What stops this from being done with human beings is dis-
taste rather than inability. In 1961, Dr. Danielle Petrucci
of Bologna, Italy, claims to have taken an unfertilized female
human ovum out of the ovary, had it fertilized in an arti-
ficial glass “womb” in which the embryo lived and grew for
some time.

The suggestion is often made that the sperm cells of a-
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remarkable man might be frozen and kept alive in order that
his genes could be passed on to many more offspring than he
could produce in an ordinary lifetime. Similarly, if fertilized
ova can be passed on to other women for “brooding” pur-
poses, the genetic mother could produce 13 potential off-
spring a year. A robust, young “brooder” might actually
produce healthier young than the supplier of the ovum,
but would not herself contribute genetically to the young
to whom, in this manner, she would give birth.

Do we need a human “brooder” at all, for that matter?
Suppose the ova banks and sperm banks are used as
sources for the necessary cells, which would be allowed to
undergo fertilization and subsequent development within a
synthetic womb. Such a womb would reproduce necessary
environmental conditions such as temperature and pressure,
perhaps even the sound and vibration of a simulated maternal
heartbeat.

Till now, fertilized eggs have been developed outside the
body only through the very early stages. Before actual organs
begin to form, the process stops. If the equivalent of a
placenta could be designed, then the way would be clear
for the artificial development of a complete human being
from an egg cell and a sperm cell. There is a name for
such a process: “ectogenesis.”

Ectogenetic development would clearly be of great scien-
tific value for it would enable us to learn a great deal about
the development of life through continuous observation.

A society in which ectogenesis becomes common might
consider it desirable to develop embryos under ideal con-
ditions, safe from the ills, shocks, malnutritions, and acci-
dents to which a real mother might be subjected.

In an overpopulated world, it is becoming important to
find techniques for maintaining the population at a controlled
level. With ectogeneria, this needed goal of population con-
trol would be easy. (And their existence would not interfere
with ordinary sexual activity which, after all, is not always
intended for the production of children anyway.)

Furthermore, it would be possible to study the embryos
closely and bring to fruition only those which tested out as
free of serious physical or biochemical abnormalities, some-

83



CONCERNING THE MORE OR LESS KNOWN: LIFE

thing that cannot be done while the baby is invisible and
unreachable in a human womb.

The complete divorce of childbearing from the sex act
would undoubtedly revolutionize the general attitude of man-
kind toward sex. By removing the false extremes of good
and evil from its image, sex might at last become the natural
function it really is, and a potent source of neuroses may
be removed forever from the human race.

Naturally, there are anti-Utopian aspects of such a possible
future. Who is to decide who shall qualify as potential
parents? What shall be used as a basis for qualification?
Actually, we don’t know enough right now to be safe with
an ectogenetic society. But we can hope that by the time
our science and technology has advanced to the point
where such a society is possible, we will know enough.

But an ectogenetic society does not fulfill the dream of
created life. It is not enough to take life which already exists
—in the form of a fertilized ovum—and chivy it on to
fruition. In that way, we are only doing in glass what the
human body is doing in flesh.

How about actually forming a cell to begin with out of
nonliving materials? In that way we could form a com-
pletely new specimen of life, which would owe nothing
at all to previous life.

Easily said—but not easily done. Even a single cell is a
vastly complex system, far more complicated, despite its
size, than the giant ocean liners and skyscrapers that man
can construct.

We might turn to nature and ask how a cell is formed at
her hands. The answer is simple. All cells that exist today
have been formed from other cells. All your cells are formed
from the original fertilized ovum which was your beginning.
That was formed out of a paternal sperm cell and a
maternal egg cell, and those were in turn formed out of other
cells which can be traced back to the fertilized ova out of
which your father and mother formed—and so on back and
back and back, for all creatures now alive, for billions of
years.

But far back at the very beginning, cells must have formed
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from noncells, and how did that happen? We don’t know.
We can only make reasonable guesses.

It took a very daring mental leap for scientists to begin
to suspect that the passage from noncells to cells, from non-
life to life, might have taken place as a matter of blind,
random, chemical processes. Our Western culture has been
too imbued with that sacredness and uniqueness of life to
make it a random product, too ingrained with the notion of
the divine, purposeful creation of life and man, as described
in the Bible. Even the rejection of the Bible’s story of crea-
tion couldn’t get rid of the haunting whisper within.

It is perhaps no accident that the spell was broken by a
biochemist of the Soviet Union, which is officially atheist in
its philosophy of life. This biochemist was A. I. Oparin, who
"began to write on the subject in 1924 and who felt that cells
would arise through inevitable, and rather simple, natural
phenomena.

He considered, for instance, the natural formation of drop-
lets of one kind of liquid suspended in another, under con-
ditions prevailing in the primordial ocean.

Going much farther in this direction now, over a genera-
tion later, is Sidney W. Fox of the Institute of Molecular
Evolution at the University of Miami.

Professor Fox begins with a chemical system designed to
represent the conditions as chemists believe them to have
been on the primordial earth of several billions of years ago
and subjects the system to heat—of which there was always
plenty, thanks to the sun. )

Starting with simple compounds of the type that would
have been common eons ago, he finds that heat alone will
suffice to form amino acids, and then force these together
in long chains to produce proteinlike compounds which he
calls “proteinoids.”

This worked best at temperatures above the boiling point
of water and some biologists doubted that such a process
could take place on the primordial earth without the pro-
teinoids breaking down as fast as they are built up. Fox,
however, draws a picture of proteinoids forming on hot
volcanic ash and then being dissolved and washed away
(liny hot rain before much of it has had a chance to break

own,
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Fox found that when his proteinoids were dissolved in
hot water and the solution was then allowed to cool, the
large proteinlike molecules tended to collect and clump out
in the forms of little globes he called “microspheres.”

These microspheres resemble very simple cells in some
ways. They are like small bacteria in size and shape. They
are surrounded by a sort of membrane as cells are. They can
be made to swell and shrink by appropriate changes in the
surrounding fluid, as cells can. They can produce buds,
which seem to grow larger sometimes and break off. They
can divide in two, or cling together in chains. The material
within the microspheres even display some of the properties
reminiscent of the workhorses of living tissue—the enzymes.

The microspheres cannot be considered alive by any
ordinary standard, but can one really speak of life and non-
life as being separated by a sharp boundary? Many biologists
think not. Life and nonlife are separated, rather, by a broad
zone within which objects may be regarded as progressively
more alive and less nonalive. If so, the microspheres, while
a long way from the completely alive side of the boundary
~ zone, are at least a small way past the nonalive side.

It may be that Fox, and others, may push the micro-
spheres farther and gradually approach and pass the bound-
ary of undoubted life. And maybe not. It is hard to tell

Perhaps it is a mistake to try to jump from nothing to the
cell. It might well be that the cell is not a suitable object
as the immediate goal of the life-synthesizers. It is very likely
that it was not the first product of the natural evolution of
life. The cell, as we know it today, may not be an example
of primitive life at all, but is rather the end product of a long
period of evolution. For uncounted millions of years before
the first cell arose, there must have been simpler structures
in existence. Once cells were formed, however, their superior
efficiency drove these simpler “pre-cells” out of existence
and leaves us today with a world of life in which cells seem
the simple beginning only because they have killed off the
competition.

Bllilt the “pre-cells” have not gone without leaving any trace
at all.

Within every cell are smaller bodies. There is the cell
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nucleus, for instance, which contains chromosomes that con-
trol the machinery of inheritance. Outside the nucleus are
mitochondria which contain the energy-handling apparatus.
In plant cells are chloroplasts which are living versions of the
solar battery, equipped to convert the energy of sunlight
into the chemical energy of stored food.

All these “organelles” may represent the remains of primi-
tive “pre-cells.” Such pre-cells may finally have come to exist
in co-operation, forming complex structures much more effi-
cient than themselves taken singly. These pre-cell co-opera-
tives (what we now call cells) then took over the world.

Of these organelles, the most fundamental seem to be the
chromosomes. Every species has a certain characteristic num-
ber of these present in each cell. Each human cell has 46— .
resembling blunt, thick, intertwined spaghetti strands at
certain stages of the growth of the cell.

Each time a cell divides into two cells, each chromosome
undergoes changes that produce two chromosomes that are
each replicas of the original. The process is called “replica-
tion.” If we trace back the 46 chromosomes in each of the
50 trillion cells in the human adult, we find them originating
from the 46 chromosomes of the original fertilized ovum.
The chromosomes of the fertilized ovum were obtained from
the two parents, half from the father’s sperm cell, half from
the mother’s egg cell. These can be traced back to the
fertilized ova out of which the parents originated and so on.

It is the chromosomes that supervise the formation of en-
zymes within the cell. In every generation, chromosomes from
two parents form a new combination; and besides, minor
changes are always taking place in chromosomes as one
passes from parents to children. As a result no two individ-
uals (barring identical twins who arise from the same fer-
tilized ovum) have precisely the same chromosomes and no
two individuals form precisely the same enzymes.

It is the enzymes that supervise the chemical functioning
of each cell and that thus lend each creature its life and
individuality. We might therefore view the chromosomes
as the real beginning of the cell, just as we view the cell (in.
the form of the fertilized ovum) as the real beginning of the
complex adult.

That, perhaps, is the essential component yet missing from
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Fox’s microspheres. If we could synthesize chromosomes
and place them within the microspheres, we might finally
have indisputable life. Or, perhaps, if we form chromosomes,
we can encourage them to form their own cells.

This may be so, for there is actual evidence (aside from
mere reasoning) that the chromosomes are more fundamental
than the cell. Cells do not exist without chromosomes; but
chromosomes (after a fashion) exist without cells.

These objects, which resemble bare chromosomes, are
what we call “viruses.” These are much tinier than the cell
and much simpler in structure. They are of the size of
chromosomes and in chemical. structure and function re-
semble chromosomes.

Viruslike objects may have existed billions of years ago,
before the evolution of cells, may have been capable of in-
dependent reproduction. They may have had within them-
selves all the capacity for growth and multiplication, and
may therefore have been somewhat more complex than
modern viruses.

For the viruses that exist today have been spoiled by the
very availability of cells. The modern virus is a complete
parasite that has shed the equipment it needed for inde-
pendent life and merely maintains itself, and no more,
outside the cell. Once it gets a chance to enter a cell of the
proper type, however, it can make use of the cell's chemical
machinery for its own purposes; multiplying itself at the
expense of the cell's own needs and sometimes killing its host
in the process.

There was some doubt at first as to whether the virus
ought to be considered as living, but most biologists have
now decided in favor of characterizing the virus as alive. It
is this, in part, which gives rise to the source of disagreement
among scientists as to when life may be synthesized. If by
life one means complex cells, then synthetic life may be a
long way off. If, however, one considers a virus to be alive,
then the goal is much closer than we might think.

Ordinarily, for instance, a virus only reproduces itself
within cells, making use of the necessary enzymes, raw
materials, and energy sources present in such abundance
there. But suppose we take a small quantity of virus and
supply it with the necessary work materials outside the cell.
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In October 1965, Professor Sol Spiegelman of the Uni-
versity of Illinois reported on his work in this direction. He
had managed to produce virus in the test tube. In a sense
this represents a synthesis of the very simplest form of life,
but in a truer sense it is not a complete synthesis. A bit of
virus had to be used as a starter, so that the process rather
resembles that of growing a chicken (or a human being)
from an egg. What we would like to see is completely syn-
thetic life; life formed out of a system containing no life
whatever to begin with.

To visualize the possibilities there, let'’s look more closely
at the chemical stfucture of a chromosome or virus.

The interior of a chromosome, or of a virus, is made up of
a long coiled chain of atoms forming a molecule of nucleic
acid. The particular variety of nucleic acid in chromosomes,
and in the more complex viruses, is “deoxyribonucleic acid”
usually abbreviated DNA. Surrounding the DNA is a coat-
ing of protein.

The molecules of both DNA and protein are exceedingly
complex and have within them an extraordinary capacity
for variability (see Chapter 2). Biochemists had been aware
of the versatility of proteins for a century and more, whereas
nucleic acids were relative late-comers on the biological
consciousness. Furthermore, proteins are built up of some
- twenty different types of units, whereas nucleic acids are
built up of only four. It was taken for granted, therefore, up
to the mid-1940s, that it was the proteins, not the DNA,
that were the key chemical in the chromosome or virus.
Beginning in 1944, evidence began to pile up in astonishing
fashion in favor of DNA.

As an example of a dramatic experiment, there is the one
conducted in 1955 by Heinz Fraenkel-Conrat, a research
biochemist at the University of California, at Berkeley.
Fraenkel-Conrat managed to separate the protein coating
and the nucleic acid core of a virus. Separated in that
fashion, neither the coating alone nor the core alone could
infect cells. The virus seemed dead. He then mixed the
coats and cores and some of these came together again to
form complete viruses capable of infecting cells.

For a time it seemed that a living organism had been
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killed, then restored to life. Even though the organism con-
cerned was at the simplest possible level of life, this feat
made headlines.

However, it turned out that life had neither been killed
nor restored. The nucleic acid core had life in itself. Every
once in a long while it managed to invade a cell without
the presence of its protein coating. The protein. helps the
nucleic acid get into cells (as a car helps a man get from
New York to Chicago) but the nucleic acid can manage it—
with difficulty—alone, just as a man can walk from New
York to Chicago if he absolutely has to.

And it was shown that when an intact virus invades a cell,
it is only the nucleic acid core that does so. The protein
coating, having fulfilled its task of facilitating the entry,
remains outside. Within the cell, the nucleic acid core not
only replicates itself but also supervises the formation of a
protein coating (a protein not quite like any of the proteins
the cell would form of its own accord).

Scientists had begun to concentrate on the nucleic acid
molecule after 1944, and particularly on DNA, its most
important variety. A New Zealand-born physicist, Maurice
H. F. Wilkins, who had been one of the British scientists
working on the atomic bomb during World War 11, studied
DNA by bouncing X-rays off their molecules. The photo-
graphs he produced were studied by a British colleague,
biochemist Francis H. C. Crick, and his American co-worker,
Dr. James D. Watson (who, in his youth, had been one
of radio’s Quiz Kids). In 1953 they worked out the structure
of DNA, showed it to be a double string of four different,
but closely related, units called “nucleotides.”

There are uncounted numbers of possible patterns to the
DNA molecule, according to the order in which the different
units are distributed. Watson and Crick showed how the
molecule could behave so as to form new molecules with
exactly the same pattern.

Other biochemists painstakingly worked out the manner
in which the DNA pattern was transferred to the analogous
pattern of a protein, so that specific portions of the DNA
molecule produced specific enzymes and thus controlled the
chemistry of the cell. The transfer of “instructions” from the
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nucleic acid pattern to the enzyme pattern is called “the
genetic code.”

Apparently, then, the basic chemical reaction of life is
the ability of the DNA molecule to replicate itself. That is
the whole of the law; all else is commentary. Therefore, if
we are capable of forming a DNA molecule from simple,
nonliving substances, we have synthesized the very begin-
ning of life. There would be an unfathomed distance be-
tween this and the synthesis of a man, perhaps, but it
would be a true beginning. We would have crossed the
threshold between nonlife and life.

How did nature itself pass this threshold? The threshold
must have been passed billions of years ago, when there
were no enzymes to do the work, and no nucleic acids to
serve as blueprints.

It would appear that on the primordial, lifeless earth,
only certain simple molecules could have been present in
any quantity in the ocean, where life is usually thought of
as having originated, and in the atmosphere. The nature of
these molecules can be deduced from the overall composition
of the early earth (based upon the known composition of the
sun and of the universe generally) and upon the known .laws
of chemical combination. '

Suppose we begin with such molecules—water, ammonia,
methane, hydrogen cyanide, and so on—and add to them
energy in the form of ultraviolet light, radioactivity, electron
streams or lightning (all of which would have been available
on the primordial earth). What would happen?

Charles Darwin, the founder of the theory of evolution
by natural selection, had considered this question a hundred
years ago and wondered if the chemicals of living tissues
might not be built up out of such a system; if there might
not have been “chemical evolution” as well as the evolution
of species.

The first to try to investigate the matter experimentally
was Melvin Calvin at the University of California. In 1951,
he began to note the effect of energetic radiation in building
up complex compounds out of simple ones.

In 1952, Stanley L. Miller at the University of Chicago
went further. He placed simple chemicals of the type pres-
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ent on the primordial earth in a container absolutely free of
living matter and subjected them to the action of an elec-
tric discharge for a week. When he was done, he detected
the presence of a number of more complex substances than
he had started with—including four different amino acids,
each one a variety that was present among the units of natu-
rally occurring proteins.

Since then, a number of other chemists, such as Philip
H. Abelson at the Carnegie Institution and Joan Oro at the
University of Houston, have experimented in similar fashion.
Under the impact of various forms of energy, complex com-
pounds were formed out of simple starting materials. Then,
using those complex compounds as new starting material,
still more complicated compounds were built up. All the
compounds that appeared were similar to the key compo-
nents of living tissue. The natural route followed by this
blind, random buildup seemed always to point directly to-
ward life.

In particular, a Ceylonese-American biochemist, Cyril
Ponnamperuma, in work at NASA’s Ames Research Center,
demonstrated the production of portions of nucleotide
molecules, the building blocks of nucleic acids. The com-
plete nucleotide contains atoms of phosphorus. Therefore,
simple phosphorus-containing substances were added to the
mixture being worked with. Along with Carl Sagan and Ruth
Mariner, Ponnamperuma engaged in a course of experi-
mentation that ended up with the production of a complete
nucleotide molecule. By 1963, the nucleotides had been
formed in the particular high-energy form which could be
used to produce the nucleic acids themselves.

Indeed, in September of 1965, Ponnamperuma announced
that he had progressed another step. He had succeeded in
forcing two nucleotides to join into a “dinucleotide,” one
that contained the same kind of linkage that joins nucleo-
tides in natural nucleic acids.

Clearly, then, scientists have a smooth chain of synthesis
stretching from the simple compounds that existed on earth
when our planet first took its present shape, clear up to
molecules that point directly at nucleic acids. There are no
gaps in the chain.

One gets the picture of inevitable changes up through
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the molecular level. Start with a planet like the earth, with
a complement of simple compounds bound to exist upon
it, add the energy of a nearby sun, and you are bound to
end with nucleic acids. You can’t avoid it, and all that
scientists need do is guide the process and hurry it up.

The synthesis of nucleotides by convenient chemical meth-
ods (not necessarily like the random processes that take place
in the system worked with by Ponnamperuma) are now old
stuff. The Scottish chemist, Alexander R. Todd (now Baron
Todd of Trumpington), had synthesized the various nucleo-
tides in the 1940s.

But what about the passage from nucleotides to nucleic
acids themselves?

In 1955, the Spanish-American blochemlst Severo Ochoa,
at New York University, began with a solution of nucleotides
in high-energy form and with appropriate enzymes and
formed molecules closely resembling natural nucleic acids—
even though there hadn’t been a single nucleic acid mole-
cule present in the mixture to serve as a model.

It is this synthesis of nucleic acid from simple molecules
that Muller must have referred to in 1860, when he said
that life had been synthesized five years before.

To be sure, nucleic acid molecules that are synthesized
without a blueprint are put together in random fashion and
tend to be simpler than the natural molecule. Such synthetic
nucleic acids don’t fit the workings of any particular cell and
cannot enter cells and multiply there. They may possess the
potentiality of life but they can’t be made to demonstrate
that potentiality in action.

The biologist is now at the stage where he can:

1) Form nucleic acid molecules modeled on some natural
molecule present in the system. Such molecules may be con-
sidered as alive but are not formed out of completely non-
living starting materials.

2) Form nucleic acid molecules out of completely non-
living starting materials. Such molecules cannot so far be
made to demonstrate the phenomena associated with life,

To form an indubitably living nucleic acid molecule out
of completely nonliving starting materials is still beyond the
powers of science—but surely not for long, and that is what
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Price meant in the quotation with which I started this
chapter.

" Let us look forward to the possible consequences that will
follow when mankind is able to form synthetic nucleic acids,
synthetic viruses, synthetic chromosomes, synthetic life.

Are there immediate dangers? Suppose scientists manu-
facture a new virus that can invade a cell; a new virus against
which man, perhaps, has never developed any defenses.
Might a new, unimaginably deadly plague spring out of the
test tube to wipe out humanity and, pehaps, all cellular
life? :

The chances of this, actually, are small indeed. The in-
vasion and exploitation of a cell by a virus is an extra-
ordinarily complex phenomenon. That it works at all is the
result of billions of years of slow evolution, and a virus is
usually adapted to parasitize only certain cells of certain
species.

To suppose that a virus will be formed that, just by acci-
dent, will happen to fit all the idiosyncrasies of some types
of human cell, and possess the capacity of destroying them
is to ask entirely too much of chance. It may not be
mathematically impossible, but it is wildly improbable.

Let us turn, then, to more constructive and optimistic
possibilities.

The day is dawning now, perhaps, when we may be able
to duplicate an early triumph of mankind at a far more
subtle and sophisticated level.

Once, in dim prehistoric times, man was a food gatherer.
He ate wild animals that he could kill or fruits and berries
that he could pick. If he was unlucky at the chase or at berry
gathering, he went hungry.

Then came the time when mankind learned to tame ani-
mals, feed them, and watch over them, making use of their
milk, wool, and labor, and slaughtering them for food when-
ever necessary. He also learned to sow plants and har-
vest them. From a food gatherer, he became a herdsman
and farmer, and much more food became available. Man-
kind had its first population explosion as a result of these
discoveries about 10,000 years ago.

As far as the substances of the cell are concerned, we
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are still in the food gathering stage. Take insulin, for instance.
Insulin is a protein produced by certain cells in a gland
called the pancreas. It is not an enzyme but a hormone that
is necessary to the proper function of the body. In its ab-
sence (or short supply), diabetes results (see Chapter 3).

A man with diabetes can live a normal life if he receives
regular injections of insulin. Such insulin is obtained from
the pancreases of slaughtered cattle and swine. We “gather”
the insulin from the pancreases we happen to come across—
exactly one per slaughtered animal. This means the supply
is limited.

The supply happens to be enough, but why gather in-
sulin if the possibility comes that we may obtain it from
“herds” of molecules? Suppose we don’t filch the insulin from
the pancreas cell but filch, instead, the nucleic acid molecule
that brings about the formation of insulin. If we “herd” the
nucleic acid, keeping it supplied with the raw materials
it needs, it can form insulin in indefinite quantities, as a
cow produces milk. We will then have our own supply of
insulin and won’t have to depend on the number of animals
we happen to slaughter. Furthermore, we can make the
nucleic acid form replicas of itself, perhaps, and never have
to go back to the animal even for that.

Can we see a future in which factories are built where
the working machinery consists of submicroscopic nucleic
acids? Might not mankind gather a repertoire of hundreds
or even thousands of complex enzymes and other proteins?
Some of the enzymes could be used to bring about chemical
reactions more conveniently than any methods now used.
Others might be used in medicines or in helping to con-
struct life.

It is even possible that some of the material formed might
serve as food. The manufactured protein could be used
to fortify natural foods in the undemourished parts of the
globe. It would be expensive, particularly at first, but it
would consist of pure digestible substance, free of bone,
gristle, and fat, and of particularly high nutritive value.

The average man on earth might be expected to resist
the introduction of such “unnatural” items into the diet, but
how about colonies on the moon or on Mars? In the absence
of cattle and apple trees on those worlds, and considering
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the expense of carting food across space, it might be just
the thing to bring hard-working nucleic acids along. The raw
materials for the molecules could be built up very largely
out of minerals found on the spot. (Limestone and hydrated
silicates would be very helpful.)

In fact, it may not be until nucleic acid molecules are
properly harnessed that the colonization of the solar system

- will become a fully practical venture. :

Nor need mankind confine itself to following the feats of
the cell with complete slavishness. Nucleic acids do not,
after all, always produce exact replicas of themselves. Some-
times, small errors are introduced into the replica. This is not
an entirely bad thing, for occasionally the errors result in
a new kind of nucleic acid that is useful to the cell in which
it occurs. It is these random changes in nucleic acids that
have resulted in the process of evolution and in the long,
two-billion-year-or-more development that has made a man
out of an amoeba.

Men can encourage the appearance of such changes in
nucleic acids during replication. By treating nucleic acids
with heat, radiation, or certain chemicals, the number of
errors is made to increase. The new nucleic acids form
protein molecules (many of which are enzymes) that are
also in error, that have patterns somewhat different from the
original pattern. Most of these new proteins may well be
useless. A few, however, might have new and important
properties not met within nature.

(Chemists have gone through this process before. A hun-
dred years ago, they learned to put together chemicals that
are not found in nature. In so doing, they discovered new
dyes, new medicines, and even new giant molecules, such
as those in synthetic fibers and plastics. In many cases, the
new substances were actually improvements on nature in
certain ways.)

Might we not, then, form new nucleic acids which will
form new proteins that will turn out to be improvements
on nature in one way or another? In addition to “herding”
our nucleic acids, we will “breed” new varieties, just as we
now breed new varieties of cattle and wheat.

And can the new nucleic acid technology ever be applied
to human beings directly? Let’s speculate further. »
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Each chromosome is made up of hundreds, if not thou-
sands, of nucleic acid units, each capable of bringing about
the formation of particular proteins. The oldest.name for
these umits is “genes.” Each human being has his own set of
genes, and every one of us, probably, includes in his own
cells certain defective genes, incapable of forming certain
enzymes in appropriate form. )

Often this lack is not serious; sometimes it is. Scientists
are learning to identify the genes by various techniques.
In 1962, Robert S. Edgar, of the California Institute of Tech-
nology, identified about half the genes present in a particular
virus, working out the nature of the enzyme each produced.

Eventually, given a set of chromosomes in a cell, tech-
niques may be evolved that will determine the nature of
each gene present. All cells in a given individual have the
same set of genes, so that such a “gene analysis” can be
made from the white cells in a drop of blood and the whole
process will cost only a pinprick.

Perhaps the time will come when each individual will
undergo such an analysis at birth. And once the set of genes
is analyzed and identified, is there anything that can be
done about it? Perhaps. From this chart of his defective
genes the future state of his health may be predicted, preven-
tive measures may be taken; his career may be planned with
his physical potentialities in mind. The gene analysis card
may become an essential part of a man—to be on his person
at all times and on file at some central bureau as well.

Even though each cell in an individual has the same set
of genes, the genes don’t express themselves the same way
everywhere. Cells specialize; some become nerve cells, some
muscle cells, some skin cells, some liver cells, and so on.
Each cell has its own set of enzymes, which means that in
each kind of cell some genes are prevented from working,
while others are encouraged to work at double time.

Exactly what it is that blocks some genes and encourages
others, scientists do not yet know; but as of now, this is the
most urgent problem facing biochemists, and they are working
at it from several angles. Some are checking the proteins
contained in the chromosomes; they may be the blocking
agent. Others are studying the products of enzyme action;
these very products, as they build up, may slow down
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the action of the enzymes that produce them. This “fesd-
back” may be involved in gene blocking. And, of course,
still others are checking additional possibilities.

Suppose we learn enough to be able to unblock genes. In
that case, we would have cells with all the capabilities of
the original fertilized ovum. If the stump of an amputated
arm or leg can be “despecialized” in this way, can it then
be treated so as to cause it to grow back to a complete arm
or leg? Can nerves be regenerated so that paralysis becomes
a thing of the past; eyes rebuilt so that blindness becomes
but a memory? - )

Or let us go back further and bring gene analysis to the
original fertilized ovum. Suppose that a fertilized ovum is
allowed to divide in two and that one of the new cells is
then detached and removed. No damage is done, for the
remaining cell can then proceed to divide again and again
and produce a complete individual. (In fact, identical twins
are born when the first pair of cells formed by the dividing
fertilized ovum happens to separate, each cell going its
own way.)

The cell removed can be used for gene analysis. It might
then be possible to tell at the very beginning whether to
allow the remaining cell to develop to babyhood or not.

Suppose, though, we find that a key gene in the fertilized
ovum is defective but that otherwise the pattern is a very
good one which will give rise to a superior human being. It
would be a shame to lose that possibility for the sake of one
%en(la(.” ?Could a healthy gene be substituted from some “gene

an

In 1964, Muriel Roger at the Rockefeller University re-
ported having transferred an individual gene from one bac-
terial cell to another. The cell that received the gene could
then produce a new enzyme it could not have produced
earlier. So the idea of gene transferrals is by no means an
inconceivable one.

Then, too, suppose a fertilized ovum has several defective
genes, too many to salvage it for a complete individual.
It might happen, however, that none of these defective genes
would hamper the working of a heart, or a kidney. Could the
ovum then have various genes blocked so that it will specialize
at once and develop into only a heart or a kidney? Could we
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then have a supply of strong, young organs for use in trans-
plantation?

This all sounds wild indeed, to be sure, but things are
moving terribly quickly. Enormous, even undreamed-of,
progress can be made in mere decades. Sixty years after
the Wright Brothers’ first fumbling plane flight, jet planes
were circling the earth. Forty years after Robert H. God-
dard had sent the first liquid-powered rocket 184 feet into the
air, rockets were flying past Mars.

Who knows, then, at what stage of bio-engineering we
will have come to rest by 2000 A.p.—a time many of us will
live to see.

The capacity for bio-engineering is not something to look
toward without a certain apprehension, of course. Will we
know enough to play God with life and living things?

Perhaps not, but at least it won’t be the first time man
has taken the risk. He has been playing God ever since he
began to apply his intelligence to the changing of environ-
ment. When man domesticated animals, invented agricul-
ture, and built cities, he created “civilization.” This altered
his way of life profoundly and introduced problems that had
not existed before. Yet on the whole, it represented an im-
provement, and we would not want to return to barbarism.

Again, when man built the steam engine, tamed the elec-
tric current, designed the internal combustion engine, and
devised the nuclear bomb, he created a technology that
wrenched his way of life from its moorings. Heaven knows,
enormous problems were created, and yet again, few of us
really want to return to a pre-industrial existence.

No doubt, an era of bio-engineering would introduce still
another set of crucial changes and back-breaking problems,
but judging from the past, man will, in the balance, man-
age. The benefits will outweigh the disasters.

Then, too, if man can really get started in the program of
working out improvements for himself, it will be improved-
man that will work on still further improvements.

Each accomplishment will make easier the next and, in
the grip of this upward-tending spiral, mankind may achieve
sanity at last, and finally emerge into the sun-drenched
uplands of the human potential.
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THE FLAMING ELEMENT

Chapter 10  The Flaming Element

From the moment of its discovery, the inflammable gas,
hydrogen, has had a revolutionary effect upon mankind. It
has broken down old theories and helped establish new
ones. On two different occasions, it led men upward toward .
the stars. Now it points onward toward endless energy stores
for man’s future needs.

Its history began in flames, for in the 17th century, the
early chemists produced a new “air” from iron and acid,
an “air” which exploded when heated. They called it “in-
flammable air.” :

The English chemist, Henry Cavendish, who studied the
new substance in 1766, found it produced something more
remarkable than flame. When this gas burnt and combined
with something in the air (oxygen, as it later turned out),
drops of liquid were formed which proved to be water. Out
of flame had come water.

The world of chemistry was astounded. For thousands of
years it had been believed that water was an element; that it
could not be formed from simpler materials. Now the com-
bination of two gases produced water.

Inflammable air was given a new name, “hydrogen,” mean-
ing, in Greek, “water-producer.” The formation of water
from hydrogen was one of the clues that enabled the French
scientist, Antoine-Laurent Lavoisier, to sweep away old
theories and to establish modern chemistry.

But hydrogen was a wonder gas in more than one way.
Not only did it flame and form water, but it was also
incredibly light. A cubic foot of ordinary air weighs only
1% ounces. This is little enough, but a cubic foot of
hydrogen weighs less than 1/10 of an ounce. In fact, hydro-
gen is the lightest substance known.

In 1783, the Montgolfier brothers in France had filled a
silk bag with hot air and set it flying upward. The hot air
was lighter than cold air and floated upward through the

A version of this article appeared in Petroleum Today, Winter
|1961-62.
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atmosphere as a chip of wood would move upward through
water. When the hot air cooled, the silkk bag (the first
balloon) came down.

But why use hot airP The new gas, hydrogen, was much,
much lighter than air even when it was cool. Its more power-
ful lifting force would carry a gondola aloft—and men
inside the gondola.

All over Europe and America in the first years of the
19th century, hydrogen-filled balloons were drifting across
the heavens. For some, it was merely a thrill, an exciting
adventure. For scientists, it was a new way of studying the
heights of the air—the first step toward the stars.

It could also mean commercial travel if only the balloons
could be made independent of the wind. In 1900, the
German inventor, Count von Zeppelin, built cigar-shaped
balloons in aluminum frameworks and added a motor-driven
propeller. The dirigible balloon (or “Zeppelin”) was a ship of
the air, borne aloft on the wings of hydrogen.

But hydrogen, for evil as well as for good, is a creature
of flame. The gigantic bag of hydrogen was a container of
explosive, an unmissable target for the enemy. And the
enemy was, sometimes, nothing more than a spark of static
electricity. In 1937, the hydrogen bag of the great dirigible,
Hindenburg, burst into flame. In minutes, it was destroyed.

But the dirigible had had its day, by then, in any case.
The future lay with heavier-than-air machines—smaller,
swifter, and more capable of withstanding bad weather.

It looked as though hydrogen might be confied to earth-
bound uses. It was used by chemists to reduce or “hydrogen-
ate” organic materials in a thousand ways—turning inedible:
vegetable oils into useful solid shortenings, for instance.
The flame of hydrogen was used by industry in the form of
oxy-hydrogen torches which cut through steel as though it
were cheese.

But beyond that?

Hydrogen was not defeated, however. If the dirigible went
down in flames, the rocket went up in flames. And even as
the last dirigible died, the day of the rocket was dawning.

Ordinary aircraft can maneuver only in air that contains
a sufficiently concentrated supply of oxygen to burn the fuel
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in the engines. The air, furthermore, must be dense enough
to support the weight of the machines.

A rocket, however, carries both fuel and oxygen. The
two combine in white-hot fury, sending a blast of heated
exhaust gases downward. Because part of the content of the
rocket, in the form of these gases, is hurled downward, the
rest of the rocket moves upward. (This is in response to
the “law of action and reaction,” or “the third law of motion,”
first expounded by the English scientist, Isaac Newton, in
1683.)

As the exhaust gases continue to stream downward, the
rocket moves up faster and faster. Eventually, it will streak
far above the atmosphere (which it does not need either for
support or to keep its flame burning) and will penetrate
outer space.

" The height to which a rocket will rise depends, in part,
upon the manner in which the exhaust gases are ejected.
The more rapidly they jet downward (the more violent the
“action”), the greater the velocity and altitude attained
by the rocket (the more violent the “reaction”). Rocket
scientists had to find the fuel that would produce the greatest
upward reaction.

The earliest rockets, such as the toys used on the Fourth
of July, and the scarcely-more-than-toys employed in 19th
century warfare (the “rockets’ red glare” of our National
Anthem) used gunpowder. Gunpowder contains an oxygen-
rich compound called “saltpeter.” It also contains carbon
and sulfur which, when heated, combine violently with the
oxygen in saltpeter. Gunpowder is thus fuel and oxygen
combined

But gunpowder is not very powerful. In 1926, the Ameri-
can inventor, Robert H. Goddard, realized that much better
could be done with liquids. On March 16 of that year, at
his Aunt Effie’s farm at Auburn, Massachusetts, he launched
the world’s first liquid-propellant rocket. His fuel, a mixture
of gasoline and liquid oxygen, yielded about five times as
much energy, pound for pound, as TNT. The great energy
of this combination was soon sending rockets miles into the
air at supersonic speeds.

Although an American fathered the modern rocket, it
came of age under the Germans, who built the V-2 rockets
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during World War II. We brought some of these Germans to
the United States in 1946 and got seriously to work. (Sadly,
Goddard had died the year before.) .

The gasoline-oxygen combination continued to be used,
but it by no means represented an upper limit of energy
potential. Of all chemical fuels, hydrogen (in combination
with oxygen or fluorine) flamed most energetically. A hydro-
gen-powered rocket would rise much higher and lift a heavier
load than would one powered by the same weight of gasoline
or any other fuel.

Once again hydrogen seemed to be on the brink of an
aerial career, but there was a catch. Hydrogen couldn’t
be used in its ordinary form. A pound of hydrogen takes

“up a hundred sixty cubic feet of space and the one thing
a rocket lacks is roominess.

Hydrogen had to be obtained in compact form. It could
be compressed under large pressures, but that was difficult
—and dangerous. However, there is one way of compacting
a gas without large pressure; cool it down into a liquid.

Nor was it rocketry alone that needed hydrogen compact
and in quantity in those days after World War II. —A new
‘bomb was being devised.

The ordinary uranium-fission bomb (the dreadful “A-
bomb” that had ended Japanese resistance) was becoming
just an ignition fuse to set off a much greater explosion.
This greater explosion would result when hydrogen atoms
were forced together (“fused”) to form helium. This would
be a “fusion bomb,” a “hydrogen bomb,” and “H bomb,”
whichever name you prefer.

The call went out, then, for liquid hydrogen—lots of it.
But there were obstacles in the way—

Actually, hydrogen is a common substance. Two-thirds of
all the atoms in petroleum, and in the ocean, are hydrogen.
Three-fifths of the atoms in living tissue, including your own
body, are hydrogen. Almost one atom out of thirty in the
earth’s solid crust is hydrogen.

However, hydrogen atoms are not found separately, but in
combination with other atoms. To separate them from the
others was at first a tedious and costly process. It was done by
reacting certain metals with acid or by passing an electric
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current through water. This sufficed for the small-scale 19th
century uses of hydrogen.

Shortly after World War II, a group of oil companies
and natural gas companies got together to try to set up a
plan to make gasoline out of natural gas. They evolved a
process of burning the natural gas and then quenching the
flame at the proper point in order to make the burning in-
complete and to produce carbon monoxide and hydrogen
(rather than carbon dioxide and water). The carbon monoxide
and hydrogen could then be recombined under the proper
conditions and gasoline could be formed.

The process worked, but it proved uneconomic to produce
gasoline in this manner in competition with the natural
supplies of oil that became available after the war. However,
the research had important ramifications. The new process
proved to be far more efficient in the production of hydrogen
than any of the older methods had been.

Consequently, when the call went out in the mid-20th
century for a lot of hydrogen, more and more, the need could
be met. Providing it in liquid form was another matter, how-
ever.

All through the 19th century chemists had tried to liquefy
gases. Some, such as chlorine and sulfur dioxide, had yielded
readily. A little cooling and those gases liquefied. In fact,
a little pressure, even without cooling, was sufficient.

Other gases such as oxygen, nitrogen, and hydrogen did
not liquefy despite considerable cooling and pressure. For a
time, they were called “permanent gases.” In 1869, however,
chemists discovered that no amount of pressure would work
unless the temperature was below a certain “critical point.”
For gases like oxygen, nitrogen, and hydrogen, this critical
temperature was very low indeed.

Chemists therefore concentrated on lowering the tempera-
ture first and by the 1880s, oxygen and nitrogen were lique-
fied. Nitrogen was the more resistant of the two. Liquid
nitrogen boils at a temperature of —320° F.—and even at
that temperature, hydrogen remained a gas.

It wasn’t until 1895, that the English chemist, James
Dewar, managed to obtain liquid hydrogen. It boils at
—423° F., a temperature that is only 38 Fahrenheit degrees
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above absolute zero—the very bottom of the temperature
scale.

Liquid hydrogen could be formed, then; and if enough
effort were put into the matter, large quantities could be
formed. Yet for fifty years, it remained little more than an
expensive laboratory curiosity.

The chief trouble was that this superfrigid liquid evap-
orated with superease. The most elaborate insulation did not
help beyond a certain point, for liquid hydrogen generated
its own heat.

The reason for this requires a little explanation. Under
ordinary conditions, hydrogen exists as a collection of mole-
cules, each molecule being made up of a pair of hydrogen
atoms.

Each hydrogen atom consists chiefly of a central tiny -
particle called a “proton” which is constantly spinning. In
some hydrogen molecules, the protons of the two hydrogen
atoms spin in the same direction. That is “ortho-hydro-
gen.” In other molecules, the protons spin in opposite direc-
tions. That is “para-hydrogen.” In ordinary hydrogen gas,
three-fourths of the molecules are ortho, the remaining are
para.

Ortho-hydrogen contains more energy than para-hydrogen.
When liquid hydrogen is formed, the ortho molecules slowly
convert to the less energetic para. The extra energy of the
ortho molecules is liberated as heat.

This slow conversion of ortho to para is constantly adding
heat to the liquid hydrogen and evaporates it at the rate of
one percent an hour, no matter how well it is insulated.
What’s more, if the container isn’t properly vented, pressure
can build up to explosive levels.

One way out seemed to be to get all the ortho changed
over to the para to begin with. The hydrogen that re-
mained would be pure para-hydrogen and, with proper in-
sulation, that could be kept for long periods.

There are substances that will act as catalysts and hasten
this conversion. As long ago as 1929, it was found that pow-
dered charcoal would hasten the conversion, for instance. In
1952, under the pressure of sudden need, a preparation of
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iron oxide was discovered to convert large quantities of
ortho-hydrogen to para-hydrogen in seconds.

This procedure was adapted to large-scale production
and hydrogen can now be prepared in a form where, with
proper insulation, one percent is lost through evaporation,
not in one hour, but only after three days. The price has gone
down to half a dollar a pound and liquid hydrogen plants
are being built that will produce twenty tons a day and
more. The call for liquid hydrogen was answered.

And the present needs for hydrogen will certainly match
the supply, even though the needs continue to grow.

It would seem that one new use for hydrogen may lie in the
production of electrical energy. Ordinarily, electricity is formed
through a generator run by the heat energy of burning coal
or oil (or, of course, by the energy of falling water). A great
deal of energy is unavoidably lost in the passage from
heat to electricity. If it were possible to combine fuel with
oxygen in an electric cell set-up (a so-called “fuel cell”) the
process could be made much more efficient.

A number of fuels—including powdered carbon, carbon
monoxide, and methane—have been tried in fuel cells. The
practical difficulties involved in making such cells economic
are great, but they are being overcome. The possibility
that seems to hold most promise is the hydrogen-oxygen
fuel cell. Such cells have been made to work, on a small
scale at least, and the time may not be far off when hydro-
gen will make electricity cheaper and more available than
ever before, in this particular way.

Liquid hydrogen, these post-war days, has a particularly
exotic new use in “bubble chambers” employed to track down
the strange and short-lived subatomic particles produced
by the mighty atom-smashing machines of today. (These
chambers were invented in 1952 by the American physicist,
Donald W. Glaser.) One bubble chamber at the University of
California is six feet long and contains 150 gallons of liquid
hydrogen. :

But fuel cells and bubble chambers can only use tiny
quantities of hydrogen. The immediate use for all the liquid
hydrogen even the modern vastly expanded program can
supply will involve the rockets and missiles of today and
tomorrow. In particular, liquid hydrogen will power the
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giant rockets that will point skyward to carry a man to the
moon.

One post-war reason for preparing quantities of liquid hy-
drogen in a hurry has vanished. To be sure, the first experi-
mental hydrogen bombs did use liquid hydrogen, but they
were not practical. So much room and weight ‘was taken up
by insulation that the bomb was a monstrous and immova-
ble creation.

The way out, apparently, was to use not hydrogen itself
but a hydrogen compound with a light metal called lithium.
This compound, lithium hydride, would explode just as hy-
drogen itself would, once it was ignited by a fission bomb.
What's more, lithium hydride is a solid at ordinary tempera-
tures and presents hydrogen in compact form that requires
no pressures and no insulation. This made hydrogen bombs
portable by aircraft and missile.

However, while we all hope that hydrogen bombs will
never be used in anger, another aspect of the fusion process
inspires no terror but holds out bright hope for mankind. If,
somehow, hydrogen fusion can be brought under control
and made to proceed slowly and steadily (instead of
explosively), mankind’s energy needs would be solved for the
indefinite future.

What is needed is to raise the temperature of a quantity
of hydrogen to the point where fusion will start and maintain
itself; and to do this without the use of a fission bomb. It
would help if we could find a way of making hydrogen
undergo fusion at the lowest possible temperature.

To do so, it is necessary to make use of a rather rare
kind of hydrogen. I said earlier that the hydrogen atom
contains a central particle called a proton. One hydrogen
atom out of every 7,000, however, carries along with the
proton, a second particle called a “neutron.” This “proton-
neutron” hydrogen atom is twice as heavy as the ordinary
“proton” atoms, so that it is called “heavy hydrogen.” It
is also called “deuterium” from a Greek word meaning
“second” (because it contains a second particle along with the
proton).

Deuterium was first discovered in 1932 by the American
chemist, Harold C. Urey. Because of its double weight, deu-
terium was not very difficult to separate from ordinary hydro-
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gen, but for ten years it remained only a laboratory curiosity.
Then, during World War II, it was found that water con-
taining deuterium (“heavy water”) could be an important

component of nuclear reactors. :

As if that werent enough, it was found, after the war,
that deuterium would fusé much more easily than ordinary
hydrogen. Consequently all efforts to tame the fusion reac-
- tion are concentrating on deuterium.

Even so, the temperature needed is in the hundreds of
millions of degrees. At that temperature, deuterium atoms
(and all other kinds, too) break up into a mixture of
charged subatomic fragments called “plasma.” Plasma is too
hot to be contained by anything made out of matter, but
since it is electrically charged, it can be confined by
magnetic fields.

The problem is a tricky one, but each year we are raising
the deuterium plasma to higher temperatures and keeping it
confined for longer periods of time. Any year now (perhaps!)
we will tame fusion.

And then, perhaps before the 20th century is over, a new
kind of power plant will spring up here and there on the
earth. Small containers of liquid deuterium will supply those
power plants and fulfill the earlier functions of freight cars
of coal and tankers of oil. It will be hydrogen, in one form
or another, that will not only blast man’s way to the stars,
but will help power his conquest of hunger and misery on
the face of the earth.

Chapter 11 Let There Be a New Light

In 1960, an American physicist, Theodore Harold Maiman,
exposed a bar of synthetic ruby to strong light. After a
while, the light which was absorbed by the bar was emitted
again, but with a change. It appeared as a thin beam,
. deep red in color, flashing briefly out of one end of the bar.

That beam of light was of a variety never before seen by
the eyes of man. As far as we know, it was a variety of
light that had never existed on earth before, or in any part
of the universe we can see. Maiman’s bar of synthetic ruby
was the first “laser,” a device that we now look to as a
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possible death ray on the one hand, and as offering us peace-
time miracles in surgery, photography, communications, space
science, and half a dozen other fields on the other.

But what is it that ‘makes the laser beam so different,
unique? To the eye it merely seems a thin beam of colored
light, and surely that has been seen before. What is there
about it that the eye cannot see? To answer that question,
let us first ask what ordinary light might be.

Suppose we picture light as a set of waves. We could
ask, “Waves of what?” and get into trouble at once, but
we don’t have to ask that. It will suit us merely to imagine
waves and that’s all.

You mustn’t think, though, that if you wanted to construct
a wave picture of a beam of light, you must draw a wavy
line that continues for the full length of a light beam.
(The beams of light that reach us from the stars are many
trillions of miles long, so “full length” can represent quite
a figure.) Instead, we can picture the waves as being broken
up into tiny lengths, each of which contains just a few -
up-and-downs, or “oscillations.” We can refer to these tiny
lenths of waves as “photons,” an expression which comes
from the Greek word for “light.”

Photons are extremely small. A 40-watt bulb, which gives
out a fairly dim light, emits about a quintillion (1,000,000,-
000,000,000,000) photons each second.

Photons are not all alike by any means. The most impor-
tant difference among them is that some contain more energy
than others. Again, we can avoid asking embarrassing ques-
tions such as “What do you mean by energy?” and merely
say that a more energetic photon can do things that less
energetic ones cannot. .

For instance, red light is made up of photons that are
only half as energetic as those of violet light. When
photons of red light strike ordinary photographic film, they
lack the energy to cause the chemicals on that film to under-
go changes. When the more energetic photons of violet light
strike the film, the chemicals break down and the film is
fogged.

That is why darkrooms in which ordinary film is developed
may be lit by red light. The red light won’t spoil the film.

Sunlight contains photons of a wide range of energies,
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from red to violet and everything in between. It contains
photons of all the energies that will affect the retina of our
eye (a kind of living and very complicated photographic
film) and beyond. It contains photons of infrared light,
which don’t register visibly on our eye and which are less
energetic than any visible form of light. It also contains
photons of ultraviolet light, which don’t register visibly
on our eye and which are more energetic than any form of
visible light. (All the forms of light, visible and invisible,
can be referred to as “electromagnetic radiation.”)

Photons of ultraviolet light are so energetic that they can
damage the retina, which is why it is dangerous to. look
directly at the sun. Photons of ultraviolet light are also ener-
. getic enough to bring about the changes in our skin that
produce sunburn. :

Photons of X rays and gamma rays, which are even more
energetic than ultraviolet light, can smash their way right
through our bodies and, if they make direct hits on cer-
- tain molecules, can produce serious and even deadly chemical
changes. That is why people working with radioactive sub-
stances or in modern atomic power plants, where such
superenergetic photons may be encountered, must take ex-
treme precautions against exposure.

Well, then, if we are going to picture photons as little
bits of waves, we would want to be able to indicate the
difference between one of high energy and one of low
energy. This can be done by altering the length of each
individual oscillation. You might draw a picture of a wave
one inch long, and make the line of the wave curve so
gently that you have only one oscillation in that inch. In
the case of another picture of a one-inch wave, you may
make ten oscillations.

The number of oscillations in a given length is called the.
“frequency” of the light. A wave with ten oscillations to the
inch has a frequency ten times as great as that drawn with
a single oscillation to that inch.

The greater the energy content of a photon, the higher
its frequency. A photon of red light has about 35,000 os-
cillations per inch, while a photon of violet light has twice as
many, about 70,000. (The difference in frequency of
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photons of visible light affects our eyes in such a way as
to produce the sensation of different colors.)

Now let’s see how photons are produced. To do that we
must turn to the matter that makes up the universe.

Matter is made up of very tiny particles called atoms. These
atoms, together with the still smaller particles that make them
up, and the larger particles into which they can group, all
contain energy. The energy content makes itself evident,
very commonly, as motion. A high-energy particle moves
or vibrates more rapidly than one of low energy.

Particles of matter don’t just possess any amount of energy.
They can possess only certain amounts; and each different
type of particle can only possess certain amounts characteris-
tic of themselves and of no others. Each particle can there-
fore be viewed as possessing certain characteristic “energy
levels.” The particle can be on one level or on another a
bit higher up, but it can’t ever be in between.

(The situation is similar to that involved in the coin
system of money. Suppose a particular person had only
nickels in his pocket. He could have 45¢ or 50¢ but he
couldn’t possibly have 47¢ in his pocket. If another person
had only quarters, he might still have 50¢ in his pocket,
but not 45¢.) v

If a piece of wood is burning, the energy released by the
combination of the particles of wood with air increases the
energy content of the wood and air in the neighborhood
of the fire. All the particles are kicked upward to a high
energy level.

They don’t stay at that high energy level, however. There
is alwa