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Introduction:
The Promise of the Art

I remember how it was before penicillin. 1 was a medical student at the
end of World War Il, before the drug became widely available for civil-
ian use, and | watched the wards at New York's Bellevue Hospital fill to
overflowing each winter. A veritable Byzantine city unto itself, Bellevue
sprawled over four city blocks, its smelly, antiquated buildings jammed
together at odd angles and interconnected by a rabbit warren of under-
ground tunnels. In wartime New York, swollen with workers, sailors,
soldiers, drunks, refugees, and their diseases from all over the world, it
was perhaps the place to get an all-inclusive medical education. Belle-
vue's charter decreed that, no matter how full it was, every patient who
needed hospitalization had to be admitted. As a result, beds were packed
together side by side, first in the aisles, then out into the corridor. A
ward was closed only when it was physically impossible to get another
bed out of the elevator.

Most of these patients had lobar (pneumococcal) pneumonia. It didn't
take long to develop; the bacteria multiplied unchecked, spilling over
from the lungs into the bloodstream, and within three to five days of the
first symptom the crisis came. The fever rose to 104 or 105 degrees
Fahrenheit and delirium set in. At that point we had two signs to go by:
If the skin remained hot and dry, the victim would die; sweating meant
the patient would pull through. Although sulfa drugs often were effec-
tive against the milder pneumonias, the outcome in severe lobar pneu-
monia still depended solely on the struggle between the infection and



18 The Body Electric

the patient's own resistance. Confident in my new medical knowledge, |
was horrified to find that we were powerless to change the course of this
infection in any way.

It's hard for anyone who hasn't lived through the transition to realize
the change that penicillin wrought. A disease with a mortality rate near
50 percent, that killed almost a hundred thousand Americans each year,
that struck rich as well as poor and young as well as old, and against
which we'd had no defense, could suddenly be cured without fail in a
few hours by a pinch of white powder. Most doctors who have graduated
since 1950 have never even seen pneumococcal pneumonia in crisis.

Although penicillin's impact on medical practice was profound, its
impact on the philosophy of medicine was even greater. When Alex-
ander Fleming noticed in 1928 that an accidental infestation of the mold
Penicillium notatum had killed his bacterial cultures, he made the crown-
ing discovery of scientific medicine. Bacteriology and sanitation had al-
ready vanquished the great plagues. Now penicillin and subsequent
antibiotics defeated the last of the invisibly tiny predators.

The drugs also completed a change in medicine that had been gather-
ing strength since the nineteenth century. Before that time, medicine
had been an art. The masterpiece—a cure—resulted from the patient's
will combined with the physician's intuition and skill in using remedies
culled from millennia of observant trial and error. In the last two cen-
turies medicine more and more has come to be a science, or more accu-
rately the application of one science, namely biochemistry. Medical
techniques have come to be tested as much against current concepts in
biochemistry as against their empirical results. Techniques that don't fit
such chemical concepts—even if they seem to work—have been aban-
doned as pseudoscientific or downright fraudulent.

At the same time and as part of the same process, life itself came to be
defined as a purely chemical phenomenon. Attempts to find a soul, a
vital spark, a subtle something that set living matter apart from the
nonliving, had failed. As our knowledge of the Kkaleidoscopic activity
within cells grew, life came to be seen as an array of chemical reactions,
fantastically complex but no different in kind from the simpler reactions
performed in every high school lab. It seemed logical to assume that the
ills of our chemical flesh could be cured best by the right chemical
antidote, just as penicillin wiped out bacterial invaders without harming
human cells. A few years later the decipherment of the DNA code
seemed to give such stout evidence of life's chemical basis that the dou-
ble helix became one of the most hypnotic symbols of our age. It seemed
the final proof that we'd evolved through 4 billlion years of chance mo-
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lecular encounters, aided by no guiding principle but the changeless
properties of the atoms themselves.

The philosophical result of chemical medicine's success has been belief
in the Technological Fix. Drugs became the best or only valid treat-
ments for all ailments. Prevention, nutrition, exercise, lifestyle, the pa-
tient's physical and mental uniqueness, environmental pollutants—all
were glossed over. Even today, after so many years and millions of dol-
lars spent for negligible results, it's still assumed that the cure for cancer
will be a chemical that kills malignant cells without harming healthy
ones. As surgeons became more adept at repairing bodily structures or
replacing them with artificial parts, the technological faith came to in-
clude the idea that a transplanted kidney, a plastic heart valve, or a
stainless-steel-and-Teflon hip joint was just as good as the original—or
even better, because it wouldn't wear out as fast. The idea of a bionic
human was the natural outgrowth of the rapture over penicillin. If a
human is merely a chemical machine, then the ultimate human is a
robot.

No one who's seen the decline of pneumonia and a thousand other
infectious diseases, or has seen the eyes of a dying patient who's just
been given another decade by a new heart valve, will deny the benefits of
technology. But, as most advances do, this one has cost us something
irreplaceable: medicine’s humanity. There's no room in technological
medicine for any presumed sanctity or uniqueness of life. There's no
need for the patient's own self-healing force nor any strategy for enhanc-
ing it. Treating a life as a chemical automaton means that it makes no
difference whether the doctor cares about—or even knows—the patient,
or whether the patient likes or trusts the doctor.

Because of what medicine left behind, we now find ourselves in a real
technological fix. The promise to humanity of a future of golden health
and extended life has turned out to be empty. Degenerative diseases—
heart attacks, arteriosclerosis, cancer, stroke, arthritis, hypertension, ul-
cers, and all the rest—have replaced infectious diseases as the major
enemies of life and destroyers of its quality. Modern medicine's incredi-
ble cost has put it farther than ever out of reach of the poor and now
threatens to sink the Western economies themselves. Our cures too often
have turned out to be double-edged swords, later producing a secondary
disease; then we search desperately for another cure. And the de-
humanized treatment of symptoms rather than patients has alienated
many of those who can afford to pay. The result has been a sort of
medical schizophrenia in which many have forsaken establishment medi-
cine in favor of a holistic, prescient type that too often neglects
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technology's real advantages but at least stresses the doctor-patient rela-
tionship, preventive care, and nature's innate recuperative power.

The failure of technological medicine is due, paradoxically, to its suc-
cess, which at first seemed so overwhelming that it swept away all as-
pects of medicine as an art. No longer a compassionate healer working at
the bedside and using heart and hands as well as mind, the physician has
become an impersonal white-gowned ministrant who works in an office
or laboratory. Too many physicians no longer learn from their patients,
only from their professors. The breakthroughs against infections con-
vinced the profession of its own infallibility and quickly ossified its be-
liefs into dogma. Life processes that were inexplicable according to
current biochemistry have been either ignored or misinterpreted. In
effect, scientific medicine abandoned the central rule of science—revi-
sion in light of new data. As a result, the constant widening of horizons
that has kept physics so vital hasn't occurred in medicine. The mecha-
nistic assumptions behind today's medicine are left over from the turn of
the century, when science was forcing dogmatic religion to see the evi-
dence of evolution. (The reeruption of this same conflict today shows
that the battle against frozen thinking is never finally won.) Advances in
cybernetics, ecological and nutritional chemistry, and solid-state physics
haven't been integrated into biology. Some fields, such as parapsychol-
ogy, have been closed out of mainstream scientific inquiry altogether.
Even the genetic technology that now commands such breathless admi-
ration is based on principles unchallenged for decades and unconnected
to a broader concept of life. Medical research, which has limited itself
almost exclusively to drug therapy, might as well have been wearing
blinders for the last thirty years.

It's no wonder, then, that medical biology is afflicted with a kind of
tunnel vision. We know a great deal about certain processes, such as the
genetic code, the function of the nervous system in vision, muscle move-
ment, blood clotting, and respiration on both the somatic and the cel-
lular levels. These complex but superficial processes, however, are only
the tools life uses for its survival. Most biochemists and doctors aren't
much closer to the "truth™ about life than we were three decades ago. As
Albert Szent-Gyorgyi, the discoverer of vitamin C, has written, "We
know life only by its symptoms." We understand virtually nothing
about such basic life functions as pain, sleep, and the control of cell
differentiation, growth, and healing. We know little about the way
every organism regulates its metabolic activity in cycles attuned to the
fluctuations of earth, moon, and sun. We are ignorant about nearly

every aspect of consciousness, which may be broadly defined as the self-
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interested integrity that lets each living thing marshal its responses to
eat, thrive, reproduce, and avoid danger by patterns that range from the
tropisms of single cells to instinct, choice, memory, learning, individ-
uality, and creativity in more complex life-forms. The problem of when
to "pull the plug" shows that we don't even know for sure how to
diagnose death. Mechanistic chemistry isn't adequate to understand
these enigmas of life, and it now acts as a barrier to studying them.
Erwin Chargaff, the biochemist who discovered base pairing in DNA
and thus opened the way for understanding gene structure, phrased our
dilemma precisely when he wrote of biology, "No other science deals in
its very name with a subject that it cannot define."

Given the present climate, I've been a lucky man. | havent been a
good, efficient doctor in the modern sense. I've spent far too much time
on a few incurable patients whom no one else wanted, trying to find out
how our ignorance failed them. I've been able to tack against the pre-
vailing winds of orthodoxy and indulge my passion for experiment. In so
doing I've been part of a little-known research effort that has made a
new start toward a definition of life.

My research began with experiments on regeneration, the ability of
some animals, notably the salamander, to grow perfect replacements for
parts of the body that have been destroyed. These studies, described in
Part 1, led to the discovery of a hitherto unknown aspect of animal
life—the existence of electrical currents in parts of the nervous system.
This breakthrough in turn led to a better understanding of bone fracture
healing, new possibilities for cancer research, and the hope of human
regeneration—even of the heart and spinal cord—in the not too distant
future, advances that are discussed in Parts 2 and 3. Finally, a knowl-
edge of life's electrical dimension has yielded fundamental insights (con-
sidered in Part 4) into pain, healing, growth, consciousness, the nature
of life itself, and the dangers of our electromagnetic technology.

| believe these discoveries presage a revolution in biology and medi-
cine. One day they may enable the physician to control and stimulate
healing at will. I believe this new knowledge will also turn medicine in
the direction of greater humility, for we should see that whatever we
achieve pales before the self-healing power latent in all organisms. The
results set forth in the following pages have convinced me that our un-
derstanding of life will always be imperfect. 1 hope this realization will
make medicine no less a science, yet more of an art again. Only then can
it deliver its promised freedom from disease.



Part 1

Growth and
Regrowth

Salamander: energy's seed sleeping interred in the
marrow . . .
—Octavio Paz



One
Hydra's Heads and
Medusa's Blood

There is only one health, but diseases are many. Likewise, there appears
to be one fundamental force that heals, although the myriad schools of
medicine all have their favorite ways of cajoling it into action.

Our prevailing mythology denies the existence of any such generalized
force in favor of thousands of little ones sitting on pharmacists' shelves,
each one potent against only a few ailments or even a part of one. This
system often works fairly well, especially for treatment of bacterial dis-
eases, but it's no different in kind from earlier systems in which a spe-
cific saint or deity, presiding over a specific healing herb, had charge of
each malady and each part of the body. Modern medicine didn't spring
full-blown from the heads of Pasteur and Lister a hundred years ago.

If we go back further, we find that most medical systems have com-
bined such specifics with a direct, unitary appeal to the same vital prin-
ciple in all illnesses. The inner force can be tapped in many ways, but all
are variations of four main, overlapping patterns: faith healing, magic
healing, psychic healing, and spontaneous healing. Although science de-
rides all four, they sometimes seem to work as well for degenerative
diseases and long-term healing as most of what Western medicine can
offer.

Faith healing creates a trance of belief in both patient and practi-
tioner, as the latter acts as an intercessor or conduit between the sick

mortal and a presumed higher power. Since failures are usually ascribed

to a lack of faith by the patient, this brand of medicine has always been a
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gold mine for charlatans. When bona fide, it seems to be an escalation of
the placebo effect, which produces improvement in roughly one third of
subjects who think they're being treated but are actually being given
dummy pills in tests of new drugs. Faith healing requires even more
confidence from the patient, so the disbeliever probably can prevent a
cure and settle for the poor satisfaction of "I told you so." If even a few
of these oft-attested cases are genuine, however, the healed one suddenly
finds faith turned into certainty as the withered arm aches with unac-
customed sensation, like a starved animal waking from hibernation.

Magical healing shifts the emphasis from the patient's faith to the
doctor's trained will and occult learning. The legend of Teta, an Egyp-
tian magician from the time of Khufu (Cheops), builder of the Great
Pyramid, can serve as an example. At the age of 110, Teta was sum-
moned into the royal presence to demonstrate his ability to rejoin a
severed head to its body, restoring life. Khufu ordered a prisoner be-
headed, but Teta discreetly suggested that he would like to confine him-
self to laboratory animals for the moment. So a goose was decapitated.
Its body was laid at one end of the hall, its head at the other. Teta
repeatedly pronounced his words of power, and each time, the head and
body twitched a little closer to each other, until finally the two sides of
the cut met. They quickly fused, and the bird stood up and began cack-
ling. Some consider the legendary miracles of Jesus part of the same
ancient tradition, learned during Christ's precocious childhood in Egypt.

Whether or not we believe in the literal truth of these particular ac-
counts, over the years so many otherwise reliable witnesses have testified
to healing "miracles” that it seems presumptuous to dismiss them all as
fabrications. Based on the material presented in this book, | suggest
Coleridge's "willing suspension of disbelief" until we understand heal-
ing better. Shamans apparently once served at least some of their pa-
tients well, and still do where they survive on the fringes of the
industrial world. Magical medicine suggests that our search for the heal-
ing power isn't so much an exploration as an act of remembering some-
thing that was once intuitively ours, a form of recall in which the
knowledge is passed on or awakened by initiation and apprenticeship to
the man or woman of power.

Sometimes, however, the secret needn't be revealed to be used. Many

psychic healers have been studied, especially in the Soviet Union, whose

gift is unconscious, unsought, and usually discovered by accident. One

who demonstrated his talents in the West was Oskar Estebany. A Hun-

garian Army colonel in the mid-1930s. Estebany notices that horses he

groomed got their wind back and recovered from illnesses faster than
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those cared for by others. He observed and used his powers informally
for years, until, forced to emigrate after the 1956 Hungarian revolution,
he settled in Canada and came to the attention of Dr. Bernard Grad, a
biologist at McGill University. Grad found that Estebany could acceler-
ate the healing of measured skin wounds made on the backs of mice, as
compared with controls. He didn't let Estebany touch the animals, but
only place his hands near their cages, because handling itself would have
fostered healing. Estebany also speeded up the growth of barley plants
and reactivated ultraviolet-damaged samples of the stomach enzyme
trypsin in much the same way as a magnetic field, even though no
magnetic field could be detected near his body with the instruments
of that era.

The types of healing we've considered so far have trance and touch as
common factors, but some modes don't even require a healer. The spon-
taneous miracles at Lourdes and other religious shrines require only a
vision, fervent prayer, perhaps a momentary connection with a holy rel-
ic, and intense concentration on the diseased organ or limb. Other re-
ports suggest that only the intense concentration is needed, the rest
being aids to that end. When Diomedes, in the fifth book of the lliad,
dislocates Aeneas' hip with a rock, Apollo takes the Trojan hero to a
temple of healing and restores full use of his leg within minutes. Hector
later receives the same treatment after a rock in the chest fells him. We
could dismiss these accounts as the hyperbole of a great poet if Homer
weren't so realistic in other battlefield details, and if we didn't have
similar accounts of soldiers in recent wars recovering from "mortal”
wounds or fighting on while oblivious to injuries that would normally
cause excruciating pain. British Army surgeon Lieutenant Colonel H. K.
Beecher described 225 such cases in print after World War 1. One
soldier at Anzio in 1943, who'd had eight ribs severed near the spine by
shrapnel, with punctures of the kidney and lung, who was turning blue
and near death, kept trying to get off his litter because he thought he
was lying on his rifle. His bleeding abated, his color returned, and the
massive wound began to heal after no treatment but an insignificant dose
of sodium amytal, a weak sedative given him because there was no mor-
phine.

These occasional prodigies of battlefield stress strongly resemble the
ability of yogis to control pain, stop bleeding, and speedily heal wounds
with their will alone. Biofeedback research at the Menninger Foundation
and elsewhere has shown that some of this same power can be rapped in

people with no yogic training. That the will can be applied to the body's

ills has also been shownb by Norman Cousing in his resolute conquest by
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laugh therapy of ankylosing spondylitis, a crippling disease in which
the spinal discs and ligaments solidify like bone, and by some similar
successes by users of visualization techniques to focus the mind against
cancer.

Unfortunately, no approach is a sure thing. In our ignorance, the
common denominator of all healing—even the chemical cures we profess
to understand—remains its mysteriousness. Its unpredictability has be-
deviled doctors throughout history. Physicians can offer no reason why
one patient will respond to a tiny dose of a medicine that has no effect
on another patient in ten times the amount, or why some cancers go into
remission while others grow relentlessly unto death.

By whatever means, if the energy is successfully focused, it results in
a marvelous transformation. What seemed like an inexorable decline
suddenly reverses itself. Healing can almost be defined as a miracle. In-
stant regrowth of damaged parts and invincibility against disease are
commonplaces of the divine world. They continually appear even in
myths that have nothing to do with the theme of healing itself. Dead
Vikings went to a realm where they could savor the joys of killing all
day long, knowing their wounds would heal in time for the next day's
mayhem. Prometheus' endlessly regrowing liver was only a clever torture
arranged by Zeus so that the eagle sent as punishment for the god's
delivery of fire to mankind could feast on his most vital organ forever—
although the tale also suggests that the prehistoric Greeks knew some-
thing of the liver's ability to enlarge in compensation for damage to it.

The Hydra was adept at these offhand wonders, too. This was the
monster Hercules had to kill as his second chore for King Eurystheus.
The beast had somewhere between seven and a hundred heads, and each
time Hercules cut one off, two new ones sprouted in its place—until the
hero got the idea of having his nephew lolaus cauterize each neck as soon
as the head hit the ground.

In the eighteenth century the Hydra’'s name was given to a tiny
aquatic animal having seven to twelve "heads,” or tentacles, on a hol-
low, stalklike body, because this creature can regenerate. The mythic
Hydra remains a symbol of that ability, possessed to some degree by
most animals, including us.

Generation, life's normal transformation from seed to adult, would
seem as unearthly as regeneration if it were not so commonplace. We see
the same kinds of changes in each. The Greek hero Cadmus grows an
army by sowing the teeth of a dragon he has killed. The primeval ser-
pent makes love tothe World Egg, which hatches all the creatures of

the earth. God makes Adam from Eve's rib, or vice versa in the later

version. The Word of God commands life to unfold. The genetic words
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encoded in DNA spell out the unfolding. At successive but still limited
levels of understanding, each of these beliefs tries to account for the
beautifully bizarre metamorphosis. And if some savage told us of a mag-
ical worm that built a little windowless house, slept there a season, then
one day emerged and flew away as a jeweled bird, we'd laugh at such
superstition if we'd never seen a butterfly.

The healer's job has always been to release something not understood,
to remove obstructions (demons, germs, despair) between the sick pa-
tient and the force of life driving obscurely toward wholeness. The
means may be direct—the psychic methods mentioned above—or indi-
rect: Herbs can be used to stimulate recovery; this tradition extends
from prehistoric wisewomen through the Greek herbal of Dioscorides
and those of Renaissance Europe, to the prevailing drug therapies of the
present. Fasting, controlled nutrition, and regulation of living habits to
avoid stress can be used to coax the latent healing force from the sick
body; we can trace this approach back from today's naturopaths to Galen
and Hippocrates. Attendants at the healing temples of ancient Greece
and Egypt worked to foster a dream in the patient that would -either
start the curative process in sleep or tell what must be done on awaken-
ing. This method has gone out of style, but it must have worked fairly
well, for the temples were filled with plaques inscribed by grateful pa-
trons who'd recovered. In fact, this mode was so esteemed that
Aesculapius, the legendary doctor who originated it, was said to have
been given two vials filled with the blood of Medusa, the snaky-haired
witch-queen killed by Perseus. Blood from her left side restored life,
while that from her right took it away—and that's as succinct a descrip-
tion of the tricky art of medicine as we're likely to find.

The more | consider the origins of medicine, the more I'm convinced
that all true physicians seek the same thing. The gulf between folk ther-
apy and our own stainless-steel wversion is illusory. Western medicine
springs from the same roots and, in the final analysis, acts through the
same little-understood forces as its country cousins. Our doctors ignore
this Kkinship at their—and worse, their patients—peril. All worthwhile
medical research and every medicine man's intuition is part of the same
quest for knowledge of the same elusive healing energy.

Failed Healing in Bone
As an orthopedic surgeon, | often pondered one particular breakdown of

that energy, my specialty's major unsolved problem—nonunion of frac-
tures. Normally a broken bone will begin to grow together in a few
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weeks if the ends are held close to each other without movement. Occa-
sionally, however, a bone will refuse to knit despite a year or more of
casts and surgery. This is a disaster for the patient and a bitter defeat for
the doctor, who must amputate the arm or leg and fit a prosthetic sub-
stitute.

Throughout this century, most biologists have been sure only chemi-
cal processes were involved in growth and healing. As a result, most
work on nonunions has concentrated on calcium metabolism and hor-
mone relationships. Surgeons have also "freshened,” or scraped, the frac-
ture surfaces and devised ever more complicated plates and screws to
hold the bone ends rigidly in place. These approaches seemed superficial
to me. | doubted that we would ever understand the failure to heal
unless we truly understood healing itself.

When | began my research career in 1958, we already knew a lot
about the logistics of bone mending. It seemed to involve two separate
processes, one of which looked altogether different from healing else-
where in the human body. But we lacked any idea of what set these
processes in motion and controlled them to produce a bone bridge across

the break.
NEW CELLS FROM PERIOSTEAL
PERIOSTEUM FRACTURE PERIOSTEUM NEW BONE
RESTORATION

OF MARROW
CAVITY

BONE

MARROW
CAVITY

CHANGED CELLS ~ MARROW
FROM MARROW NEW BONE

STAGES OF FRACTURE HEALING

Every bone is wrapped in a layer of tough, fibrous collagen, a protein
that's a major ingredient of bone itself and also forms the connective
tissue or "glue" that fastens all our cells to each other. Underneath the
collagen envelope are the cells that produce it, right next ro the bone;
together the two layers form the periosteum. When a bone breaks, these
periosteal cells divide in a particular way. One of the daughter cells stays

where it is, while the other one migrates into the blood clot surrounding
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the fracture and changes into a closely related type, an osteoblast, or
bone-forming cell. These new osteoblasts build a swollen ring of bone,
called a callus, around the break.

Another repair operation is going on inside the bone, in its hollow
center, the medullary cavity. In childhood the marrow in this cavity
actively produces red and white blood cells, while in adulthood most of
the marrow turns to fat. Some active marrow cells remain, however, in
the porous convolutions of the inner surface. Around the break a new
tissue forms from the marrow cells, most readily in children and young
animals. This new tissue is unspecialized, and the marrow cells seem to
form it not by increasing their rate of division, as in the callus-forming
periosteal cells, but by reverting to a primitive, neo-embryonic state.
The unspecialized former marrow cells then change into a type of primi-
tive cartilage cells, then into mature cartilage cells, and finally into new
bone cells to help heal the break from inside. Under a microscope, the
changes seen in cells from this internal healing area, especially from
children a week or two after the bone was broken, seem incredibly cha-
otic, and they look frighteningly similar to highly malignant bone-can-
cer cells. But in most cases their transformations are under control, and
the bone heals.

Dr. Marshall Urist, one of the great researchers in orthopedics, was to
conclude in the early 1960s that this second type of bone healing is an
evolutionary throwback, the only kind of regeneration that humans share
with all other vertebrates. Regeneration in this sense means the re-
growth of a complex body part, consisting of several different kinds of
cells, in a fashion resembling the original growth of the same part in the
embryo, in which the necessary cells differentiate from simpler cells or
even from seemingly unrelated types. This process, which I'll call true
regeneration, must be distinguished from two other forms of healing.
One, sometimes considered a variety of regeneration, is physiological
repair, in which small wounds and everyday wear within a single tissue
are made good by nearby cells of the same type, which merely proliferate
to close the gap. The other kind of healing occurs when a wound is too
big for single-tissue repair but the animal lacks the true regenerative
competence to restore the damaged part. In this case the injury is simply
patched over as well as possible with collagen fibers, forming a scar.
Since true regeneration is most closely related to embryonic development
and is generally Strongest in simple animals, it may be considered the
most fundamental mode of healing.

Nonunions failed to knit, | reasoned, because they were missing

something that triggered and controlled normal healing. I'd already be-
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gun to wonder if the inner area of bone mending might be a vestige of
true regeneration. If so, it would likely show the control process in a
clearer or more basic form than the other two kinds of healing. | figured
| stood little chance of isolating a clue to it in the multilevel turmoil of a
broken bone itself, so | resolved to study regeneration alone, as it oc-
curred in other animals.

A Fable Made Fact

Regeneration happens all the time in the plant kingdom. Certainly this
knowledge was acquired very early in mankind's history. Besides locking
up their future generations in the mysterious seed, many plants, such as
grapevines, could form a new plant from a single part of the old. Some
classical authors had an inkling of animal regeneration—Aristotle men-
tions that the eyes of very young swallows recover from injury, and Pliny
notes that lost "tails" of octopi and lizards regrow. However, regrowth
was thought to be almost exclusively a plant prerogative.
The great French scientist Rene Antoine Ferchault de Reaumur made
the first scientific description of animal regeneration in 1712. Reaumur
devoted all his life to the study of "insects,” which at that time meant
all invertebrates, everything that was obviously "lower" than lizards,
frogs, and fish. In studies of crayfish, lobsters, and crabs, Reaumur
proved the claims of Breton fishermen that these animals could regrow
lost legs. He kept crayfish in the live-bait well of a fishing boat, remov-
ing a claw from each and observing that the amputated extremity reap-
peared in full anatomical detail. A tiny replica of the limb took shape
inside the shell; when the shell was discarded at the next molting sea-
son, the new limb unfolded and grew to  full  size.
Reaumur was one of the scientific geniuses of his time. Elected to the
Royal Academy of Sciences when only twenty-four, he went on to invent
tinned steel, Reaumur porcelain (an opaque white glass), imitation
pearls, better ways of forging iron, egg incubators, and the Reaumur
thermometer, which is still used in France. At the age of sixty-nine he
isolated gastric juice from the stomach and described its digestive func-
tion. Despite his other accomplishments, "insects" were his life's love
(he never married), and he probably was the first to conceive of the vast,
diverse population of life-forms that this term encompassed. He re-
discovered the ancient royal purple dye from Murex trunculus (a marine
mollusk), and his work on spinning a fragile, filmy silk from spider

webs was translated into Manchu for the Chinese emperor. He was the
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first to elucidate the social life and sexually divided caste system of bees.
Due to his eclipse in later years by court-supported scientists who valued
"common sense” over observation, Reaumur's exhaustive study of ants
wasn't published until 1926. In the interim it had taken several genera-
tions of formicologists to cover the same ground, including the descrip-
tion of winged ants copulating in flight and proof that they aren't a
separate species but the sexual form of wingless ants. In 1734 he pub-
lished the first of six volumes of his Natural History of Insects, a milestone
in biology.

Reaumur made so many contributions to science that his study of
regeneration was overlooked for decades. At that time no one really
cared what strange things these unimportant animals did. However, all
of the master's work was well known to a younger naturalist, Abraham
Trembley of Geneva, who supported himself, as did many educated men
of that time, by serving as a private tutor for sons of wealthy families. In
1740, while so employed at an estate near The Hague, in Holland,
Trembley was examining with a hand lens the small animals living in
freshwater ditches and ponds. Many had been described by Reaumur,
but Trembley chanced upon an odd new one. It was no more than a
quarter of an inch long and faintly resembled a squid, having a cylin-
drical body topped with a crown of tentacles. However, it was a star-
tling green color. To Trembley, green meant vegetation, but if this was
a plant, it was a mighty peculiar one. When Trembley agitated the
water in its dish, the tentacles contracted and the body shrank down to a
nubbin, only to reexpand after a period of quiet. Strangest of all, he saw
that the creature "walked" by somersaulting end over end.

Since they had the power of locomotion, Trembley would have as-
sumed that these creatures were animals and moved on to other observa-
tions, if he hadn't chanced to find a species colored green by symbiotic
algae. To settle the animal-plant question, he decided to cut some in
half. If they regrew, they must be plants with the unusual ability to
walk, while if they couldn't regenerate, they must be green animals.

Trembley soon entered into a world that exceeded his wildest dreams.
He divided the polyps, as he first called them, in the middle of their
stalks. He then had two short pieces of stalk, one with attached tenta-
cles, each of which contracted down to a tiny dot. Patiently watching,
Trembley saw the two pieces later expand. The tentacle portion began to
move normally, as though it were a complete organism. The other por-
tion lay inert and apparently dead. Something must have made Trem-
bley continue the experiment, for he watched this motionless object for
nine days, during which nothing happened. He then noted that the cut
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end had sprouted three little "horns,” and within a few more days the
complete crown of tentacles had been restored. Trembley now had two
complete polyps as a result of cutting one in half! However, even though
they regenerated, more observations convinced Trembley that the crea-
tures were really animals. Not only did they move and walk, but their
arms captured tiny water fleas and moved them to the "mouth,” located
in the center of the ring of tentacles, which promptly swallowed the
prey.

Trembley, then only thirty-one, decided to make sure he was right by
having the great Reaumur confirm his findings before he published them
and possibly made a fool of himself. He sent specimens and detailed
notes to Reaumur, who confirmed that this was an animal with amazing
powers of regeneration. Then he immediately read Trembley's letters
and showed his specimens to an astounded Royal Academy early in
1741. The official report called Trembley's polyp more marvelous than
the phoenix or the mythical serpent that could join together after being
cut in two, for these legendary animals could only reconstitute them-
selves, while the polyp could make a duplicate. Years later Reaumur was
still thunderstruck. As he wrote in Volume 6 of his series on insects,
"This is a fact that | cannot accustom myself to seeing, after having seen

and re-seen it hundrts of times."

This was just the beginning, however. Trembley's polyps performed
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even more wondrous feats. When cut lengthwise, each half of the stalk
healed over without a scar and proceeded to regrow the missing tenta-
cles. Trembley minced some polyps into as many pieces as he could
manage, finding that a complete animal would regrow from each piece,
as long as it included a remnant of the central stalk. In one instance he
quartered one of the creatures, then cut each resulting polyp into three
or four pieces, until he had made fifty animals from one.

REGENERATION BY AHYDRA CUT IN HALF LENGTHWISE

His most famous experiment was the one that led him to name his
polyp "hydra." He found that by splitting the head lengthwise, leaving
the stalk intact, he could produce one animal with two crowns of tenta-
cles. By continuing the process he was able to get one animal with seven
heads. When Trembley lopped them off, each one regrew, just like the
mythical beast's. But nature went legend one better: Each severed head
went on to form a complete new animal as well.

Such experiments provided our first proof that entire animals can re-
generate, and Trembley went on to observe that hydras could reproduce
by simple budding, a small animal appearing on the side of the stalk
and growing to full size. The implications of these discoveries were so
revolutionary that Trembley delayed publishing a full account of his
work until he'd been prodded by Reaumur and preceded in print by
several others. The sharp division between plant and animal suddenly
grew blurred, suggesting a common origin with some kind of evolution;
basic assumptions about life had to be rethought. As a result, Trem-
bley's observations weren't enthusiastically embraced by all. They in-
flamed several old arguments and offended many of the old guard. In
this respect Trembley's mentor Reaumur was a most unusual scientist
for his time, and indeed tor all time. Despite his prominence, he was
ready to espouse radically new ideas and, most important, he didn't steal
the ideas of others, an all too common failing among scientists.

A furious debarte was raging at the time of Trembley's announcement.

It concerned the origin of the individual - how the chicken came from
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the egg, for example. When scientists examined the newly laid egg,
there wasnt much there except two liquids, the white and the yolk,
neither of which had any discernible structure, let alone anything resem-
bling a chicken.

There were two opposite theories. The older one, derived from Aris-
totle, held that each animal in all its complexity developed from simple
organic matter by a process called epigenesis, akin to our modern con-
cept of cell differentiation.  Unfortunately, Trembley himself was the
first person to witness cell division under the microscope, and he didn't
realize that it was the normal process by which all cells multiplied. In an
era knowing nothing of genes and so little of cells, yet beginning to
insist on logical, scientific explanations, epigenesis seemed more and
more absurd. What could possibly transform the gelatin of eggs and
sperm into a frog or a human, without invoking that tired old deus ex
machina the spirit, or inexplicable spark of life—unless the frog or per-
son already existed in miniature inside the generative slime and merely
grew in the course of development?

The litter idea, called preformation, had been ascendant for at least
fifty years. It was so widely accepted that when the early microscopists

studied drops of semen, they dutifully reported a little man, called a

homunculus, encased in the head of each sperm - a fine example of sci-
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ence's capacity for self-delusion. Even Reaumur, when he failed to find
tiny butterfly wings inside caterpillars, assumed they were there but
were too small to be seen. Only a few months before Trembley began
slicing hydras, his cousin, Genevan naturalist Charles Bonnet, had
proven (in an experiment suggested by the omnipresent Reaumur) that
female aphids usually reproduced parthenogenetically (without mating).
To Bonnet this demonstrated that the tiny adult resided in the egg, and
he became the leader of the ovist preformationists.

The hydra's regeneration, and similar powers in starfish, sea ane-
mones, and worms, put the scientific establishment on the defensive.
Reaumur had long ago realized that preformation couldn't explain how a
baby inherited traits from both father and mother. The notion of two
homunculi fusing into one seed seemed farfetched. His regrowing
crayfish claws showed that each leg would have to contain little pre-
formed legs scattered throughout. And since a regenerated leg could be
lost and replaced many times, the proto-legs would have to be very
numerous, yet no one had ever found any.

Regeneration therefore suggested some form of epigenesis—perhaps
without a soul, however, for the hydra's anima, if it existed, was divisi-
ble along with the body and indistinguishable from it. It seemed as
though some forms of matter itself possessed the spark of life. For lack of
knowledge of cells, let alone chromosomes and genes, the epigeneticists
were unable to prove their case. Each side could only point out the
other's inconsistencies, and politics gave preformationism the edge.

No wonder nonscientists often grew impatient of the whole argu-
ment. Oliver Goldsmith and Tobias Smollett mocked the naturalists for
missing nature's grandeur in their myopic fascination with "muck-flies."
Henry Fielding lampooned the discussion in a skit about the regenera-
tion of money. Diderot thought of hydras as composite animals, like
swarms of bees, in which each particle had a vital spark of its own, and
lightheartedly suggested there might be "human polyps” on Jupiter and
Saturn. Voltaire was derisively skeptical of attempts to infer the nature
of the soul, animal or human, from these experiments. Referring in
1768 to the regenerating heads of snails, he asked, "What happens to its
sensorium, its memory, its store of ideas, its soul, when its head has
been cut off? How does all this come back? A soul that is reborn is an
extremely curious phenomenon.” Profoundly disturbed by the whole af-
fair, for a long time he simply refused to believe in animal regeneration,

calling the hydra " a kind of small rush."

It was no longer possible to doubt the discovery after the work of

Lazzaro Spallanzani, an italian priest for whom science was a full-time
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hobby. In a career spanning the second half of the eighteenth century,
Spallanzani discovered the reversal of plant transpiration between light
and darkness, and advanced our knowledge of digestion, volcanoes,
blood circulation, and the senses of bats, but his most important work
concerned regrowth. In twenty years of meticulous observation, he stud-
ied regeneration in worms, slugs, snails, salamanders, and tadpoles. He
set new standards for thoroughness, often dissecting the amputated parts
to make sure he'd removed them whole, then dissecting the replace-
ments a few months later to confirm that all the parts had been restored.
Spallanzani's most important contribution to science was his discovery
of the regenerative abilities of the salamander. It could replace its tail
and limbs, all at once if need be. A young one performed this feat for
Spallanzani six times in three months. He later found that the sala-
mander could also replace its jaw and the lenses of its eyes, and then
went on to establish two general rules of regeneration: Simple animals
can regenerate more fully than complex ones, or, in modern terms, the
ability to regenerate declines as one moves up the evolutionary scale.
(The salamander is the main exception.) In ontogenetic parallel, if a
specias can regenerate, younger individuals do it better than older ones.

VERTEBRAE

FEMUR
TIBIA

THE SALAMANDER'S SKELETON - AS COMPLEX AS OURS
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This early regeneration research, Spallanzani's in particular, was a
benchmark in modern biology. Gentlemanly observations buttressed by
"common sense" gave way to a more rigorous kind of examination in
which nothing was taken for granted. It had been "known" for perhaps
ten thousand years that plants could regenerate and animals couldn't. To
many zoologists, even twenty years after Trembley's initial discovery,
the few known exceptions only proved the rule, for octopi, crayfish,
hydras, worms, and snails seemed so unlike humans or the familiar
mammals that they hardly counted. The lizard, the only other vertebrate
regenerator then known, could manage no more than an imperfect tail.
But the salamander—here was an animal we could relate to! This was no
worm or snail or microscopic dot, but a four-limbed, two-eyed verte-
brate that could walk and swim. While its legendary ability to with-
stand fire had been disproven, its body was big enough and its anatomy
similar enough CO ours to be taken seriously. Scientists could no longer
assume that the underlying process had nothing to do with us. In fact,
the questions with which Spallanzani ended his first report on the sala-
mander have haunted biologists ever since: "lIs it to be hoped that

[higher animals] may acquire [the same power] by some useful disposi-

tions? and should the flattering expectation of obtaining this advantage

for ourselves be considered entirely as chimerical?"



Two
I The Embryo at the
Wound

Reneration was largely forgotten for a century. Spallanzani had been

so thorough that little else could be learned about it with the techniques

of the ime. Moreover, although his work strongly supported epigenesis,

its impact was lost because the whole debate was swallowed up in the

much larger philosophical conflict between vitalism and mechanism.

Since biology includes the study of our own essence, it's the most emo-

tional science, and it has been the battleground for these two points of

view throughout its history. Briefly, the vitalists believed in a spirit,
called the anima or elan vital, that made living things fundamentally
different from other substances. The mechanists believed that life could
ultimately be understood in terms of the same physical and chemical
laws that governed nonliving matter, and that only ignorance of these
forces led people to invoke such hokum as a spirit. We'll take up these
issues in more detail later, but for now we need only note that the
vitalists favored epigenesis, viewed as an imposition of order on the
chaos of the egg by some intangible "vital" force. The mechanists fa-
vored formation. Since science insisted increasingly on material expla-
nations for everything, epigenesis lost out despite the evidence of
regeneration.

Mechanism dominated biology more and more, but some problems
remained. The main one was the absence of the little man in the sperm.
Advances in the power and resolution of microscopes had clearly shown

that no one was there. Biologists were faced with the generative slime
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again, featureless goo from which, slowly and magically, an organism
appeared.

After 1850, biology began to break up into various specialties. Em-
bryology, the study of development, was named and promoted by Dar-
win himself, who hoped (in vain) that it would reveal a precise history of
evolution (phylogeny) recapitulated in the growth process (ontogeny). In
the 1880s, embryology matured as an experimental science under the
leadership of two Germans, Wilhelm Roux and August Weismann.
Roux studied the stages of embryonic growth in a very restricted, mech-
anistic way that revealed itself even in the formal Germanic title, Ent-
wicklungsmechanik (“developmental mechanics"), that he applied to the
whole field. Weismann, however, was more interested in how inheri-
tance passed the instructions for embryonic form from one generation to
the next. One phenomenon—mitosis, or cell division—was basic to
both transactions. No matter how embryos grew and hereditary traits
were transferred, both processes had to be accomplished by cellular ac-
tions.

Although we're taught in high school that Robert Hooke discovered
the cell in 1665, he really discovered that cork was full of microscopic
holes, which he called cells because they looked like little rooms. The
idea that they were the basic structural units of all living things came
from Theodor Schwann, who proposed this cell theory in 1838. How-
ever, even at that late date, he didn't have a clear idea of the origin of
cells. Mitosis was unknown to him, and he wasn't too sure of the dis-
tinction between plants and animals. His theory wasn't fully accepted
until two other German biologists, F. A. Schneider and Otto Butschli,
reintroduced Schwann's concept and described mitosis in 1873.

Observations of embryogenesis soon confirmed its cellular basis. The
fertilized egg was exactly that, a seemingly unstructured single cell.
Embryonic growth occurred when the fertilized egg divided into two
other cells, which promptly divided again. Their progeny then divided,
and so on. As they proliferated, the cells also differentiated; that is, they
began to show specific characteristics of muscle, cartilage, nerve, and so
forth. The creature that resulted obviously had several increasingly com-
plex levels of organization; however, Roux and Weismann had no alter-
native but to concentrate on the lowest one, the cell, and try to imagine
how the inherited material worked at that level.

Weismann proposed a theory of "determiners,” specific chemical
structures coded for each cell type The fertilized egg contained all the
determiners, both in type and in number, needed to produce every cell

in the body. As cell division proceeded, the daughter cells each received
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half of the previous stock of determiners, until in the adult each cell
possessed only one. Muscle cells contained only the muscle determiner,
nerve cells only the one for nerves, and so on. This meant that once a cell's
function had been fixed, it could never be anything but that one kind of cell.
In one of his first experiments, published in 1888, Roux obtained
powerful support for this concept. He took fertilized frog eggs, which
were large and easy to observe, and waited until the first cell division
had occured. He then separated the two cells of this incipient embryo,
According to the theory, each cell contained enough determiners to
make half an embryo, and that was exactly what Roux got—two half-
embryos. It was hard to argue with such a clear-cut result, and the
determiner theory was widely accepted. Its triumph was a climactic vic-
tory for mechanistic concept of life, as well.

One of vitalism's last gasps came from the work of another German
embryologist, Hans Driesch. Initially a firm believer in Entivicklungs-
mechanik, Driesch later found its concepts deficient in the face of life's
continued mysteries. For example, using sea urchin eggs, he repeated
Roux's famous experiment and obtained a whole organism instead of a
half. Many other experiments convinced Driesch that life had some spe-
cial innate drive, a process that went against known physical laws.
Drawing on the ancient Greek idea of the anima, he proposed a non-
material, vital  factor that he called entelechy. The beginning of the
twentieth century wasn't a propitious time for such an idea, however,
and it wasn't popular.

Mechanics of Growth

As the nineteenth century drew to a close and the embryologists con-
tinued to struggle with the problems of inheritance, they found they

still needed a substitute for the homunculus. Weismann's determiners
worked fine for embryonic growth, but regeneration was a glaring excep-
tion, and one that didn't prove the rule. The original theory had no
provision for a limited replay of growth to replace a part lost after devel-
opment was finshed. Oddly enough, the solution had already been pro-
vided by a man almost totally forgotten today, Theodor Heinrich
Boveri.

Working at the University of Munich in the 1880s, Boveri discovered
almost every detail of cell division, including the chromosomes. Not
until the invention of the electron microscope did anyone add meterially
to his original descriptions. Boveri found that all nonsexual cells of any



The Embryo at the Wound 43

one species contained the same number of chromosomes. As growth pro-
ceeded by mitosis, these chromosomes split lengthwise to make two of
each so that each daughter cell then had the same number of chro-
mosomes. The egg and sperm, dividing by a special process called
meiosis, wound up with exactly half that number, so that the fertilized
egg would start out with a full complement, half from the father and
half from the mother. He reached the obvious conclusions that the chro-
mosomes transmitted heredity, and that each one could exchange smaller

units of itself with its counterpart from the other parent.
CHROMOSOMES PAIR
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At first this idea wasnt well received. It was strenuously opposed by
Thomas Hunt Morgan, a respected embryologist at Columbia University
and the first American participant in this saga. Later, when Morgan
found that the results of his own experiments agreed with Boveri's, he
went on to describe chromosome structure in more detail, charting spe-
cific positions, which he called genes, for inherited characteristics. Thus
the science of genetics was born, and Morgan received the Nobel Prize
in 1933. So much for Boveri.

Although Morgan was most famous for his genetics research on fruit
flies, he got his start by studying salamander limb regeneration, about
which he made a crucial observation. He found that the new limb was
preceded by a mass of cells that appeared on the stump and resembled
the unspecialized cell mass of the early embryo. He called this structure
the blastema and later concluded that the problem of how a regenerated
limb formed was identical to the problem of how an embryo developed
from the egg.

Morgan postulated that the chromosomes and genes contained not
only the inheritable characteristics but also the code for cell differentia-
tion. A muscle cell, for example, would be formed when the group of
genes specifying muscle were in action. This insight led directly to our
modern understanding of the process: In the earliest stages of the em-
bryo, every gene on every chromosome is active and available to every
cell. As the organism develops, the cells form three rudimentary tissue
layers—the endoderm, which develops into the glands and viscera; the
mesoderm, which becomes the muscles, bones, and circulatory system;
and the ectoderm, which gives rise to the skin, sense organs, and ner-
vous system. Some of the genes are already being turned off, or re-
pressed, at this stage. As the cells differentiate into mature tissues, only
one specific set of genes stays switched on in each kind. Each set can
make only certain types of messenger ribonucleic acid (MRNA), the "ex-
ecutive secretary” chemical by means of which DNA "instructs" the
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ribosomes (the cell's protein-factory organelles) to make the particular

proteins that distinguish a nerve cell, for example, from a muscle or
cartilage cell.

ONE SET OF GENES (DNA)

GENE SETS FOR OTHER
CELLS ARE REPRESSED

ACTIVE GENE SET MAKES SPECIFIC
TYPE MESSENGER RNA

SPECIFIC MESSENGER RNA “INSTRUCTS"
RIBOSOMES TO MAKE SPECIFIC PROTEINS

MESSENGER RNA MACHINERY o
There's a superficial similarity between this genetic mechanism and
the old determiner theory. The crucial difference is that, instead of de-
terminers being segregated until only one remains in each cell, the genes
are repressed until only one set remains active in each cell. However, the
entire genetic blueprint is carried by every cell nucleus.

Science is a bit like the ancient Egyptian religion, which never threw
old gods away but only tacked them onto newer deities until a bizarre
hodgepodge developed. For some strange reason, science is equally reluc-

tant to discard worn-out theories, and, even though there was absolutely

no evidencc to support it, one of Weismann's ideas was swallowed whole
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by the new science of genetics. This was the notion that differentiation
was still a "one-way street,” that cells could never dedifferentiate, that
is, retrace their steps from a mature, specialized state to a primitive,
unspecialized form. This assumption was made despite the fact that
chromosomes now provided a plausible means for the reversal. Re-
member, all cells of the adult (except the egg and sperm) contain the
full array of chromosomes. All the genes are still there, even though
most of them are repressed.
It seems logical that what has been locked might also be unlocked
when new cells are needed, but this idea was fought with unbelievable
ferocity by the scientific establishment. It's difficult now to see why,
since no principle of real importance was involved, except possibly a bit
of the supremacy of the mechanistic outlook itself. The mechanists
greeted the discovery of genes and chromosomes joyfully. Here at last
was a replacement for the little man in the sperm! Perhaps it seemed
that admitting dedifferentiation would have given life too much control
over its own functions. Perhaps, once genes were considered the sole
mechanism of life, they had to work in a nice, simple, mechanical way.
As we shall see, this dogma created terrible difficulties for the study of
regeneration.
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Control Problems

After Morgan's work on salamander limb regrowth early in this century,
hundreds of other experimenters studied the miracle again and again in
many kinds of animals. Their labors revealed a number of general princi-
ples, such as:

Polarity. A creature's normal relationships of front to back and top
to bottom are preserved in the regenerate.

Gradients. Regenerative ability is strongest in one area of an ani-
mal's body, gradually diminishing in all directions.

. Dominance. Some one particular section of the lost part is replaced
first, followed by the others in a fixed sequence.

. Induction. Some parts actively trigger the formation of others later
in the sequence.

. Inhibition. The presence of any particular part prevents the forma-
tion of a duplicate of itself or of other parts that come before that
part in the sequence.

All the experiments led to one unifying conclusion: The overall struc-
ture, the shape, the pattern, of any animal is as real a part of its body as
are its cells, heart, limbs, or teeth. Living things are called organisms



48 The Body Electric

because of the overriding importance of organization, and each part of
the pattern somehow contains the information as to what it is in relation
to the whole. The ability of this pattern to maintain itself reaches its
height in the newts, mud puppies, and other amphibians collectively
called salamanders.

The salamander, directly descended from the evolutionary prototype
of all land vertebrates, is a marvelously complex animal, almost as com-
plicated as a human. Its forelimb is basically the same as ours. Yet all its
interrelated parts grow back in the proper order—the same interlocking
bones and muscles, all the delicate wrist bones, the coordinated fin-
gers—and they're wired together with the proper nerve and blood vessel
connections.

The same day the limb is cut off, debris from dead cells is carried
away in the bloodstream. Then some of the intact tissue begins to die
back a short distance from the wound. During the first two or three
days, cells of the epidermis—the outer layer of skin—begin to prolifer-
ate and migrate inward, covering the wound surface. The epidermis then
thickens over the apex of the stump into a transparent tissue called the
apical cap. This stage is finished in about a week.

By then, the blastema, the little ball of undifferentiated cells de-
scribed by Morgan, has started to appear beneath the apical cap. This is
the "organ" of regeneration, forming on the wound like a miniature
embryo and very similar to the embryonic limb bud that gave rise to the
leg in the first place. Its cells are totipotent, able to develop into all the
different kinds of cells needed to reconstitute the limb.

The blastema is ready in about two weeks. Even as it's forming, the
cells at its outer edge start dividing rapidly, changing the blastema's
shape to a cone and providing a steady source of raw material—new
cells—for growth. After about three weeks, the blastema cells at the
inner edge begin to differentiate into specialized types and arrange
themselves into tissues, beginning with a cartilage collar around the old
bone shaft. Other tissues then form, and the new limb—beginning with
a characteristic paddle shape that will become the hand—appears as
though out of a mist. The elbow and long parts of the limb coalesce
behind the hand, and the regrowth is complete (except for some slight
enlargement) when the four digits reappear after about eight weeks.

This process, exquisitely beautiful and seemingly simple, is full of
problems for biology. What organizes the growth? What is the control
factor? How does the blastema "know" that it must make a foreleg in-
stead of a bind leg? (The salamander never makes a mistake.) How does

all the information about the missing parts get to these undifferentiated
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cells, telling them what to become, which genes to activate, what pro-
teins to make, where to position themselves? It's as if a pile of bricks
were to spontaneously rearrange itself into a building, becoming not
only walls but windows, light sockets, steel beams, and furniture in the
process.

Answers were sought by transplanting the blastema to other positions
on the animal. The experiments only made matters worse. If the
blastema was moved within live to seven days after it first appeared, and
grafted near the hind leg, it grew into a second hind leg, even though it

came from an amputated foreleg. Well, that was okay. The body could

be divided into "spheres of influence" or "organizational territories,"

each of which contained information on the local anatomy. A blastema
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put into a hind-limb territory naturally became a hind limb. This was
an attractive theory, but unfounded. Exactly what did this territory con-
sist of? No one knew. To make matters worse, it was then found that
transplantation of a slightly older blastema from a foreleg stump to a
hind-limb area produced a foreleg. The young blastema knew where it
was; the older one knew where it had been! Somehow this pinhead of
primitive cells with absolutely no distinguishing characteristics con-
tained enough information to build a complete foreleg, no matter where
it was placed. How? We still don't know.

One attempt at an answer was the idea of a morphogenetic field,
advanced by Paul Weiss in the 1930s and developed by H. V. Bronsted
in the 1950s. Morphogenesis means "origin of form," and the field idea
was simply an attempt to get closer to the control factor by reformulat-
ing the problem.

Bronsted, a Danish biologist working on regeneration in the common
flatworms known as planarians, found that two complete heads would
form when he cut a strip from the center of a worm's front end, leaving
two side pieces of the original head. Conversely, when he grafted two
worms together side by side, their heads fused. BrOnsted saw an analogy
with a match flame, which could be split by cutting the match, then
rejoined by putting the two halves side by side, and he suggested that
part of the essence of life might be the creation of some such flamelike
field. It would be like the field around a magnet except that it reflected
the magnet's internal structure and held its shape even when part of the
magnet was missing.

The idea grew out of earlier experiments by Weiss, an American em-
bryologist, who stymied much creative research through his dogmatism
yet still made some important contributions. Regrowth clearly wasn't a
simple matter of a truncated muscle or bone growing outward to resume
its original shape. Structures that were missing entirely—the hand,
wrist, and bones of the salamander's lower forelimb, for example—also
reappeared. Weiss found that redundant parts could be inserted, but the
essential ones couldn't easily be eliminated. If an extra bone was im-
planted in the limb and the cut made through the two, the regenerate
contained both. However, if a bone was completely removed and the
incision allowed to heal, and the limb was then amputated through what
would have been the middle of the missing bone, the regenerate pro-
duced that bone's lower half, like a ghost regaining its substance Weiss
suggested that other tissues besides bone could somehow project a field

that included the arrangement of the bones. As a later student of re-

generation, Richard Goss of Brown University, observed, "Apparently
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FORMING A TWO-HEADED PLANARIAN

each tissue of the stump can vote to be represented in the blastema, and
some of them can even cast absentee ballots."

Any such field must be able to stimulate cells to switch various genes
on and off, that is, to change their specialization. A large body of re-
search on embryonic development has identified various chemical induc-
ers, compounds that stimulate neighboring cells to differentiate in a
certain fashion, producing the next type of cells needed. But these sub-
stances act only on the basis of simple diffusion; nothing in the way they
operate can account for the way the process is controlled to express the
overall pattern.

Another classic experiment helps clarify the problem. A salamander's
hand can be amputated and the wrist stump sewn to its body. The wrist
grows into the body, and nerves and blood vessels link up through the
new connection. The limb now makes a U shape, connected to the body
at both ends. It's then amputated at the shoulder to make a reversed
limb, attached to the body at the wrist and ending with a shoulder
joint. The limb then regenerates as though it had simply been cut off at
the shoulder. The resulting limb looks like this: from the body sprouts
the original wrist, forearm, elbow, upper arm, and shoulder, followed
by a new upper arm, elbow, forearm, wrist, and hand. Why doesn't the
regenerate conform to the sequence already established in this limb in-
stead of following as closely as possible the body's pattern as a whole?
Again, what is the control factor?

Information, and a monumental amount of it, is clearly passed from

the body to the blastema. Our best method of information processing at
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present is the digital computer, which deals with bits of data, signals
that, in essence, say either yes or no, 1 or 0. The number of such bits
needed to fully characterize the salamander forelimb is incalculable, ex-
ceeding the capacity of all known computers operating in unison.

The question of how this information is transferred is one of the hard-
est problems ever tackled by scientists, and when we fully know the
answer, we'll understand not only regeneration but the entire process of
growth from egg to adult. For now, we had best, as biologists them-
selves have done, skip this problem and return to it after addressing
some slightly easier ones.

It seems reasonable that understanding what comes out of the blastema
would be easier if we understood what goes into it, so the other major
questions about regeneration have always been: What stimulates the
blastema to form? And where do its cells come from?

The idea that dedifferentiation was impossible led to the related belief
that all regeneration had to be the work of neoblasts, or "reserve cells"
left over from the embryo and warehoused throughout the body in a
primitive, unspecialized state. Some biological bell supposedly called
them to migrate to the stump and form the blastema. There's evidence
for such cells in hydras and flatworms, although it's now doubtful that
they fully account for regeneration in these animals. However, no one
ever found any in a salamander. In fact, as long ago as the 1930s, there
was nearly conclusive evidence that they did not exist. Nevertheless,
anti-dedifferentiation dogma and the reserve cell theory were defended
fanatically, by Weiss in particular, so that many unconvincing experi-
ments were interpreted to “prove" that reserve cells formed the blas-
tema. When | started out, it was very dangerous for one's career even to
suggest that mature cells might create the blastema by dedifferentiating.

Because it was so hard to imagine how a blastema could arise without
dedifferentiation, the idea later developed that perhaps cells could
partially dedifferentiate. In other words, perhaps muscle cells could be-
come cells that looked primitive and completely unspecialized, but that
would then take up their previous lives as mature muscle cells after a
brief period of amnesia in the blastema. To fit the square peg into the
round hole, many researchers did a lot of useless work, laboriously
counting cell divisions to try to show that the muscle cells in the stump
made enough new muscle cells to supply the regenerate. The embarrass-
ing blastema—enigmatic and completely undifferentiated was still
there.

We now know (see Chapter 6) that at least some types of cells can

revert completely to the primitive state and that such despecialization is
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the major, probably the only, way a blastema forms in complex animals
like a salamander.

Nerve Connections

The other major question about the blastema's origin is: What triggers
it? The best candidates for a “carrier" of the stimulus are the nerves. In
complex multicellular animals, there's no regeneration without nerve
tissue. Back in 1823, the English amateur Tweedy John Todd found
that if the nerves into a salamander's leg were cut when the amputation
was made, the limb wouldn't regrow. In fact, the stump itself shriveled
up and disappeared. However, Todd got normal regeneration when he
gave the nerves time to reconnect before severing the leg. Science wasn't
ready to make anything of his observation, but many experiments since
have confirmed it. Over a century later, Italian biologist Piera Locatelli
showed that an extra leg would grow if a nerve was rerouted so that it
ended near an intact leg. She cut the large sciatic nerve partway down

the salamander’s hind leg, leaving it attached to the spinal column and

fully threading it up untder the skin so that its end touched the skin
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near one of the forelegs. An extra foreleg sprouted there. When she
placed the nerve end near a hind leg, an extra hind leg grew. It didn't
matter where the nerve was supposed to be; the kind of extra structure
depended on the target area. This indicated that some sort of energy
from the nerves was adapted by local conditions that determined the
pattern of what grew back.

Soon afterward, other researchers found that when they sewed full-
thickness skin grafts over the stumps of amputated salamander legs, the
dermis, or inner layer of the skin, acted as a barrier between the apical
cap and an essential something in the leg, thereby preventing regenera-
tion. Even a tiny gap in the barrier, however, was enough to allow
regrowth.

In the early 1940s this discovery led S. Meryl Rose, then a young
anatomy instructor at Smith College, to surmise that the rapid forma-
tion of full-thickness skin over the stumps of adult frogs' legs might be
what prevented them from regenerating. Rose tried dipping the wounds
in saturated salt solution several times a day to prevent the dermis from
growing over the stump. It worked! Most of the frogs, whose forelimbs
he'd amputated between the elbow and wrist, replaced some of what
they'd lost. Several regrew well-formed wrist joints, and a few even be-
gan to produce one new finger. Even though the replacements were in-
complete, this was a tremendously important breakthrough, the first
time any regeneration had been artificially induced in an animal nor-
mally lacking the ability. However, the dermis did grow over the
stump, so the experiment worked by some means Rose hadn't expected.

Later, other investigators showed that in normal regeneration the api-
cal cap, minus the dermis, was important because regrowing nerve fibers
made unique connections with the epidermal cells in the first stage of
the process, before the blastema appeared. These connections are collec-
tively called the neuroepidermal junction (NEJ). In a series of detailed
experiments, Charles Thornton of Michigan State University cut the
nerves to salamander legs at various times before amputating the legs,
then followed the progress of the regrowing nerves. Regeneration began
only after the nerves had reached the epidermis, and it could be pre-
vented by any barrier separating the two, or started by any breach in the
barrier. By 1954 Thornton had proved that the neuroepidermal junction
was the one pivotal step that must occur before a blastema could form
and regeneration begin.

Shortly thereafter, Elizabeth D. Hay, an anatomist then working at

Cornell University Medical College in New York, studied the neu-
roepidermal junction with an electron microscope. She found that as
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each nerve fiber bundle reached the end of the stump, it broke up and
each fiber went its separate way, snaking into the epidermis, which
might be five to twenty cells thick. Each nerve fiber formed a tiny bulb
at its tip, which was placed against an epidermal cell's membrane, nest-
ling into a little pocket there. The arrangement was much like a syn-
apse, although the microscopic structure wasn't as highly developed as
in such long-term connections.

The junction was only a bridge, however. The important question
was: What traffic crossed it?

In 1946, Lev Vladimirovich Polezhaev, young Russian biologist

then working in London, concluded a long series of experiments in

which he induced partial regeneration in adult frogs, the same success



58 The Body Electric

THE NEUROEPIDERMAL JUNCTION

Rose had had, by pricking their limb stumps with a needle every day.
Polezhaev then found that a wide variety of irritants produced the same
effect, although none of them worked in mammals. His experiments
indicated that making the injury worse could make regeneration better,
and showed that Rose's salt-in-the-wound procedure worked by irrita-
tion rather than by preventing dermis growth.

Next, the part that nerve tissue played was clarified considerably by
Marcus Singer in a brilliant series of experiments at Harvard Medical
School from the mid-1940s to the mid-1950s. Singer first confirmed
Todd's long-forgotten work by cutting the nerves in salamander legs at
various stages of regrowth, proving that the nerves were needed only
in the first week, until the blastema was fully formed and the informa-
tion transferred. After that, regeneration proceeded even if the nerves
were cut.

Recent research had found that a salamander could replace its leg if all
the motor nerves were cut, but not without the sensory nerves. Many
assumed then that the growth factor was related only to sensory nerves,
but Singer was uneasy over this conclusion: "The problem stated in ad-

vance that one or another nerve component is all important for regenera-

tion." (Italics added.) Several facts didn't fit, however. Not only did the
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blastema fail to form when all nerves were cut, it didn't begin to form
even if a substantial number, but still a minority, remained. Also, a
salamander's leg would regrow with only motor nerves if extra motor
nerves from the belly were redirected into the stump. In addition, zoolo-
gists had found that the sensory nerve contained more fibers than the
motor nerve.

Singer counted for himself. In the thigh or upper arm, sensory fibers
outnumbered motor by four to one. The ratio was even larger at the
periphery. Then he cut them in various combinations in a long series of
experiments. Regeneration worked as long as the leg had about one
fourth to one third of its normal nerve supply, no matter in what combi-
nation. There seemed to be a threshold number of neurons (nerve cells)
needed for regrowth.

But it wasn't that simple. The limbs of Xenopus, a South American
frog unique in its ability to regenerate during adult life, had nerve fibers
numbering well under the threshold. So Singer started measuring neuron
size, and found that Xenopus had much bigger nerves than nonregenerat-
ing frogs. Another series of experiments verified the link: A critical
mass—about 30 percent—of the normal nerve tissue must be intact for
regeneration to ensue.

This finding made it pretty certain that whatever it was the nerves
delivered didn't come from their known function of transmitting infor-
mation by nerve impulses. If nerve impulses had been involved, re-
generation should have faded away gradually with greater and greater
flaws as the nerves were cut, instead of stopping abruptly when the
minimum amount no longer remained.

Singer's discovery also provided a basic explanation for the decline of
regeneration with increasing evolutionary complexity. The ratio between
body mass and total nerve tissue is about the same in most animals, but
more and more nerve became concentrated in the brain (a process called
encephalization) as animals became more complex. This diminished the
amount of nerve fiber available for stimulating regeneration in peripheral
parts, often below the critical level.

In the early 1950s, Singer applied what he'd learned to the non-
regenerating adult bullfrog. Using Locatelli's method, he dissected the

sciatic nerve out of the hind leg, leaving it attached to the spinal cord,
and directed it under the skin to the foreleg amputation stump. In two
or three weeks, blastemas had formed, and the cut legs were restored to
about the same degree as in Rose's and Polezhaev's experiments.

By 1954 Singer was ready to look for a growth-inducing chemical

that was presumed to be coming from the nerves. The most promising
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possibility was the neurotransmitter acetylcholine, one of several com-
pounds known to relay nerve impulses across synapses. The nerves se-
creted acetylcholine more abundantly than normal during blastema
formation—just when nerve supply was crucial—and its production fell
back to normal when regrowth was well under way. Singer had studied
previous failures with acetylcholine, in which experimenters had rubbed
it on the stump or injected it into the blastema. He thought these meth-
ods were too artificial, so he invented a microinfusion apparatus to re-
lease tiny amounts of acetylcholine continually, just as the nerves did. It
used a clock motor to drip the hormone slowly through a needle into the
shoulder of an anesthetized animal in which the leg nerves had been
removed. He had trouble keeping the drugged salamanders alive, so
maybe the anesthetic affected the outcome, but even the ones that sur-
vived didn't regenerate at all. The growth factor was almost certainly
not acetylcholine.

Vital Electricity

These, then, were the shoulders on which | stood in 1958 as | began to
look for the pattern-control and blastema-stimulating factors in re-
generation. At that time we knew of two things that could yield some
regrowth in nonregenerators: extra nerve and extra injury. How were

they related? Luck gave me a clue.
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I began my work just after the first few Sputniks, during the "missile
gap” flap. Alarmed by the unforeseen triumphs of Russian technology,
which we'd considered primitive, the government hastily began translat-
ing every Soviet scientific journal and distributing copies free to federally
funded research centers. Suddenly, the medical library at the VA Medi-
cal Center in Syracuse, where | worked, began receiving each month a
crate of Russian journals on clinical medicine and biology. Since no one
else was much interested, this bonanza was all for me.

I soon made two discoveries: The Russians were willing to follow
hunches; their researchers got government money to try the most out-
landish experiments, ones that our science just knew couldn't work. Fur-
thermore, Soviet journals published them—even if they did work. |
particularly enjoyed Biofizika, the Soviet journal of biophysics, and it
was there | encountered a paper on the "Nature of the Variation of the
Bioelectric Potentials in the Regeneration Process of Plants,” by A. M.
Sinyukhin of Lomonosov State University in Moscow.

Sinyukhin began by cutting one branch from each of a series of
tomato plants. Then he took electrical measurements around the wound
as each plant healed and sent out a new shoot near the cut. He found a
negative current—a stream of electrons—flowing from the wound for
the first few days. A similar “"current of injury" is emitted from all
wounds in animals. During the second week, after a callus had formed
over the wound and the new branch had begun to form, the current
became stronger and reversed its polarity to positive. The important
point wasn't the polarity—the position of the measuring electrode with
respect to a reference electrode often determines whether a current regis-
ters as positive or negative. Rather, Sinyukhin's work was significant
because he found a change in the current that seemed related to reparative
growth. Sinyukhin found a direct correlation between these orderly elec-
trical events and biochemical changes: As the positive current increased,
cells in the area more than doubled their metabolic rate, also becoming
more acidic and producing more vitamin C than before.

Sinyukhin then applied extra current, using small batteries, to a

group of newly lopped plants, augmenting the regeneration current.

These battery-assisted plants restored their branches up to three times

faster than the control plants. The currents were very small—only 2 to 3
microamperes for five days. (An ampere is a standard unit of electric

current, and a microampere is one millionth of an ampere.) Larger

amounts of electricity killed the cells and had no growth-enhancing

effect. Moreover, the polarity had to match that normally found in the

plant. When Sinyukhin used current of the opposite polarity, nullifying



62 The Body Electric

the plant's own current, restitution was delayed by two or three weeks.

To American biology, however, this was all nonsense. To understand
why, we must backtrack for a while.

Luigi Galvani, an anatomy professor in the medical school at the Uni-
versity of Bologna who'd been studying electricity for twenty years, first
discovered the current of injury in 1794, but unfortunately he didn't
know it.

At that time, biology's main concern was the debate between vitalism
and mechanism. Vitalism, though not always called by that name, had
been the predominant concept of life since prehistoric times throughout
the world, and it formed the basis for almost all religions. It was closely
related to Socrates' and Plato's idea of supernatural "forms" or "ideals"
from which all tangible objects and creatures derived their individual
characteristics. Hippocrates adapted this idea by postulating an anima as
the essence of life. The Platonic concept evolved into the medieval phi-
losophy of realism, whose basic tenet was that abstract universal princi-
ples were more real than sensory phenomena. Mechanism grew out of
Aristotle's less speculative rationalism, which held that universal princi-
ples were not real, being merely the names given to humanity's attempts
at making sense of the reality apprehended through the senses. Mecha-
nism had become the foundation of science through the writings of Des-
cartes in the previous century, although even he believed in an
"animating force" to give the machine life at the outset. By Galvani's
time, mechanism'’s influence was steadily growing.

Galvani was a dedicated physician, and medicine, tracing its lineage
back to tribal shamans, has always been a blend of intuition and em-
pirical observation based on a vitalistic concept of the sanctity of life.
The vitalists had long tried—unsuccessfully—to link the strange, incor-
poreal phenomenon of electricity with the elan vital. This was Galvani's
main preoccupation.

One day he noticed that some frogs' legs he'd hung in a row on his
balustrade, pending his dinner, twitched whenever the breeze blew them
against the ironwork. At about the same time his wife Lucia noticed in
his laboratory that the muscles of a frog's leg contracted when an as-
sistant happened to be touching the main nerve with a steel scalpel at
the same instant that a spark leaped from one of the electrical machines
being operated across the room. (The only type of electricity then known
was the static type, in the form of sparks from various friction devices.)
Today we know that an expanding and collapsing electric field generated
by the spark induced a momentary current in the scalpel, which stimu-

lated the muscle, but Galvani believed that the metal railing and scalpel

had drawn forth electricity hidden in the nerves.



The Embryo at the Wound 63

Galvani experimented for years with nerves from frogs' legs, con-
nected in various circuits with several kinds of metals. He grew con-
vinced that the vital spirit was electricity flowing through the nerves and
announced this to the Bologna Academy of Science in 1791.

Within two years, Alesandro Volta, a physicist at the University of
Padua, had proven that Galvani had in fact discovered a new kind of
electricity, a steady current rather than sparks. He'd generated a bi-
metallic direct current, a flow of electrons between two metals, such as
the copper hooks and iron railing of the famous balcony observation,
connected by a conducting medium—in other words, a battery. The
frogs' legs, being more or less bags of weak salt solution, were the elec-
trolyte, or conducting medium. They were otherwise incidental, Volta
explained, and there was no such thing as Galvani's "animal electricity."

Galvani, a shy and thoroughly noncombative soul, was crushed. His
only response was an anonymous paper in 1794 describing several exper-
iments in which frogs' legs could be made to twitch with no metal in
the circuit. In one procedure, the experimenter touched one leg nerve
with the frog's dissected-out, naked spinal cord, while holding the other
leg to complete the circuit. Here the current was true animal electricity,
coming from the amputation wound at the base of the leg.

ONE LEG TOUCHED TO SPINAL CORD

4

OTHER LEG CONTRACTS

GALVANI'S DISCOVERY OF ANIMAL ELECTRICITY
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In the long run, Galvani unwittingly helped the cause of the mecha-
nists by giving them something to attack. As long as the elan vital was
ephemeral, all you could say was that you couldn't find it. Once Galvani
said it was electricity, a detectable, measurable entity, there was a target
for experimentation. Actually, Baron Alexander von Humboldt, the ex-
plorer-naturalist who founded geology, proved in 1797 that Volta and
Galvani were both partly right. Bimetallic currents were real, but so was
spontaneous electricity from injured flesh. However, the mechanists had
the upper hand; Galvani's anonymous report and Humboldt's con-
firmation were overlooked. Galvani himself died penniless and bro-
kenhearted in 1798, soon after his home and property were confiscated
by the invading French, while Volta grew famous developing his storage
batteries under the auspices of Napoleon.

Then in the 1830s a professor of physics at Pisa, Carlo Matteucci,
using the newly invented galvanometer, which could measure fairly
small direct currents, came up with other evidence for animal electricity.
In a meticulous series of experiments lasting thirty-five years, he con-
clusively proved that the current of injury was real. However, he didn't
find it in the nervous system, only emanating from the wound surface,
so it couldn't be firmly related to the vital force.

The tale took another turn in the 1840s when Emil Du Bois-
Reymond, a physiology student in Berlin, read Matteucci's work. Du
Bois-Reymond went on to show that when a nerve was stimulated, an
impulse traveled along it. He measured the impulse electrically and an-
nounced his conclusion that it was a mass of “electromotive particles,”
like a current in a wire. Immediately he squared his shoulders, expecting
the mantle of glory to descend: "If | do not greatly deceive myself," he
wrote, "l have succeeded in realizing in full actuality . . . the hundred
years' dream of physicists and physiologists, to wit, the identity of the
nervous principle with electricity.” But he had deceived himself. Soon it
was learned that the impulse traveled too slowly to be a current, and
that nerves didn't have the proper insulation or resistance to conduct
one, anyway. Any true current the size of the small measured impulse
wouldn't have made it through even a short nerve.

Julius Bernstein, a brilliant student of Du Bois-Reymond, resolved
the impasse in 1868 with his hypothesis of the "action potential." The
impulse wasn't a current, Bernstein said. It was a disturbance in the
ionic properties of the membrane, and it was this perturbation that trav-
eled along the nerve fiber, or axon.

The Bernstein hypothesis stated that the membrane could selectively

filter ions of different charges to the inside or outside of the cell. (lons
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are charged particles into which a salt breaks up when dissolved in
water; all salts dissociate in water into positive and negative ions, such
as the positive sodium and negative chloride ions of table salt.) Bernstein
postulated that the membrane could sort most of the negatives outside
and most of the positives inside the fiber. The membrane was polarized
(with like charges grouped on one side), having a transmembrane poten-
tial, because the negative charges, all on one side, could potentially flow
in a current across the membrane to achieve a balance on both sides.
This was what happened in a short segment of the membrane whenever a
nerve was stimulated. Part of the membrane became depolarized, revers-
ing the transmembrane potential. The nerve impulse was actually a dis-
turbance in the potential traveling along the membrane. As the area of
disturbance moved along, the membrane quickly restored its normal
resting potential. Thus the nerve impulse wasn't an electrical current,
even though it could be measured electrically.

1S AN AREA OF REVERSED POLARIZATION IN THE NERVE MEMBRANE J
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Bernstein's hypothesis has been confirmed in all important respects,
although it remains | hypothesis because no one has yet found what
gives the membrane the energy to pump all those ions back and forth.
Soon it was broadened, however, to include an explanation of the current
of injury. Reasoning that all cells had transmembrane potentials, Bern-
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stein maintained that, after injury, the damaged ceil membranes simply
leaked their ions out into the environment. Thus the current of injury
was no longer a sign that electricity was central to life, but only an
uninteresting side effect of cell damage.

The vitalists, with their hopes pinned on electricity, kept getting
pushed into tighter and tighter corners as electricity was removed from
one part of the body after another. Their last stand occurred with the
discovery of neurotransmitters. They'd maintained that only an electrical
current could jump across the synapse, the gap between communicating
nerves. In 1920 that idea was disproven with a lovely experiment by
Otto Loewi, a research professor at the NYU School of Medicine, later
my alma mater. When | took physiology in my first year there, we had
to duplicate his experiment.

STIMULATION OF DEPRESSOR NERVE SLOWS THE HEARTBEAT OF A FROG
i}; HEART IN SOLUTION

A NEW HEART 1§ SUSPENDED IN THE SOLUTION
USED ABOVE AND 175 BEAT SLOWS
AUTOMATICALLY

LOEWI'S EXPERIMENT:
THE DISCOVERY OF ACETYLCHOLINE

Biologists had found that a frog heart would continue to beat for
several days when removed with its nerves and placed in an appropriate
solution. Stimulating one of the nerves would slow it down. Like Loewi,
we took one such heart, with nerve attached, and stimulated the nerve,
slowing the beat. We then collected the solution baching that heart and
placed another heart in it. Its beat slowed even though its depressor
nerve hadn't been stimulated. Obviously the nerve slowed the heartbeat
by producing a chemical, which crossed the gap between the nerve end-
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ing and the muscle fiber. This chemical was later identified as acetyl-
choline, and Loewi was awarded the Nobel Prize in 1936 for this
discovery. His work resulted in the collapse of the last vestige of elec-
trical vitalism. Thereafter, every function of the nervous system had to
be explained on the basis of the Bernstein hypothesis and chemical trans-
mission across the synapse.

It was with great trepidation, therefore, that | put any credence in
Sinyukhin's report that the strength of the injury current affected re-
generation in his plants. Yet his report was detailed and carefully writ-
ten. Something about his work gave me a gut feeling that it was valid.
Maybe it was because the tomato plants he used were "Best of All"
American Beauties. At this point | wasn't aware of Matteucci's forgotten
work, but something clicked in my mind now as | studied Rose's and
Polezhaev's experiments. In both, definitely in Pole2haev's and probably
in Rose's, regeneration had been stimulated by an increase in the injury.

Then another Russian supplied a timely lead. In a government trans-
lation | found a 1958 paper by A. V. Zhirmunskii of the Institute of
Cytology in Leningrad, who studied the current of injury in the hind leg
muscle of the bullfrog. This muscle is nice and long, easy to work with,
and contains branches from several different nerves. He made a standard
injury in each muscle, measured the current of injury, then cut the
nerves branch by branch, noting the effect on the current. It decreased
with each succeeding nerve cut. The current of injury was proportional
to the amount of nerve.

Then 1 went to the library and delved back into the history of neu-
rophysiology and found Matteucci's superb series of observations. Not
only had he proven that the current of injury was real, he'd shown that
it varied in proportion to the severity of the wound.

Now | had enough pieces to start on the puzzle. | summarized the
observations in a little matrix:

Extent of injury is proportional to regeneration

Amount of nerve is proportional to regeneration

Extent of injury is proportional to current of injury

Amount of nerve is proportional to current of injury

Ergo: current of injury is proportional to regeneration

| was pretty sure now chat, contemporary "knowledge" to the contrary,
the current of injury was no side effect and was the first place to look for

clues to the growth control and dedifferentiation-stimulating factors. |
planned my first experiment.



Three
The Sign of the
Miracle

Real science is creative, as much so as painting, sculpture, or writing.
Beauty, variously defined, is the criterion for art, and likewise a good
theory has the elegance, proportion, and simplicity that we find beau-
tiful. Just as the skilled artist omits the extraneous and directs our atten-
tion to a unifying concept, so the scientist strives to find a relatively
simple order underlying the apparent chaos of perception. Perhaps be-
cause it was mine, my theory that the current of injury stimulated re-
generation seemed both simple and beautiful. It's impossible to convey
the sense of excitement | felt when all of the facts fell together and the
idea came. I'd created something new that explained the previously inex-
plicable. I couldn't wait to see if | was right.

In all the time that the Bernstein hypothesis had been used to explain
away the current of injury, no one had ever thought to measure the
current over a period of days to see how long it lasted. If it was only ions
leaking from damaged cells, it should disappear in a day or two, when
these cells had finished dying or repairing themselves. This simple mea-
surement, with a comparison of the currents in regenerating versus non-
regenerating limbs, was what | planned to do. | would uniformly
amputate the forelegs of frogs and salamanders. Then, as the frogs'
stumps healed over and the salamanders' legs redrew, | would measure
the currents of injury each day.

The experiment itself was as simple as could be. The tricky part was

getting peremission to do it.
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When you want to do a research project, there are certain channels
you must go through to get the money. You write a project proposal,
spelling out what hypothesis you want to test, why you think it should
be done, and how you plan to go about it. The proposal goes to a
committee supposedly composed of your peers, people who have demon-
strated competence in related research. If they approve your project and
the money is available, you generally get part of what you asked for,
enough to get started.

The Veterans Administration had been dispensing research money for
several years as a sort of bribe to attract doctors despite the low pay in
government service. The money from Washington was doled out by the
most influential doctors on the staff, not necessarily the best researchers,
but | still felt 1 had a good chance because the VA was having an espe-
cially hard time recruiting orthopedists. Moreover, my hypothesis was
based on the work of Rose, Polezhaev, Singer, Sinyukhin, and Zhir-
munskii with inescapable logic. And since frogs and salamanders were
anatomically similar, any difference in their currents of injury should
reflect the disparity in their powers of regeneration. My chances of being
thrown off by extraneous factors were thus minimal.

I remember thinking, as | wrote the proposal, how my life had come
full circle. As a college freshman in 1941, I'd conducted a crude experi-
ment on salamanders, showing that thyroid stimulation by iodine didn't
speed up regeneration. Here | was nearly twenty years later, beneficiary
of the intervening research, hoping to add to our knowledge of the same
phenomenon and perhaps even discover something that would help hu-
man patients. | worried that my roundabout course might weigh against
me, since one of the criteria for grants was whether the investigator had
been trained for that particular field. This proposal would have been
expected from a physiologist, not an orthopedist. Nevertheless, | was
asking for a relatively minuscule amount of money. | needed only a
thousand dollars to put together the equipment, so | didn't anticipate
much trouble.

The Tribunal

"Dr. Becker, could you please come to a special research committee
meeting in one hour?" The committee's secretary was calling. I'd known
something was up, two months had passed since I'd filed my proposal,
and all my queries as to its fate had gone unanswered.

"I'll be there."
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"It's not here in the research office. It's downstairs in the hospital
director's office.” Now that was really strange. The director almost never
paid any attention to the research program. Besides, his office was big
enough to hold a barbecue in.

It was a barbecue, ali right, and | was the one being grilled. The
director's conference room had been rearranged. In place of the long,
polished table there was a semicircle of about a dozen chairs, each oc-
cupied by one of the luminaries from the hospital and medical school. I
recognized the chairmen of the departments of biochemistry and phys-
iology along with the hospital director and chief of research. Only the
dean was missing. In the center was a single chair—for me.

The spokesman came right to the point: "We have a very grave basic
concern over your proposal. This notion that electricity has anything to
do with living things was totally discredited some time ago. It has abso-
lutely no validity, and the new scientific evidence you're citing is worth-
less. The whole idea was based on its appeal to quacks and the gullible
public. I will not stand idly by and see this medical school associated
with such a charlatanistic, unscientific project.” Murmurs of assent
spread around the group.

I had the momentary thrill of imagining myself as Galileo or Gior-
dano Bruno; | thought of walking to the window to see if the stake and
fagots were set up on the lawn. Instead | delivered a terse speech to the
effect that | still thought my hypothesis was stoutly supported by some
very good research and that | was sorry if it flew in the face of dogma. I
ended by saying that | didn't intend to withdraw the proposal, so they
would have to act upon it.

When | got home, my fury was gone. | was ready to call the director,
withdraw my proposal, apologize for my errors, stay out of research,
quit the VA, and go into private practice, where | could make a lot
more money. Luckily, my wife Lil knows me better than | sometimes
know myself. She told me, "You'd be miserable in private practice. This
is exactly what you want to do, so just wait and see what happens."

Two days later 1 got word that the committee had delegated the deci-
sion to Professor Chester Yntema, an anatomist who long ago had stud-
ied the regrowth of ears in the salamander. Since he was the only one in
Syracuse who'd ever done any regeneration research, I've always won-
dered why he wasn't part of the first evaluation. | went to see him with a
sense of foreboding, for his latest research seemed to refute Singer's nerve
work, on which I'd based my proposal.

Using a standard technique, Yntema had operated on very young sala-

mander embryos, cutting out all of the tissues that would have given
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rise to the nervous system. He then grafted each of these denervated
embryos onto the back of a whole one. The intact embryos furnished the
grafts with blood and nourishment, and the procedure resulted in a little
"parabiotic" twin, normal except for having no nerves, stuck on the
back of each host animal. Yntema then cut off one leg from each of these
twins, and some of them regenerated. Since microscopic examination
revealed no nerves entering the graft from its host, Yntema's experiment
called Singer's conclusions into question.

Dr. Yntema turned out to be one of the nicest gentlemen I've ever
met, but as | entered his office his Dickensian appearance of eminence—
he was tall, thin, elderly, with craggy features, and wore an immac-
ulately starched, long white lab coat—made me feel like a freshman
being called before the dean. But he put me at ease immediately.

"I've read your proposal and think it's most intriguing,” he said with
genuine interest.

"Do you really?" | asked. "I've been afraid you would reject it out of
hand because my ideas depend on Singer's work."

"Marc Singer is a good, careful worker,” Yntema replied. "I don't
doubt his observations. What I've described is an exception to his find-
ings under special circumstances."

After a long, pleasant conversation about regrowth, nerves, and re-
search itself, he gave me his approval with a word of caution: "Don't get
your hopes up about what you want to do. | don't believe for one minute
that it'll work, but | think you should do it anyway. We need to en-
courage young researchers. Besides, itll be fun, and maybe you'll learn
something new, after all. Let me know what happens, and if you need
any help, I'll be here. I'll call the people at the VA right away, so get to
work. Good luck."

This was the start of a long friendship. I'm deeply indebted to Chester
Yntema for his encouragement. Had he not believed that research should
be fun, that you should do what you want rather than what's fashion-
able, my first experiment would have been impossible, and this book
would never have been written.

The Reversals

First | found a good supplier of salamanders and frogs, a Tennessee game
warden who ran this business in his spare time. Sometimes the shipment
would contain a surprise, a small snake. I never found out whether he
included them deliberately or by error. At any rate, his animals weren't
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the inferior aquarium-bred stock but robust specimens collected from
their natural habitats.

Next | worked out some technical problems. The most important of
these was the question of where to place the electrodes. To form the
circuit, two electrodes had to touch the animal. One was the "hot" or
measuring electrode, which determined the polarity, positive or nega-
tive, with regard to a stationary reference electrode. A negative polarity
meant there were more electrons where the measuring electrode was
placed, while a positive polarity meant there were more at the reference
site. A steady preponderance of negative charge at a particular location
could mean there was a current flowing toward that spot, continually
replenishing the accumulation of electrons. The placement of the refer-
ence electrode, therefore, was critical, lest 1 get the voltage right but the
polarity, and hence the direction of the current, wrong. Some logical
position had to be chosen and used every time. Since | postulated that
the nerves were somehow related to the current, the cell bodies that sent
their nerve fibers into the limb seemed like a good reference point.
These cell bodies were in a section of the spinal cord called the brachial
enlargement, located just headward from where the arm joined the
body. In both frogs and salamanders, therefore, | put the measuring
electrode directly on the cut surface of the amputation stump and the
reference electrode on the skin over the brachial enlargement.

After setting up the equipment, | did some preliminary measure-
ments on the intact animals. They all had areas of positive charge at the
brachial enlargement and a negative charge of about 8 to 10 millivolts at
each extremity, suggesting a flow of electrons from the head and trunk
out into the limbs and, in the salamanders, the tail.

I began the actual experiment by amputating the right forelimbs,
between elbow and wrist, from fourteen salamanders and fourteen grass
frogs, all under anesthesia. | took no special precautions against bleed-
ing, since blood clots formed very rapidly. The wounds had to be left
open, not only because closing the skin over the salamanders' amputa-
tion sites would have stopped regeneration, but also because | was in-
vestigating a natural process. In the wild, both frogs and salamanders
get injuries much like the one | was producing—both are favorite foods
of the freshwater bass—and heal them without a surgeon.

Once the anesthetic wore off and the blood clot formed, | took a
voltage reading from each stump. | was surprised to find that the polar-
ity at the crump reversed to positive right after the injury. By the next
day it had climbed to over 20 millivolts, the same in both frogs and

salamanders.
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I made measurements daily, expecting to see the salamander voltages
climb above those of the frogs as the blastemas formed. It didn't work
that way. The force of the current flowing from the salamanders' am-
putation sites rapidly dropped, while that from the frogs' stumps stayed
at the original level. By the third day the salamanders showed no current
at all, and their blastemas hadn't even begun to appear.

The experiment seemed a failure. 1 almost quit right there, but some-
thing made me keep on measuring. | guess | thought it would be good
practice.

Then, between the sixth and tenth days an exciting trend emerged.
The salamander potentials changed their sign again, exceeding their nor-
mal voltage and reaching a peak of more than 30 millivolts negative just
when the blastemas were emerging. The frogs were still plugging away
with slowly declining positive voltages. As the salamander limbs regene-
rated and the frog stumps healed over with skin and scar tissue, both
groups of limbs gradually returned (from opposite directions) to the
original baseline of 10 millivolts negative.
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THE CURRENT OF INJURY: SALAMANDER VERSUS FROG

Here was confirmation better than my wildest dreams! Already, in my
first experiment, | had the best payoff research can give—the excitement
of seeing something no one else seen before. | knew now that
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the current of injury wasn't due to dying cells, which were long gone by
then. Moreover, the opposite polarities indicated a profound difference
in the electrical properties of the two animals, which somehow would
explain why only the salamander could regenerate. The negative poten-
tial seemed to bring forth the all-important blastema. It was a very

significant observation, even though the facts had scrambled my neat
hypothesis somewhat.

SOON BALANCED BY ({)CHARGES

SIMPLE ("YCHARGES FROM DAMAGED CELLS THERE MUST BE A CONTINUOUS CURRENT
THE CURRENT OF INJURY IS MORE THAN A SIDE EFFECT

Dr. Yntema agreed and urged me to write up a report for publication,
but first | jumped ahead with another idea. |1 took a new group of frogs,
amputated one foreleg from each, and every day applied negative current
to the stump from a small battery. | dreamed of being the first to get
complete regrowth in a normally nonregenerating animal; | could almost
see my name on the cover of Scientific American. The frogs were less
interested in my glory. They had to hold still for up to half an hour with
electrodes attached. They refused, so | anesthetized them each day,
something they tolerated very poorly. Within a week my Nobel Prize
had turned into a collection of dead frogs.

For some time I'd been scouring the dusty stacks of the medical Ii-
brary for previous work on bioelectricity, and how | found a paper writ-
ten in 1909 by an American researcher named Owen E. Frazee. He

reported that electrical currents passed through the aquarium water in
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which larval salamanders were living speeded up their regeneration. At
that time, electrical equipment was so primitive that | couldn't rely on
Frazee's results, but | decided to try it for myself. What Sinyukhin had
done with tomato plants I hoped to do with salamanders.

To one group of salamanders | applied 2 microamperes of positive
current from batteries connected directly to the stumps for five to ten
minutes on each of the first five days after amputation. This was
0.000002 ampere, a tiny current by ordinary standards (most household
circuits carry 15 or 20 amperes) but comparable to what seemed to be
flowing in the limb. | intended to reinforce the normal positive peak in
the current of injury. This treatment seemed to make the blastemas
larger but slowed down the whole process somewhat. To another group |
applied 3 microamperes of negative current on the fifth to ninth days,
when the normal currents were hitting their negative peaks. This
seemed to increase the rate of regrowth for a week but didn't change the
time needed for a complete limb. Finally | tried Frazee's method with a
constant current through the aquarium water. Again the results were
equivocal at best. These failures taught me that, before 1 applied my
findings to other animals, | would have to learn how the current of injury
worked.

Meanwhile, 1 wrote up my results. Not knowing any better, | sub-
mitted my paper to the Journal of Bone and Joint Surgery, the most pres-
tigious orthopedic journal in the world. It was a dumb thing to do. The
experiment had no immediate practical application, while the journal
accepted only clinical reports. Moreover, the publication was very politi-
cal; normally you had to have an established reputation or come from
one of the big orthopedic programs, like Harvard or Columbia, to get
into it. Luckily, | didnt know that. Someone thought my paper was
just what the doctor ordered. Not only was it accepted for publication,
but 1 was invited to present it at the next combined meeting of the
Orthopaedic Research Society and the American Academy of Ortho-
paedic Surgeons, at Miami Beach in January 1961. This invitation was a
particular honor, for it meant someone considered my work so signifi-
cant that practicing physicians, as well as researchers, should hear of it
right then and there. Whoever that someone was, he or she has my
undying gratitude.

My report was well received and soon was published, to the con-
sternation of the local inquisitors and the delight of Chester Yntema.

Since the journal was geared to clinicians. | worried that my experiment

wouldn't reach the basic researchers with whom | really wanted to share

it, but again | was wrong. The next year | got a phone call from Meryl
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Rose himself. He was excited by the article and wanted to know what
I'd done since.

Although Rose taught at Tulane Medical School in New Orleans, he
spent every summer at the Woods Hole Marine Biological Laboratory on
Cape Cod, so he and his wife drove to Syracuse from there. Despite his
success, Rose had maintained the completely open mind that a great
researcher must have, and he was fascinated by the observations on elec-
tric fields, nerves, anesthesia, and magnetism that I'll recount in the
next chapter. Since then his interest has encouraged me enormously. My
friendship with this fine man and scientist has been fruitful even beyond
the expectations | had then, and, when my wife and | had the Roses to
dinner, we found our pasts were linked by an odd coincidence. As they
walked in the door, Lillian exclaimed, "Dr. Rose! Weren't you at Smith
College in the 1940s?" It turned out that she'd been a friend of Rose's
student lab assistant and had helped catch the frogs for the famous salt-
in-the-wound experiment!



Part 2
The Stimulating
Current

The basic texture of research consists of dreams into which
the threads of reasoning, measurement, and calculation

are woven.

—Albert Szent-Gyorgyi



Four
Life's Potentials

It's an axiom of science that the better an experiment is, the more new
questions it raises after it has answered the one you asked. By that stan-
dard my first simple test had been pretty good. The new problems
branched out like the fingers on those restored limbs: Where did the
injury currents come from? Were they in fact related to the nervous
system and, if so, how? It seemed unlikely that they sprang into action
only after an amputation; they must have existed before. There must
have been a preexisting substratum of direct current activity that re-
sponded to the injury. Did the voltages | measured really reflect such
currents, and did they flow throughout the salamander's body? Did
other organisms have them? What structures carried them? What were
their electrical properties? What were they doing the rest of the time,
before injury and after healing? Could they be used to provoke regenera-
tion where it was normally absent?

I had ideas about how to look for some of the answers, but, to under-
stand my approach, the reader unfamiliar with electrical terms will need
a simplified explanation of several basic concepts that are essential to the
rest of the story.

Everything electrical stems from the phenomenon of charge. No one
knows exactly what this is, except to say that it's a fundamental property
of matter that exists in two opposite forms, or polarities, which we
arbitrarily call positive and negative. Protons, which are one of the two
main types of particles in atomic nuclei, are positive; the other particles,
the neutrons, are so named because rhey have no charge. Orbiting
around the nucleus are electrons, in the same number as the protons
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inside the nucleus. Although an electron is 1,836 times less massive
than a proton, the electron carries an equal but opposite (negative)
charge. Because of their lightness and their position outside the nucleus,
electrons are much more easily dislodged from atoms than are protons,
so they're the main carriers of electric charge. For the lay person's pur-
poses a negative charge can be thought of as a surplus of electrons, while
a positive charge can be considered a scarcity of them. When electrons
move away from an area, it becomes positively charged, and the area to
which they move becomes negative.

A flow of electrons is called a current, and is measured in amperes,
units named for an early-nineteenth-century French physicist, Andre
Marie Ampere. A direct current is a more or less even flow, as opposed
to the instantaneous discharge of static electricity as sparks or lightning,
or the back-and-forth flow of alternating current which powers most of
our appliances.

Besides the amount of charge being moved, a current has another
characteristic important for our narrative—its electromotive force. This
can be visualized as the "push" behind the current, and it's measured in
volts (named for Alessandro Volta).

In high school most of us learned that a current flows only when a
source of electrons (negatively charged material) is connected to a mate-
rial having fewer free electrons (positively charged in relation to the
source) by a conductor, through which the electrons can flow. This is
what happens when you connect the negative terminal of a battery to its
positive pole with a wire or a radio's innards: You've completed a circuit
between negative and positive. If there's no conductor, and hence no
circuit, there's only a hypothetical charge flow, or electric potential,
between the two areas. The force of this latent current is also measured
in volts by temporarily completing the circuit with a recording device,
as | did in my experiment.

The potential can continue to build until a violent burst of current
equalizes the charges; this is what happens when lightning strikes.
Smaller potentials may remain stable, however. In this case they must be
continuously fed by a direct current flowing from positive to negative,
the opposite of the normal direction. In this part of a circuit, electrons
actually flow from where they're scarce to where they're more abundant.
As Volta found, such a flow is generated inside a battery by the electrical
interaction of two metals.

An electric field forms around any electric charge. This means that

any other charged object will be attracted (if the polarities are opposite)

or repelled (if they're the same) for a certain distance around the first
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object. The field is the region of space in which an electrical charge can
be detected, and it's measured in volts per unit of area.

Electric fields must be distinguished from magnetic fields. Like
charge, magnetism is a dimly understood intrinsic property of matter
that manifests itself in two polarities. Any flow of electrons sets up a
combined electric and magnetic field around the current, which in turn
affects other electrons nearby. Around a direct current the electromag-
netic field is stable, whereas an alternating current's field collapses and
reappears with its poles reversed every time the current changes direc-
tion. This reversal happens sixty times a second in our normal house
currents. Just as a current produces a magnetic field, a magnetic field,
when it moves in relation to a conductor, induces a current. Any varying
magnetic field, like that around household appliances, generates a cur-
rent in nearby conductors. The weak magnetic fields we'll be discussing
are measured in gauss, units named after a nineteenth-century German
pioneer in the study of magnetism, Karl Friedrich Gauss.

Both electric and magnetic fields are really just abstractions that sci-
entists have made up to try to understand electricity's and magnetism's
action at a distance, produced by no known intervening material or en-
ergy, a phenomenon that used to be considered impossible until it be-
came undeniable. A field is represented by lines of force, another
abstraction, to indicate its direction and shape. Both kinds of fields de-
cline with distance, but their influence is technically infinite: Every time
you use your toaster, the fields around it perturb charged particles in the
farthest galaxies ever so slightly.

In addition, there's a whole universe full of electromagnetic energy,
radiation that somehow seems to be both waves in an electromagnetic
field and particles at the same time. It exists in a spectrum of wave-
lengths that includes cosmic rays, gamma rays, X rays, ultraviolet radia-
tion, visible light, infrared radiation, microwaves, and radio waves.
Together, electromagnetic fields and energies interact in many complex
ways that have given rise to much of the natural world, not to mention
the whole technology of electronics.

You'll need a casual acquaintance with all these terms for the story
ahead, but don't worry if the concepts seem a bit murky. Physicists have
been trying for generations to solve the fundamental mysteries of elec-
tromagnetism, and no one, not even Einstein, has yet succeeded.
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None of these things had the slightest relevance to life, according to
most biologists around 1960. A major evaluation of American medicing,
financed by the Carnegie Foundation and published in 1910 by the re-
spected educator Abraham Flexner, had denounced the clinical use of
electric shocks and currents, which had been applied, often over-
enthusiastically, to many diseases since the mid-1700s. Electrotherapy
sometimes seemed to work, but no one knew why, and it had gotten a
bad name from the many charlatans who'd exploited it. Its legitimate
proponents had no scientific way to defend it, so the reforms in medical
education that followed the Flexner report drove all mention of it from
the classroom and clinic, just as the last remnants of belief in vital elec-
tricity were being purged from biology by the discovery of acetylcholine.
This development dovetailed nicely with expanding knowledge of bio-
chemistry and growing reliance on the drug industry's products. Pen-
icillin later made medicine almost exclusively drug oriented.

Meanwhile, the work of Faraday, Edison, Marconi, and others liter-
ally electrified the world. As the uses of electricity multiplied, no one
found any obvious effects on living creatures except for the shock and
heating caused by large currents. To be sure, no one looked very hard,
for fear of discouraging a growth industry, but the magic of electricity
seemed to lie precisely in the way it worked its wonders unseen and
unfelt by the folks clustered around the radio or playing cards under the
light bulb. By the 1920s, no scientist intent on a respectable career
dared suggest that life was in any sense electrical.

Nevertheless, some researchers kept coming up with observations that
didn't fit the prevailing view. Although their work was mostly con-
signed to the fringes of the scientific community, by the late 1950s
they'd accumulated quite a bit of evidence.

There were two groups of dissenters, but, because their work went
unheeded, each was largely unaware of the other's existence. One line of
inquiry began just after the turn of the century when it was learned that
hydras were electrically polarized. The head was found to be positive,
the tail negative. I've already mentioned Frazee's 1909 report of sala-
mander regeneration enhanced by electrical currents. Then, with a clas-
sic series of experiments in the early 1920s, Elmer J. Lund of the
University of Texas found that the polarity of regeneration in species

related to the hydra could be controlled, even reversed, by small direct

currents passes through the animal's body. A current strong enough to
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override the creature's normal polarity could cause a head to form where
a tail should have reappeared, and vice versa. Others confirmed this dis-
covery, and Lund went on to study eggs and embryos. He claimed to
have influenced the development of frog eggs not only with currents but
also with magnetic fields, a conclusion that was really risque for that
time.

Stimulated by Lund's papers, Harold Saxton Burr of Yale began put-
ting electrodes to all kinds of creatures. Burr was lucky enough to have a
forum for his work. He edited the Yale Journal of Biology and Medicine,
where most of his reports appeared; few other journals would touch
them. Burr and his co-workers found electric fields around, and electric
potentials on the surfaces of, organisms as diverse as worms, hydras,
salamanders, humans, other mammals, and even slime molds. They
measured changes in these potentials and correlated them to growth,
regeneration, tumor formation, drug effects, hypnosis, and sleep. Burr
claimed to have measured field changes resulting from ovulation, but
others got contradictory results. He hooked up his voltmeters to trees for
years at a time and found that their fields varied in response not only to
light and moisture, but to storms, sunspots, and the phases of the moon
as well.

Burr and Lund were handicapped by their instruments as well as the
research climate. Most of their work was done before World War Il and,
even though Burr spent years designing the most sensitive devices possi-
ble using vacuum tubes, the meters were still too "noisy” to reliably
measure the tiny currents found in living things. The two scientists
could refine their observations only enough to find a simple dipolar dis-
tribution of potentials, the head of most animals being negative and the
tail positive.

Burr and Lund advanced similar theories of an electrodynamic field,
called by Burr the field of life or L-field, which held the shape of an
organism just as a mold determines the shape of a gelatin dessert.
"When we meet a friend we have not seen for six months there is not
one molecule in his face which was there when we last saw him,” Burr
wrote. "But, thanks to his controlling L-field, the new molecules have
fallen into the old, familiar pattern and we can recognize his face."

Burr believed that faults in the field could reveal latent illness just as
dents in a mold show up in the jelly. He claimed to be able to predict
all sorts of things about a person's emotional and physical health, both
present and future, merely by checking the voltage between head and
hand. His later writings were marred by a son of biocelectric determin-

ism and a tendency to confuse "law and order" in nature with that
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odious euphemism as preached by Presidents. As a result, he began to
suggest his simple readings as a foolproof way to evaluate job applicants,
soldiers, mental patients, and suspected criminals or dissidents.

The fields Burr and Lund found were actually far too simple to ac-
count for a salamander's limb or a human face. Biological knowledge at
that time gave them no theoretical framework to explain where their
fields came from. They conceived of currents flowing within cells but
had no proof. They had no inkling that currents might flow in specific
tissues or in the fluids outside cells. They suggested that all these little
intracellular currents somehow added up to the whole field. Burr wrote
that "electrical energy is a fundamental attribute of protoplasm and is an
expression or measure of the presence of an electrodynamic field in the
organism." Unfortunately, an analysis of this sentence vyields nonsense,
and Burr's work was dismissed as foggy vitalism. Lund suffered the same
fate. No one bothered to see if the measurements they'd made were valid.
After all, you can disagree with a theory, but you should respect the
data enough to check them. If you can't duplicate them, you're entitled
to rest easy with your own concepts, but if you get the same results,
you're obligated to agree or propose an alternate theory. Most scientists
took the easy way out, however, and simply ignored Burr and Lund.
Their discoveries remained little known, and most biologists didn't con-
nect them with the tentative morphogenetic-field concept of regenera-
tion.

Then in 1952 Lund's work was taken up by G. Marsh and H. W.
Beams using the planarian. They found that the flatworm's polarity, like
the hydra's, could be controlled by passing a current through it. When a
direct current was fed in the proper direction through a section of a
worm, normal polarity disappeared and a head formed at each end. As
the current strength was increased, the section's polarity reversed; a head
regrew at the rear, a tail at the front. At higher voltages, even intact
worms completely reorganized, with the head becoming a tail and vice
versa. Marsh and Beams grew convinced that the animal's electric field
was the morphogenetic organizing principle. Still, their work was also
ignored, except by Meryl Rose, who suggested that a gradation of elec-
trical charge from front to back controlled the gradient of growth inhib-
itors and stimulators. He suggested that the growth compounds were
charged molecules that were moved to different places in the body by
the electric field, depending on the amount and sign of their charge and
their molecular weight.
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While the investigation of the total body field moved haltingly for-
ward in the study of simple animals, several neurophysiologists began
finding out odd things about the nerves of more complex creatures, data
that Bernstein's action potential couldn't explain. Going through the old
literature, following lead after lead from one paper to the next, | found
many hints that there were DC potentials in the nervous system and that
small currents from outside could affect brain function.

The first recorded use of currents on the nervous system was by
Giovanni Aldini, a nephew of Galvani and an ardent champion of vi-
talism. Using the batteries of his archenemy Volta, Aldini claimed re-
markable success in relieving asthma. He also cured a man who today
would probably be diagnosed as schizophrenic, although it's impossible
to know how much benefit came from the currents and how much from
simple solicitude, then so rare in treating mental illness. Aldini gave his

patient a room in his own house and later found him a job. Some of
Aldini's experiments were grotesque - he tried to resurrect recently ex-

ecuted criminals by making the corpses twitch with electricity - but his

®

MARSH AND BEAMS'S EXPERIMENT

Undercurrents in Neurology
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idea that external current could replenish the vital force of exhausted
nerves became the rationale for a whole century of electrotherapy.

Modern studies of nerves and current began in 1902, when French
researcher Stephane Leduc reported putting animals to sleep by passing
fairly strong alternating currents through their heads. He even knocked
himself unconscious several times by this method. (Talk about dedica-
tion to science!) Several others took up this lead in the 1930s and devel-
oped the techniques of electroshock and electronarcosis. The therapeutic
value of using large currents to produce convulsions has been questioned
more and more, until now it's mostly used to quiet unmanageable psy-
chotics and political nonconformists. Electronarcosis—induction of sleep
by passing small currents across the head from temple to temple—is
widely used by legitimate therapists in France and the Soviet Union.
Russian doctors claim their elektroson technique, which uses electrodes on
the eyelids and behind the ears to deliver weak direct currents pulsing at
calmative brain-wave frequencies, can impart the benefits of a full
night's sleep in two or three hours. There's still much dispute about how
both techniques work, but from the outset there was no denying that
the currents had a profound effect on the nervous system.

In the second and third decades of this century there was a flurry of
interest in galvanotaxis, the idea that direct currents guided the growth
of cells, especially neurons. In 1920, S. Ingvar found that the fibers
growing out of nerve cell bodies would align themselves with a nearby
flow of current and that the fibers growing toward the negative electrode
were different from those growing toward the positive one. Paul Weiss
soon “explained” this heretical observation as an artifact caused by
stretching of the cell culture substrate due to contact with the elec-
trodes. Even after Marsh and Beams proved Weiss wrong in 1946, it
took many more years for the scientific community to accept the fact
that neuron fibers do orient themselves along a current flow. Today the
possible use of electricity to guide nerve growth is one of the most excit-
ing prospects in regeneration research (see Chapter 11).

The Bernstein hypothesis, unable to account for these facts, has
turned out to be deficient in several other respects. To begin with, ac-
cording to the theory, an impulse should travel with equal ease in either
direction along the nerve fiber. If the nerve is stimulated in the middle,
an impulse should travel in both directions to opposite ends. Instead,
impulses travel only in one direction; in experiments they can be made
to travel "upstream,” but only with great difficulty. This may not seem
like such a big deal, but it is very significant. Something seems to polar-

ize the nerve.
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Another problem is the fact that, although nerves are essential for
regeneration, the action potentials are silent during the process. No im-
pulses have ever been found to be related to regrowth, and neu-
rotransmitters such as acetylcholine have been ruled out as growth
stimulators.
In addition, impulses always have the same magnitude and speed.
This may not seem like such a big thing either, but think about it. It
means the nerve can carry only one message, like the digital computer's
1 or 0. This is okay for simple things like the knee-jerk reflex. When
the doctor's rubber hammer taps your knee, it's actually striking the
patellar tendon, giving it a quick stretch. This stimulates stretch recep-
tors (nerve cells in the tendon), which fire a signal to the spinal cord
saying, "The patellar tendon has suddenly been stretched." These im-
pulses are received by motor (muscle-activating) neurons in the spinal
cord, which send impulses to the large muscle on the front of the thigh,
telling it to contract and straighten the leg. In everyday life, the reflex
keeps you from falling in a heap if an outside force suddenly bends your
knees.
The digital impulse system accounts for this perfectly well. However,
no one can walk on reflexes alone, as victims of cerebral palsy know all
too well. The motor activities we take for granted—getting out of a
chair and walking across a room, picking up a cup and drinking coffee,
and so on—require integration of all the muscles and sensory organs
working smoothly together to produce coordinated movements that we
don't even have to think about. No one has ever explained how the
simple code of impulses can do all that. Even more troublesome are the
higher processes, such as sight—in which somehow we interpret a con-
stantly changing scene made of innumerable bits of visual data—or the
speech patterns, symbol recognition, and grammar of our languages.
Heading the list of riddles is the "mind-brain problem" of con-
sciousness, with its recognition, "I am real; | think; | am something
special.” Then there are abstract thought, memory, personality,
creativity, and dreams. The story goes that Otto Loewi had wrestled
with the problem of the synapse for a long time without result, when
one night he had a dream in which the entire frog-heart experiment was
reveiled to him. When he awoke, he knew he'd had the dream, but he'd
forgotten the details. The next night he had the same dream. This time
he remembered the procedure, went to his lab in the morning, did the
experiment, and solved the problem. The inspiration that seemed to
banish neural electricity forever can't be explained by the theory it sup-
ported! How do you convert simple digital messages into these complex
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phenomena? Latter-day mechanists have simply postulated brain cir-
cuitry so intricate that we will probably never figure it out, but some
scientists have said there must be other factors.

Even as Loewi was finishing his work on acetylcholine, others began
to find evidence that currents flowed in the nerves. English physiologist
Richard Caton had already claimed he'd detected an electric field around
the heads of animals in 1875, but it wasn't until 1924 that German
psychiatrist Hans Berger proved it by recording the first electroen-
cephalogram (EEG) from platinum wires he inserted into his son's scalp.
The EEG provided a record of rhythmic fluctuations in potential voltage
over various parts of the head. Berger at first thought there was only one
wave from the whole brain, but it soon became clear that the waves
differed, depending on where the electrodes were put. Modern EEGs use
as many as thirty-two separate channels, all over the head.

The frequency of these brain waves has been crudely correlated with
states of consciousness. Delta waves (0.5 to 3 cycles per second) indicate
deep sleep. Theta waves (4 to 8 cycles per second) indicate trance, drow-
siness, or light sleep. Alpha waves (8 to 14 cycles per second) appear
during relaxed wakefulness or meditation. And beta waves (14 to 35
cycles per second), the most uneven forms, accompany all the modula-
tions of our active everyday consciousness. Underlying these rhythms are
potentials that vary much more slowly, over periods as long as several
minutes. Today's EEG machines are designed to filter them out because
they cause the trace to wander and are considered insignificant anyway.

There's still no consensus as to where the EEG voltages come from.
They would be most easily explained by direct currents, both steady
state and pulsing, throughout the brain, but that has been impossible
for most biologists to accept. The main alternative theory, that large
numbers of neurons firing simultaneously can mimic real electrical ac-
tivity, has never been proven.

In 1939, W. E. Burge of the University of Illinois found that the
voltage measured between the head and other parts of the body became
more negative during physical activity, declined in sleep, and reversed
to positive under general anesthesia. At about the same time a group of
physiologists and neurologists at Harvard Medical School began study-
ing the brain with a group of MIT mathematicians. This association was
destined to change the world. From it came many of our modern con-
cepts of cybernetics, and it became the nucleus of the main American
task force on computers in World War Il. One of the group's first im-
portant ideas was that the brain worked by a combination of analog and

digital coding.
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One of the mathematicians, computer pioneer John wvon Neumann,
later elaborated the concept in great detail, but basically it's rather sim-
ple. In analog computers, changes in information are expressed by analo-
gous changes in the magnitude or polarity of a current. For example, if
the computer is to use and store the varying temperatures of a furnace,
the rise and fall in heat can be mimicked by a rise and fall in voltage.
Analog systems are slow and can handle only simple information, but
they can express subtle variations very well. Digital coding, on the other
hand, can transmit enormous amounts of data at high speed, but only if
the information can be reduced to yes-no, on-off bits—the digits 1 and
0. If the brain was such a hybrid computer, these early cyberneticists
reasoned, then analog coding could control the overall activity of large
groups of neurons by such actions as increasing or decreasing their sen-
sitivity to incoming messages. (A few vyears later neurologists did find
that some neurons were "tuned" to fire only if they received a certain
number of impulses.) The digital system would transfer sensory and
motor information, but the processing of that information—memory
and recall, thought, and so on—would be accomplished by the syn-
ergism of both methods. The voltage changes Burge found in response
to major alterations of consciousness seemed to fit within this frame-
work, and his observations were extended by the Harvard-MIT group
and others. Much of this work was done directly on the exposed brains
of animals and of human patients during surgery. When cooperative
patients elected to remain awake during such operations (the brain is
immune to pain), human sensations could often be correlated with elec-
trical data. Contributors to this endeavor included nearly all of the
greatest American neurophysiologists—Walter B. Cannon, Arturo Ro-
senblueth, Ralph Gerard, Gilbert Ling, Wilder Penfield, and others.
Measurements on the exposed brain quickly confirmed the existence of
potential voltages and also revealed possible currents of injury. When-
ever groups of nerve cells were actively conducting impulses, they also
produced a negative potential. Positive potentials appeared from injured
cells when the brain had been damaged; these potentials then expanded
outward to uninjured cells, suppressing their ability to send or receive
impulses. When experimenters applied small negative voltages to groups
of neurons, their sensitivity increased; that is, they would generate an
impulse in response to a weaker stimulus. Externally applied positive
potentials worked in the opposite way: They depressed nerve function,
making it harder to produce an impulse. Thus there did seem to be an

analog code, but how did it work? Did the potentials come from direct

currents generated by the nerve cells themselves, or did they merely
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result from adding up a lot of action potentials all going in the same
direction and arriving in the same place at the same time?

Some answers were provided by a series of beautiful experiments by
Ling, Gerard, and Benjamin Libet at the University of Chicago. Work-
ing on frogs, they studied areas of the cortex where the neuron layer was
only one cell thick and the cells were arranged side by side like soldiers
on review, all pointing in the same direction. In such areas they found a
negative potential on the dendrites (the short incoming fibers) and a
positive potential at the ends of the axons (the longer outgoing fibers).
This indicated a steady direct current along the normal direction of im-

pulse transmission. The entire nerve cell was electrically polarized.
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In another series of experiments, on brains removed from frogs and
kept alive in culture, the Chicago group found that direct currents swept
across the surface of the cortex in very slow waves, which could be pro-
duced experimentally by applying chemicals such as caffeine to a single
spot on the surface. When they made a cut on the brain, severing groups
of nerve fibers, these DC traveling waves would still cross the cut if the
two surfaces were in direct contact. If the researchers held the cut open and
filled it with a saline solution that matched body fluids, then the waves
couldn't cross the gap. These were particularly important observations.
They indicated that the current was transmitted by structures outside the
neurons; it crossed the cut when the edges touched, but the microscopic
parts of the severed neurons wouldn't have rejoined so easily. The results
also showed that the current was not a flow of ions; otherwise it would
have been able to cross the gap through the salt water.

Studying intact brains in living frogs, the lame group found a poten-
tial between the front and back of the brain. The olfactory (frontal) lobes
were several milivolts negative with respect to the occipital (rear) lobe,
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implying a current flowing up the brain stem and between the two
hemispheres to the front.

At the time, these observations seemed mighty odd. They didn't fit
any concepts of how the nerves worked. As a result, they were largely
ignored. The majority of neurophysiologists went on measuring the ac-
tion potentials and tracing out fiber pathways in the brain. This was
useful work but limited. The basic questions remained.

Only one research team followed up this work, some ten vyears later.
Sidney Goldring and James L. O'Leary, neuropsychiatrists at the Wash-
ington University School of Medicine in St. Louis, recorded the same
DC potentials from the human scalp, from the exposed brain during
surgery, and from the brains of monkeys and rabbits. As noted before,
the potentials varied in regular cycles several minutes long, like a basso
continuo under the EEG. In fact, Goldring and O'Leary found waves
within waves: "Written upon the slow major swings were lesser voltage
changes." These were weak potentials, measured in microvolts (mil-
lionths of a volt) and varying in waves of 2 to 30 cycles per minute, sort
of a pianissimo "inner voice" in a three-part electrical fugue.

Conducting in a New Mode

I was acutely aware that | didn't have the "proper" background for the
work | planned to do. | wasn't a professional neurophysiologist; | didn't
even know one. Indeed, after my run-in with the research committee,
one member had taken me aside and earnestly advised me, "Go back to
school and get your Ph.D., Becker. Then you'll learn all of this stuff is
nonsense."” Still, some of the greatest neurophysiologists had thought
the same way | did about "all of this stuff." They suggested we might
have been too hasty in throwing electric currents out of biology. My
notion of putting them back in wasn't so outlandish, but only an exten-
sion of what they'd been saying. | was approaching the body's system of
information transfer from the periphery, asking, "What makes wounds
heal?" They'd started from the center, asking, "How does the brain
work?" We were working on the same problem from opposite ends. As |
contemplated their findings and all of biology's unsolved problems, |
grew convinced that life was more complex than we suspected. | felt that

those who reduced life to a mechanical interaction of molecules were
living in a cold, gray, dead world, which, despite its drabness, was a
fantasy. | didn't think electricity would turn to be any elan vital in

the old sense, but I had a hunch would be closer to the secret than the
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smells of the biochemistry lab or the dissecting room's preserved organs.

I had another worthy ally when 1 started to reevaluate the role of
electricity in life. Albert Szent-Gyorgyi, who'd already won a Nobel
Prize for his work on oxidation and vitamin C, made a stunning sugges-
tion in a speech before the Budapest Academy of Science on March 21,
1941. (Think of the date. World War 1l was literally exploding around
him, and there he was, calmly laying the foundations for a new biology.)
Speaking of the mechanistic approach of biochemistry, he pointed out
that when experimenters broke living things down into their constituent
parts, somewhere along the line life slipped through their fingers and
they found themselves working with dead matter. He said, "It looks as
if some basic fact about life were still missing, without which any real
understanding is impossible." For the missing basic fact, Szent-Gyorgyi
proposed putting electricity back into living things, but not in the way
it had been thought of at the turn of the century.

At that earlier time, there had been only two known modes of current
conduction, ionic and metallic. Metallic conduction can be visualized as
a cloud of electrons moving along the surface of metal, usually a wire. It
can be automatically excluded from living creatures because no one has
ever found any wires in them. lonic current is conducted in solutions by
the movement of ions—atoms or molecules charged by having more or
fewer than the number of electrons needed to balance their protons'
positive charges. Since ions are much bigger than electrons, they move
more laboriously through the conducting medium, and ionic currents
die out after short distances. They work fine across the thin membrane of
the nerve fiber, but it would be impossible to sustain an ionic current
down the length of even the shortest nerve.

Semiconduction, the third kind of current, was a laboratory curiosity
in the 1930s. Halfway between conductors and insulators, the semicon-
ductors are inefficient, in the sense that they can carry only small cur-
rents, but they can conduct their currents readily over long distances.
Without them, modern computers, satellites, and all the rest of our
solid-state electronics would be impossible.

Semiconduction occurs only in materials having an orderly molecular
structure, such as crystals, in which electrons can move easily from the
electron cloud around one atomic nucleus to the cloud around another.
The atoms in a crystal are arranged in neat geometrieal lattices, rather
than the frozen jumble of ordinary solids. Some crystalline materials
have spaces in the lattice where other atoms can fit. The atoms of these
impurities may have more or fewer electrons than the atoms of the lat-

tice material. Since the forces of the latticework structure hold the same



Life's Potentials 93

number of electrons in place around each atom, the “extra" electrons of
the impurity atoms are free to move through the lattice without being
bound to any particular atom. If the impurity atoms have fewer electrons
than the others, the "holes" in their electron clouds can be filled by
electrons from other atoms, leaving holes elsewhere. A negative current,
or N-type semiconduction, amounts to the movement of excess elec-
trons; a positive current, or P-type semiconduction, is the movement of

these holes, which can be thought of as positive charges.
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Szent-Gyorgyi pointed out that the molecular structure of many parts
of the cell was regular enough to support semiconduction. This idea was
almost completely ignored at the time. Even when Szent-Gyorgyi ex-
panded the concept in his 1960 Introduction to a Submolecular Biology,
most scientists (except in Russia!) dismissed it as evidence of his advanc-
ing age, but that little book was an inspiration to me. | think it may
turn out to be the man's most important contribution to science. In it
he conjectured that protein molecules, each having a sort of slot or way
station for mobile electrons, might be joined together in long chains so
that electrons could flow in a semiconducting current over long distances
without losing energy, much as in a game of checkers one counter could
jump along a row of other pieces across the entire board. Szent-Gyorgyi
suggested that the electron flow would be smilar to photosynthesis,

another process he helped elucidate, in which a kind of waterfall of elec-
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trons cascaded step by step down a staircase of molecules, losing energy
with each bounce. The main difference was that in protein semiconduc-
tion the electrons' energy would be conserved and passed along as infor-
mation instead of being absorbed and stored in the chemical bonds of
food.

With Szent-Gyorgyi's suggestion in mind, | put together my working
hypothesis. | postulated a primitive, analog-coded information system
that was closely related to the nerves but not necessarily located in the
nerve fibers themselves. | theorized that this system used semiconduct-
ing direct currents and that, either alone or in concert with the nerve
impulse system, it regulated growth, healing, and perhaps other basic
processes.

Testing the Concept

The first order of business was to repeat Burr's measurements on sala-
manders, using modern equipment. | put the reference electrode at the
tip of each animal's nose and moved the recording electrode point by
point along the center of the body to the tip of the tail, and then out
along each limb. | measured voltages on the rest of the body and plotted
lines of force connecting all the points where the readings were the
same.

Instead of Burr's simple head-negative and tail-positive form, | found
a complex field that followed the arrangement of the nervous system.
There were large positive potentials over each lobe of the brain, and
slightly smaller ones over the brachial and lumbar nerve ganglia between
each pair of limbs. The readings grew increasingly negative as | moved
away from these collections of nerve cell bodies; the hands, feet, and tip
of the tail had the highest negative potentials.

In another series of measurements, | watched the potentials develop
along with the nervous system in larval salamanders. In the adults, cut-
ting the nerves where they entered the legs—that is, severing the long
nerve fibers from their cell bodies in the spinal cord—wiped out the
limb potentials almost entirely. But if | cut the spinal cord, leaving the
peripheral nerves connected to their cell bodies, the limb potentials
didn't change. It certainly looked as though there was a current being
generated in the nerve cell bodies and traveling down the fibers.

To have a current flow you need a circuit; the current has to be made

at one spot, pass through a conductor, and eventually get back to the

generator. We tend to forget that the 60-cycle alternating current in the
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COMPLEX NERVOUS SYSTEM

ELECTRICAL MEASUREMENTS ON THE SALAMANDER

wall socket isn't used up when we turn on a light but is merely coursing
through it to the ground, through which it eventually returns to the
power station. Since my measurements were positive over collections of
nerve cell bodies, and increasingly negative out along the nerve fibers, it
seemed a good bet that current was being generated in the cell bodies,
especially since they contained all of the "good stuff"—the nucleus,
organelles, and metabolic components—while the fibers were relatively
uninteresting prolongations of the body. At the time, | supposed the
circuit was completed by current going back toward the spine through
the muscles.

This was a good start, but it wasn't scientifically acceptable proof. For
one thing, my guess about the return part of the circuit was soon dis-
proved when | measured the limb muscles and found them polarized in
the same direction as the surface potentials. For another thing, it had
recently been discovered that amphibian skin itself was polarized, inside
versus outside, by ion differences much like the nerve membrane's rest-

ing potential, so it was just barely possible that my readings had been



96 The Body Electric

caused by ionic discharges through the moist skin. If so, my evidence
was literally all wet.

Much of the uncertainty was due to the fact that | was measuring the
outside of the animal and assuming that generators and conductors inside
were making the pattern | found. | needed a way to relate inner currents
to outer potentials.

This was before transistors had entirely replaced vacuum tubes. A
tube's characteristics depended on the structure of the electric field in-
side it, but to calculate the field parameters in advance without comput-
ers was a laborious task, so radio engineers often made an analog model.
They built a large mock-up of the tube, filled with a conducting solu-
tion. When current was applied to the model, the field could be mapped
by measuring the voltage at various points in the solution. | decided to
build a model salamander.

I made an analog of the creature's nervous system out of copper wires.
For the brain and nerve ganglia | used blobs of solder. Each junction was
thus a voltaic battery of two different metals, copper and the lead-tin
alloy of which the solder was made. Then | simply sandwiched this
"nervous system" between two pieces of sponge rubber cut in the shape
of a salamander, and soaked the model in a salt solution to approximate
body fluids and serve as the electrolyte, the conducting solution that
would enable the two metals to function as a battery. It worked. The
readings were almost exactly the same as in the real salamander. This
showed that a direct current inside could produce the potentials | was
getting on the outside.

If my proposed system was really a primitive part of the nervous sys-
tem, it should be widely distributed, so next | surveyed the whole ani-
mal kingdom. | tested flatworms, earthworms, fish, amphibians,
reptiles, mammals, and humans. In each species the potentials on the
skin reflected the arrangement of the nervous system. In the worms and
fish, there was only one area of positive potential, just as there was only
one major nerve ganglion, the brain. In humans the entire head and
spinal region, with its massive concentration of neurons, was strongly
positive. The three specific areas of greatest positive potential were the
same as in the salamander: the brain, the brachial plexus between the
shoulder blades, and the lumbar enlargement at the base of the spinal
cord. In all vertebrates | also recorded a midline head potential that
suggested a direct current like that postulated by Gerard, flowing from

back to front through the middle of the brain. It looked as though the

current came from the reticular activating system, a network of cross-

linked neurons that fanned out from the brainstem into higher centers
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and seemed to control the level of sleep or wakefulness and the focus of
attention.
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THE HUMAN DC FIELD PATTERN @ @

At the same time, to see whether the current of injury and the surface
potentials came from the same source, | made electrical measurements
on salamander limbs as they healed fractures. (As mentioned in Chapter
1, bone healing is the only kind of true regeneration common to all
vertebrates.) The limb currents behaved like those accompanying re-
growth. A positive zone immediately formed around the break, although
the rest of the limb retained at least part of its negative potential. Then,
between the fifth and tenth days, the positive zone reversed its potential
and became more strongly negative than the rest of the limb as the
fracture began to heal.

Next | decided to follow up Burge's experiments of two decades be-
fore. 1 would produce various changes in the state of the nervous system
and look for concomitant changes in the electrical measurements. To do
this right | really needed a few thousand dollars for an apparatus that

could take readings from several electrodes simultaneously and record
them side by side on a chart. My chances of getting this money seemed
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slim unless | could publish another paper fast. | decided to use the
equipment | had for a simple measurement during one of the most pro-
found changes in consciousness—anesthesia.

Burge was right. The electrical responses were dramatic and in-
controvertible. As each animal went under, its peripheral voltages
dropped to zero, and in very deep anesthesia they reversed to some ex-
tent, the limbs and tail going positive. They reverted to normal just
before the animal woke up.

I had enough for a short paper, and | decided to try a journal on
medical electronics recently started by the Institute of Radio Engineers.
Although most of what they printed was safe and unremarkable, I'd
found that engineers were often more open-minded than biologists, so |
went for broke; | put in the whole hypothesis—analog nervous system,
semiconducting currents, healing control, the works. The editor loved it
and sent me an enthusiastic letter of acceptance, along with suggestions
for further research. Best of all, | soon got another small grant approved

and bought my multi-electrode chart recorder. Soon | had confirmed my
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anesthesia findings, and with the whole-body monitoring setup 1 also
was able to correlate the entire pattern of surface voltages with the ani-
mal's level of activity while not anesthetized. Negative potentials in the
brain's frontal area and at the periphery of the nervous system were asso-
ciated with wakefulness, sensory stimuli, and muscle movements. The
more activity, the greater the negative potentials were. A shift toward
the positive occurred during rest and even more so during sleep. *
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In my reading on solid-state electronics | found another way | could
test for current in the salamander. Luckily it was cheap and easy; | could
do it without buying more equipment. Best of all, it should work only
if the current was semiconducting.

Suppose you think you have a current flowing through some conduc-
tor—a salamander's limb, for instance. You put it in a strong magnetic
field so that the lines of force cut across the conductor at right angles.
Then you place another conductor, containing no current, perpendicular
to both the original conductor (the limb) and the magnetic field. If there
is a current in whatever you're testing, some of the charge carriers will
be deflected by the magnetic field into the other conductor, producing a
voltage that you can measure. This is called the Hall voltage, after the
gentleman who discovered it. The beauty of it is that it works dif-
ferently for the three kinds of current. For any given strength of mag-

*| didn't know it until later, but another experimenter named H. Caspers made
similar findings at about the same time.



Life's Potentials 101

netic field, the Hall voltage is proportional to the mobility of the charge
carriers. lons in a solution are relatively big and barely deflected by the
field. Electrons in a wire are constrained by the nature of the metal. In
both cases the Hall voltage is small and hard to detect. Electrons in
semiconductors are very free to move, however, and produce Hall volt-
ages with much weaker fields.

After finding a C-shaped permanent magnet, an item not much in
demand since the advent of electromagnets, | set up the equipment. |
took a deep breath as | placed the first anesthetized salamander on its
plastic support, with one foreleg extended. I'd placed electrodes so that
they touched the limb lightly, one on each side, and I'd mounted the
magnet so as to swing in with its poles above and below the limb, close
to yet not touching it. | took voltage measurements every few minutes,
with the magnet and without it, as the animal regained consciousness. |
also measured the DC voltage from the tips of the fingers to the spinal
cord. In deep anesthesia, the DC voltage along the limb was zero and so
was the Hall voltage. As the anesthetic wore off, the normal potential
along the limb gradually appeared, and so did a beautiful Hall voltage.
It increased right along with the limb potential, until the animal re-
covered completely and walked away from the apparatus. The test
worked every time, but | don't think I'll ever forget the thrill of watch-
ing the pen on the recorder trace out the first of those Hall voltages.

CURRENT CARRYING
CONDUCTOR IN
MAGNETIC FIELD

MAGNET
SALAMANDER FORELEG
IN MAGNETIC FIELD

HALL VOLTAGE
HALL VOLTAGE

SEMICONDUCTOR LIGHT ANESTHESIA
METALLIC DEEP ANESTHESIA
CONDUCTOR
t ‘ ‘ ! 4 +
AGNET ON OFF ON o MANE T i W ON OFF

THE HALL EFFECT



102 The Body Electric

This experiment demonstrated unequivocally that there was a real
electric current flowing along the salamander's foreleg, and it virtually
proved that the current was semiconducting. In fact, the half-dozen tests
I'd performed supported every point of my hypothesis.

Scientific results that arent reported might as well not exist. They're
like the sound of one hand clapping. For scientists, communication isn't
only a responsibility, it's our chief pleasure. A good result from a clean,
beautiful experiment is a joy that you just have to share, and | couldn't
wait to see these data in print. 1 went for the top this time. The journal
in American science is aptly named Science. Each issue reports on all
fields from astronomy to zoology, so publication means a paper has more
than a specialized significance. Mine was accepted, and | was jubilant.

With three major papers in three major journals after my first year of
research, | felt I'd arrived. The world has a way of cutting you down to
size, however, and in the science game the method is known as citation.
No matter how important your paper is, it doesn't mean anything unless
it's cited as a reference in new papers by others and you get a respectable
number of requests for reprints. On both counts, | was a failure. I was
learning how science treats new ideas that conflict with old ones.

| didn't stay discouraged long, though. | was doing science for the
love of it, not for praise. | felt the concepts emerging from my reading
and research were important, and | was passionately committed to test-
ing them. | knew that if the results were ever to change any minds, |
would have to be careful not to misinterpret data. In going deeper into
the electrical properties of nerves, | realized, 1 was about to get over my
head in an area | really wasn't trained for—physics. | made one of the
best decisions of my life; | looked for a collaborator.

The basic scientists at the State University of New York Upstate
Medical Center, the medical school affiliated with the VA hospital, were
not only uninterested, they were horrified at what | was doing and
wouldn't risk their reputations by becoming associated with me in any
way. So, | walked across the street to the physics department of Syracuse
University and spoke to the chairman, an astronomer whom I'd met a
few years earlier when 1 volunteered to watch the northern lights during
the International Geophysical Year. After a few minutes' thought, he
suggested that a guy on the third floor named Charlie Bachman might
be "as crazy as you," and wished me luck.

The instant | opened the door, | knew | was in the right place. There
was Charlie, bent over a workbench with an electromagnet and a live

frog.
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Charlie and | talked all afternoon, beginning fifteen years of fruitful
work together. For me, the best part was his friendship and his open
mind. He, too, knew there was still a lot to learn. Our relationship also
had a side effect of incalculable value: He sent some of his most talented
graduate students over to my lab to do their thesis work and later to
become my colleagues in research. Andy Marino, Joe Spadaro, and Maria
Reichmanis each became an indispensable part of the research group.
Like Charlie, they constantly contributed new ideas, and they helped
create the atmosphere of intellectual adventurousness that makes a lab
creative.

Closing the Circle

Charlie's first contribution was to check the equipment and confirm the
measurements I'd made on the salamanders. After he'd satisfied himself
that everything was real, we discussed what to do next.

"Well," Charlie said, "to find out more about this current, we'll have
to go into the animal—expose a nerve and measure the current there."

"That's easier said than done,” | objected. "Just to cut down into the
leg of an animal will damage tissues and produce currents of injury.

That'll give spurious voltages. Besides, there'd be no stable place to put
the reference electrode.”
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Charlie gave me a lesson in basic electronics. A voltage entering a
wire will decrease as the current travels along, so there'll be a uniform
voltage drop in each unit of length. All you need to do is put both
electrodes along the conductor, with the reference electrode closer to
what you think is the source. If you use a standard distance between the
electrodes, you can compare the voltage drop along various wires and
measure changes in the whole system from any segment of it.

All 1 had to do was the surgery. | decided to work on bullfrogs,
whose hind legs were long and contained a nice big sciatic nerve. It was
easy to find and could be exposed with just a little careful dissection,
going between muscles instead of cutting through them. | was able to
isolate over an inch of nerve with no bleeding or tissue damage, slipping
a plastic sheet underneath so as not to pick up readings from the sur-
rounding muscles. We measured the voltage gradient over a standard
distance of 1 centimeter. It was the same from one frog to the next. In
deep anesthesia it was absent or pretty small; as the anesthesia wore off,
it became a constant drop of about 4 millivolts per centimeter, always
gradually positive toward the spinal cord and negative toward the toes.

In some frogs we cut the nerve above the measuring site, whereupon
the voltages disappeared—another indication that the current was actu-
ally in the nerve. Voltages returned a little later, but they weren't the
same as before. We figured these secondary voltages were probably an
artifact—a spurious measurement produced by extraneous factors—
caused by currents of injury from the cut nerve itself or from the other
tissues where I'd made the incision to cut the nerve.

Charlie then suggested that we make measurements on a longer sec-
tion of nerve, and that was when we ran into a puzzle. The nicely re-
producible voltages we'd found before couldn't be duplicated when we
extended our measurement distance to 2 centimeters, close to the knee.
We expected double the potential we'd found over the 1-centimeter dis-
tance, but often it was lower or higher than it should have been. |
insisted that my dissection was producing local currents of injury that
made our readings unpredictable. However, Charlie pointed out that |
was a good frog surgeon and | didn't seem to be doing any more damage
than before. He asked, "Could there be any difference in the nerve where
you extended the dissection?"

"Not likely,” | said. "The sciatic nerve does split up into two
branches, but you only find them below the knee, when one goes to the
front of the calf and one to the back.”

"How do you know it doesn't separate before it gets to the knee?" he asked.



The Circuit of Awareness 105

He was right. Not bad for a physicist! The nerve did divide, but the
two parts were held together by the nerve sheath until they got past the
knee. | was able to remove the sheath and isolate both portions. When
we measured these, we found that the two sections were polarized in
opposite directions. The voltage drop of the front branch was positive
toward the toes. The posterior branch was polarized in the same direc-
tion as the sciatic trunk, but it always had a higher voltage gradient.
The current in the front branch apparently flowed in the direction op-
posite to that in the rest of the nerve. The interesting thing was, when
we added up the voltage increases from 1-centimeter lengths of the two
branches—4 millivolts positive and 8 negative in a typical frog—we got
roughly the same voltage gradient that we found in the main nerve,
about 4 millivolts negative in every centimeter. At first that didn't make

any sense.
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On a hunch | took pieces of each nerve and sent them to the pa-
thology department to have microscope slides made. | found that the

fibers in the front fork were smaller than those in the other. A light bulb
went on! The sciatic nerve is what's called a mixed nerve. It has both
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motor and sensory neurons. Sensory fibers are usually narrower than
motor fibers, so it looked as though the front branch was all sensory, the
back one all motor. Suppose the DC system also had incoming and out-
going divisions. We took readings from other nerves known to be all
one type or the other. The femoral nerve along the front of the thigh is
almost entirely motor in function, and, sure enough, it had an increas-
ing negative potential away from the spine. The spinal nerves that serve
the skin of a frog's back are sensory fibers, and they had increasing
negative voltages toward the spine.

Now we saw that when you put motor and sensory nerves together
into a reflex arc, the current flow formed an unbroken loop. This solved
the mystery of what completed the circuit: The current returned through
nerves, not some other tissue. Just as Gerard had found in the brain,
nerves throughout the body were uniformly polarized, positive at the
input fiber, or dendrite, and negative at the output fiber, or axon. We
realized that this electrical polarization might be what guided the im-
pulses to move in one direction only, giving coherence to the nervous
system.

The Artifact Man and a Friend in Deed

Charlie had helped develop the electron microscope and as a result knew
many of the big names in physiology. Soon after the sciatic nerve experi-
ments, one of these acquaintances visited Syracuse to give a lecture, and
we invited him to stop by the lab. After showing him around and talk-
ing about the background of the work, we showed him our latest re-
sults. We anesthetized four frogs and opened their legs, exposing all
eight sciatic nerves and measuring all sixteen branches. The readings
were flawless. Every nerve had the voltage and polarity we'd predicted.
Proudly, we asked, "What do you think?"

"Artifact, all artifact,” he replied. "Everyone knows there's no current
along the nerve." Just then he remembered he had pressing business
elsewhere and left in a hurry, apparently afraid some of this might rub
off on him.

Charlie almost never swore, but that day he did. The gist of his re-
marks was that there sure was a difference between physicists and biolo-
gists. The former would at least look at new evidence, while the latter
kept their eyes and minds closed. Thereafter we always referred to the
"Artifact Man" when we needed a symbol of dogmatism.

We continued a few more observations on frog nerves. By now winter
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had come. That shouldn't have mattered—the lab temperature was the
same all year, and the frogs didn't stop eating and hibernate as they
would have in the wild—but there was a difference. The frogs' voltages
were much lower, they stayed unconscious longer with the standard dose
of anesthetic, and their blood vessels were much more fragile. Did they
somehow sense the winter?

If the DC system was as we theorized, it would be influenced by
external magnetic fields. In the Hall-effect experiment I'd already shown
that it was, but I'd used a strong field, measuring thousands of gauss.
The earth's magnetic field is only about half a gauss, but it does vary in
a yearly cycle. At the time there was another scientist who was saying
this weak field had major effects on all life. Frank A. Brown, a North-
western University biologist who was studying the ubiquitous phenome-
non of biological cycles—wavelike changes in metabolic functions, such
as the alternation of sleep and wakefulness—was claiming that similar
rhythms in the earth’s magnetic field served as timers for the rhythms of
life. Even though his evidence was good, no one paid any attention to
him in the early sixties, but it seemed to me that we had something to
offer Brown's effort. We had a link by means of which the effect could
occur.

I wrote up the sciatic nerve measurements and added the observation
on winter frogs. | sent it to Science but got it back immediately. | guess
the editors had second thoughts after running my paper on the Hall
effect. Next | tried the even better British equivalent, Nature, which
took it. This time | also got some reprint requests. More important, the
report led to correspondence with Frank Brown, beginning years of mu-
tual feedback that helped bring about the discoveries described in Chap-
ter 14.

I thought of one more way we could check whether the current in the
nerves was semiconducting. We could freeze a section of nerve between
the electrodes. If the current was carried by ions, they would be frozen
in place and the voltage would drop to zero. However, if the charge
carriers were electrons in some sort of semiconducting lattice, their mo-
bility would be enhanced by freezing and the voltage would rise.

It worked. Each time | touched the nerve with a small glass tube
filled with liquid nitrogen, the voltage shot upward. But perhaps | was
damaging the nerve with the glass tube or through the freezing itself.
Maybe the increase was merely a current of injury. To check, we simply
cut the nerve near the spinal cord; the voltage gradient on the nerve
went to zero, and then we applied the liquid nitrogen again. If the cold

was really enhancing a semiconducting current, we should find no volt-
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age now even after freezing the nerve—and we didn't. Therefore the
increase in current wasn't due to artifact—damage to the nerve by freez-
ing or touching it with the tube.

That settled it. Test after test had substantiated the direct-current
system. Now we had to see where the concept would lead us and try to
convince some of the Artifact Men along the way. We had lots of ideas
for further work, but now the first priority was to get some reliable
system of funding for ourselves.

I was continuing to have problems with the VA research office. After
I'd gotten my second grant from that source, I soon found out that to
have it approved and to be able to spend it were two different things. To
order supplies—even things as simple as test tubes or electrode wire—I
had to fill out a form and give it to the secretary of the research office.
She had to fill out another form and get it signed by the research direc-
tor. This form went to the supply service, where a clerk filled out a third
form to actually order the stuff. Well, my orders stopped getting filled.

In the process of complaining I made friends with the secretaries and
found out that the director was holding me up just by not signing my
forms. His secretary solved my problem. The director was a pro-
crastinator. A pile of papers would collect on his desk until his secretary
told him they had to be taken care of right away. Then he would sign
them all at once without looking at each one. His secretary, to whom |
owe a tremendous debt, merely slipped my requests back into the mid-
dle of the pile, usually late on Friday afternoon. Several times he visited
my lab, saw a new piece of equipment, and remarked, "l don't re-
member ordering that for you."

"You don't?" I replied sweetly. "We talked about it, and | had plenty
of money left in the grant, so you said okay." It was better than arguing
over each instrument, and | was careful not to overspend. | don't think
he ever caught on.

Soon | encountered a more serious threat, however. Between the VA
and the medical school | had a lot of bosses, and all of them were doing
"research.” However, the research service's annual report showed that I'd
published more than all of my superiors put together on a few thousand
bucks a year, while some of them were drawing forty or fifty thousand.
I'd broken the old rule that you should never do more than your boss.

One of these fellows appeared in my lab one day. That was an event in
itself, since he'd never been a supporter of mine; in fact, our relations
were rather strained That day, however, he evinced great interest in
what | was doing and made me an "offer | couldn't refuse."

"How would you like to have as much money as you need?"
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I said that would be nice, but I wondered how it could come about.
"No problem. All you have to do is include me in the project. All 1
would expect in return is that my name would go on all publications."
It was a few seconds before | could believe I'd heard him right. Then I
told him what he could do with his influence.
A few months later, | found out that the area surgical consultant,
practically next to God in the VA hierarchy, was visiting the hospital to
act on a report, made by my would-be "benefactor,” that | was spending
too much time on research and neglecting my patients. Fortunately,
there was a lot of infighting among my superiors, and one higher than
the guy who'd made the charge was supporting me. His motives were
less to save a promising research program and more to embarrass the
other man, but | was cleared.
It was also clear that | was courting disaster by relying on VA money.
I needed outside support. | took time off from research to prepare two
proposals. One, which | sent to the Department of the Army, empha-
sized the possibility that direct currents could stimulate healing. Since
the Army's business produces quite a few wounds, | thought it would be
interested, but it was not. The proposal was turned down promptly, but
then a strange thing happened about a month later. | received a long-
distance call from a prominent orthopedic surgeon, a professor at a med-
ical school in the South. "I have a grant from the Army to study the
possibility that direct currents might stimulate wound healing,” he
purred, "and | wonder if you might have any suggestions as to the best
approach to use."
My God, were they all this sleazy out there? Of course, when | looked
up his credentials, |1 found he had absolutely no background in bio-
electricity. He'd just happened to be on the Army review committee,
recommended disapproval, and then turned around and submitted the
idea in his own name, now getting the go-ahead since he, a man with a
reputation and friends on the review board, was going to do it, instead
of some unknown upstart.
I sent the second application to the National Institutes of Health
(NIH). | stayed within my specialty and proposed to study the solid-
state physics of bone, eventually hoping to find out if direct currents
could stimulate bone healing. The grant was approved, but only for
enough money to do part of what | wanted. And although it was nice to
have a cushion, a source not under local control, | nevertheless needed
some political clout to stabilize the situation in Syracuse. | went directly
to the dean of the medical school.
Carlyle Jacobson had seemed to be a nice guy, not the type to stand
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on ceremony or position, and | thought I could talk to him frankly. I
gathered up reprints of my papers and went to his office.

"Sir, | began, "lI've been doing research on direct current electrical
effects in living things for the past four years. I've gotten some papers
published in good journals, and | think this is an important piece of
work. Nevertheless, | have great difficulty getting funds from the VA.
My requests are blocked by the politicians on the committee. Meanwhile
these same guys are spending five times as much as | get, and they don't
publish a damn thing." I'm afraid | got carried away, but Dean Jacobsen
just sat there listening until I'd finished.

"Have you done any experiments on the DC activity of the nervous
system?" he asked.

This was an unexpected question, but | told him of our work on
salamanders and frog nerves.

It turned out he'd done some research on nerves years ago—with
Ralph Gerard! He was very enthusiastic. "You've gone much further
than we ever did,” he told me. "We never thought to relate the brain
currents to a total-body system. How much do you need?"

| asked for $25,000 in each of the next two years, but explained that
it had to be earmarked for me alone or | would never see it.

"Don't worry," he said. "Go right back to your lab. I'll get it for you.
I wish | could work with you."

He must have been dialing Washington as the door closed behind me,
for the next day the chief of research got a telegram from the VA Central
Office authorizing the requested amount for me, and only me. He
couldn't understand it, and | professed complete ignorance, too.

I figured nothing | did now could make the research director like me
any less, so | made another move. | went to the hospital director and told
him | needed more space. Having heard of my favor from Washington, he
was most helpful, and soon | had a suite of rooms on the top floor.

Suddenly a whole new realm of research was within reach. Charlie and
I hardly knew which way to turn. Our first and most important step was
to hire Andy Marino as a technician. The salary meant much to him,
and his intelligence and dedication meant even more to us. We were on
our way.

The Electromagnetic Brain

If the current controlled the way nerves worked in the brain as well as in
the rest of the body, then it must regulate consciousness to some extent.
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Certainly the falling voltages in anesthetized salamanders supported this
idea. The question was: Did the change in the current produce anesthesia?
Apparently it did, for when | passed a minute current front to back
through a salamander's head so as to cancel out its internal current, it
fell unconscious. How this state compared with normal sleep was impos-
sible to tell, but at least the animal was clinically anesthetized. As long
as the current was on, the salamander was motionless and unresponsive
to painful stimuli.

Was this real anesthesia, or was the animal just being continuously
shocked? This certainly didn't seem to be the case, but the observation
was so important and so basic to neurophysiology that | had to be sure.
It was no easy task, however, for there were, and still are, few objective
tests known for anesthesia, especially in salamanders. Brain waves had
turned out to be useless in gauging depth of anesthesia in humans, be-
cause the one good marker—very slow delta waves—only showed up
when the patient was dangerously close to death. Lacking any better
idea, however, | used my new multi-electrode monitor to make EEG
recordings of chemically anesthetized salamanders and found that they
showed prominent delta waves even though they all recovered nicely.
Delta waves would be my marker. The idea worked beautifully. Very
small currents gave me delta waves on the EEG, the waves got bigger as
| increased the current, and they all correlated with the animal's periods
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DC THROUGH THE HEAD ANESTHETIZES THE SALAMANDER

This result naturally led to the question: Did chemical anesthetics
work by stopping the brain's electrical current? | couldn't see any way to
get direct evidence one way or the other, but | thought maybe chemical
anesthesia could be reversed by putting current into the brain in the
normal direction. | found this could be done only to a certain extent. |
could get a partial return of the higher frequency waves in the EEG, and
the anesthesia seemed to become shallower, but | couldn't get a drugged
salamander to wake up and walk away.
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In the course of these observations, | found that when the head volt-
age was dropping as a chemical anesthetic took hold, specific slow waves
always appeared briefly in the recordings. They were at the low end of
the delta frequencies, 1 cycle per second or even less, and they also
showed up when the voltage came back as the drug wore off. To find out
if these waves always signaled a major change in the state of con-
sciousness, | decided to use a standard amount of direct current to pro-
duce anesthesia, measure the amplitude (size) of the delta waves in the
EEG, and then add some one-second waves of my own to the current |
was putting into the animal's head. In other words, | would introduce
some "change-of-state” waves from outside and see if they produced a
shift in the EEG. | couldn't record the EEG simultaneously, because the
waves | added would appear on the trace, so | rigged up a switch to cut
out the added waves after a minute and turn on the EEG recorder at the
same time, without stopping the direct current that would keep the
salamander unconscious.

It seemed to work. The added waves markedly increased the ampli-
tude of the salamander's own deep-sleep delta waves. Was this an ar-
tifact? Were the added waves just causing an oscillation in the brain
currents that persisted after the external rhythms were removed? It
didn't seem likely, because the waves | added were at the change-of-state
frequency of 1 cycle per second, while the measured deltas were at the
deep-sleep frequency of 3. However, an additional test was possible. |
could add waves of other frequencies and see if they worked as well as 1
cycle per second. They didn't; in fact, as the frequency of the added
waves increased over that rate, the deep-sleep delta waves got smaller.
The one-second waves were a marker of major shifts in consciousness.

This line of work corroborated one of the main points of my hypoth-
esis. Direct currents within the central nervous system regulated the
level of sensitivity of the neurons by several methods by (hanging the
amount of current in one direction, by changing the direction of the

current (reversing the polarity), and by modulating the current with
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slow waves. Moreover, we could exert the same control from outside by
putting current of each type into the head. This was exciting. It opened
up vast new possibilities for a better understanding of the brain. It was
still on the edge of respectability, too, since it was a logical consequence
of the work done by Gerard and his co-workers. The next experiment
was harder to believe, however.

I figured the brain currents must be semiconducting, like those in the
peripheral nerves. | thought of looking for a Hall voltage from the head
but reasoned the brain's complexity would make any results question-
able. Then | thought of using the effect backward, so to speak, measur-
ing a magnetic field's action on the brain rather than on the production
of the Hall voltage. Since the Hall voltage was produced by diverting
some of the charge carriers from the original current direction, a strong
enough magnetic field should divert all of them. If so, such a field per-
pendicular to the brain's midline current should have the same effect as
canceling out that normal current with one applied from the outside.
The animal should fall asleep.
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THE HALL EFFECT—A TEST FOR SEMICONDUCTING CURRENTS

We tranquilized a salamander lightly, placed it on a plastic shelf be-
tween the poles of a strong electromagnet, and attached electrodes
to measure the EEC As we gradually increased the magnetic field
strength, we saw no change—until delta waves appeared at 2,000 gauss.
At 3,000 gauss, the entire BEG was composed of simple delta waves,
and the animal was motionless and unresponsive to all stimuli. More-
over, as we decreased the strength of the magnetic field, normal EEG
patterns returned suddenly, and the salamander regained consciousness
within seconds, This was in sharp contrast to other forms of anesthesia.
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With direct currents, the EEG continued to show delta waves for as long
as a half hour after the current was turned off, and the animals remained
groggy and unresponsive just as after chemical anesthesia.
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THE EEG OF A SALAMANDER ANESTHETIZED BY A MAGNETIC FIELD

It seemed to us that we'd discovered the best possible anesthetic, al-
lowing prompt recovery with no side effects. We proposed getting a
bigger electromagnet to try this method on larger animals and eventu-
ally humans, but we never even got a reply. Our data on direct currents
in the nerves weren't quite acceptable, but reactions by living things to
magnetic fields were absolutely out of the question in America at that
time.

I was flabbergasted, therefore, to receive a phone call from one of the
most prominent biologists in the Harvard-MIT orbit. He told me,
"We're in the process of setting up an international conference on high-
energy magnetic fields at MIT, and we've received a number of questions
from respectable scientists in other countries asking why there is to be
no session on biological effects of magnetic fields. This is a totally new
idea to us, and we really don't believe there are such effects, but some of
these fellows are persistent. We've searched the scientific literature and
found your paper onthe Hall effect. Since you steemto be the only
person in this country doing any work along these lines, let me ask if

you think there's anything to it."
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I allowed as humbly as | could that there just might be something
there, and told him about the latest experiments. There was a long
pause filled with disdain. Then | added that Professor Bachman had been
working with me. That changed the tone dramatically; this man also
knew Charlie through work on the electron microscope during the war.
He asked if | would organize the session and arrange for additional
speakers.

There weren't too many investigators to choose from, and some of
them were doing very slipshod work. | invited Frank Brown and selected
a few others on the basis of published work. I'd just about finished when
I got another call. A man with a thick German accent introduced him-
self as Dietrich Beischer.

"I have read your paper on the Hall effect,” he began, "and | think
we have much common interest” He explained that he was studying
magnetic field bioeffects for the Navy and had done much work that
wasn't published openly. At the time he was conducting a large experi-
ment on human volunteers to check for effects from a null field, a com-
plete absence of magnetism. When | wondered how he produced such a
state, he invited me to have a look and perhaps offer suggestions. So off
I went to Maryland.

Beischer was using the compass calibration building in the Naval Sur-
face Weapons Center at Silver Spring. The building was huge. Electrical
cables in all the walls, floor, and roof were "servo-connected" (directly
cued) to the three axes of the earth's magnetic field, so that the field was
canceled out in a sphere about 20 feet across in the center of the struc-
ture. Several men were living and being tested in this area. 1 was im-
pressed by the resources at Beischer's command, and | had a good time,
but 1 wondered what use any discoveries made there might ultimately be
put to. My only contribution was to point out that the enclosure had
been built before anyone knew about the earth field's low-frequency
components, micropulsations ranging from less than 1 to about 25 cy-
cles per second, that were far weaker than the planet's electromagnetic
field as a whole. Consequently Beischer's subjects were still exposed to a
very weak magnetic field pulsing at these frequencies, and | suspected
that that component might be one of the most important for life, be-
cause all brain waves were in exactly the same range. Perhaps as a result
of this factor, the null-field experiment was turning out to be in-
conclusive, but | asked Beischer to attend the MIT meeting and present
some previous data suggesting that electromagnetic fields could affect
embryonic development.

For my own presentation | decided against trying to compress all the
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work I'd done so far into a few minutes before a skeptical audience.
Instead | offered some evidence that Charlie and | had gathered with the
help of psychiatrist Howard Friedman, which showed a possible rela-
tionship between mental disturbances and solar magnetic storms. ['ll
discuss this study further in Chapter 14.

The MIT meeting went well. The field of bioelectromagnetism was
still young, and the researchers in it didnt make many converts among
the mainstream biologists. As usual, we found the physicists more in-
clined to listen. However, we drew inspiration from each other. | re-
turned to the lab more determined than ever to elucidate the links that I
knew existed between electromagnetic energy and life.

Charlie, Howard, and | decided to find out how the brain's DC poten-
tials behaved in humans. The electrodes we'd been using on salamanders
couldn't be scaled up for people, but within a week Charlie invented
some that would give us equally precise readings from the human head.
We immediately found that the back-to-front current varied with
changes in consciousness just as in salamanders. It was strongest during
heightened physical or mental activity, it declined during rest, and it
reversed direction in both normal sleep and anesthesia. This knowledge
led directly to the experiments, described in Chapter 13, that taught us
much about how hypnosis and pain perception work.

T T awake ASLEEP AWAKE

DIRECT CURRENT | o -
AMPLIFIER .
4

ANESTHESIA

N f
START SToR

DC ANESTHESIA IN HUMANS

At this point | received an invitation from Meryl Rose to speak at the
big event in the world of animal science, the International Congress of
Zoology. This is not just a yearly convention; it is convened only when
its directors agree that there has been enough progress to warrant a
meeting. This session, in August 1963, was only the sixteenth since the
first one had been set up in 1889. It was an honor to be there, and the
conference itself was especially important, since it was one of the first
times science formally addressed such ecological emergencies as pesticide
pollution, the protection of vanishing species, overpopulation, and ur-

ban sprawl. The high point tor me came when | gave my paper and saw




The Circuit of Awareness 117

in the audience Dr. Ralph Bowen, my college biology professor, a kind
but exacting teacher who'd inspired me with his unique combination of
scientific discipline and respect for life. Afterward, with characteristic
caution, he said something like "That's not too bad, Becker. I'd like to
see you keep going in this research."”

When | assured him that, despite my M.D. degree, | was still com-
mitted to basic biology, he said, "I hope so, but remember, it won't be
easy. To change things is never popular." His encouragement meant a
lot to me, and | was happy to be able to show him that I'd amounted to
something.

A lot had happened in the four work-filled years since I'd begun
studying the current of injury. That first experiment had opened a door
into a great hall with passageways leading off in all sorts of fascinating
directions. This was really the life! Without leaving the laboratory I'd
gone on a journey of exploration as exciting as trekking through the
uncharted wilds of New Guinea. Our work on nerves and the brain was
leading toward a whole new concept of life whose implications only
gradually became apparent. Meanwhile, my colleagues and | were con-
tinuing to investigate the processes of healing, leading to insights and
practical applications that more than justified my enthusiasm.
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Despite my fascination with fundamental questions about the nature of
life, | was, after all, an orthopedic surgeon, and | was eager to find
things that would help my patients. In addition, to convince the Ar-
tifact Man and all his brothers, Charlie and | were looking for some
direct test of semiconduction in living tissues. The Hall effect and the
freezing of frog nerves each demonstrated a characteristic of semiconduc-
tion but didnt confirm it in standard engineering terms. Unfortunately,
all the direct tests then known worked only with crystals. You needed a
material you could carve into blocks, something that didn't squish when
you put an electrode on it. The only possibility was bone.

To many biologists and physicians, bones are pretty dull. They seem
like a bunch of scarecrow sticks in which nothing much happens, plain
props for a subtler architecture. Many of my patients were in sad shape
because doctors had failed to realize that bone is a living tissue that has
to be treated with respect. It's a common misconception that orthopedic
surgery is like carpentry. All you have to do is put a recalcitrant fracture
together with screws, plates, or nails; if the pieces are firmly fixed after
surgery, you're done. Nothing could be further from the truth. No mat-
ter how firmly you hold them together, the pieces will come loose and
the limb can't be used if the bone doesn't heal.

The Pillars of the Temple

The skeleton doesn't deserve this cavalier treatment. The development of
bones by the first true fishes of the Devonian era nearly 400 million years
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ago was a remarkable achievement. It enabled animals to advance, in
both senses of the word, quickly and efficiently. Since bone is inside the
body, it can live and grow with the animal, instead of leaving it defense-
less as an external skeleton does when cast off during a molt. It's also the
most efficient system for attaching muscles and increasing the size of
animals.

Bone is extraordinary in structure, too. It's stronger than cast iron in
resisting compression but, if killed by X rays or by cutting off its blood
supply (barely adequate to start with), it collapses into mush. The part
that's actually alive, the bone cells, comprises less than 20 percent of the
whole. The rest, the matrix, isnt just homogeneous concrete, either. It's
composed of two dissimilar materials—collagen, a long-chain, fibrous
protein that's the main structural material of the entire body, and apa-
tite, a crystalline mineral that's mainly calcium phosphate. The electron
microscope shows that the association between collagen and apatite is
highly ordered, right down to the molecular level. The collagen fibers
have raised transverse bands that divide them into regular segments. The
apatite crystals, just the right size to fit snugly between these bands, are
deposited like scales around the fibers.

This intricacy continues at higher levels of organization. The collagen
fibers lie side by side in layer upon layer wound in opposed spirals (a
double helix) around a central axis. The bone cells, or osteocytes, are
embedded in these layers, which form units a few millimeters long,
called osteones. The center of each osteone has a small canal in which
runs a blood vessel and a nerve. The osteones in turn are organized so as
to lie along the lines of maximum mechanical stress, producing a bone
of the precise shape best able to withstand the forces applied to it.

Bone has an amazing capacity to grow, which it does in three dif-
ferent ways. In childhood each long bone of the limbs has one or two
growth centers, called epiphyseal plates. Each is a body of -cartilage
whose leading edge grows continuously while its trailing edge trans-
forms into bone. When the bone is the right length, the process stops,
and the remaining cartilage forms the bony knob, or epiphysis, at the
end of the bone. The “closure” of the epiphyses is an index of the body's
maturation.

Bone cannot heal. That sounds like a conundrum but it's literally
true. Fractures knit because new bone made from other tissues unites the
fracture ends. Although we sometimes speak of bone growth as part of
fracture healing, the old, preexisting bone doesn't have the capacity to

grow. As mentioned in Chapter 1, there are two tissues that produce

new bone at a fracture site. One is the periosteum, the bone's fibrous

covering. It's the cells of the periosteum's innermost layer that have the
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power of osteogenesis, or bone formation. After a fracture, these cells are
somehow turned on. They begin to divide and some of the daughter
cells turn into osteoblasts, cells that make the collagen fibers of bone.
Apatite crystals then condense out of the blood serum onto the fibers.

The other tissue that forms new bone to heal a fracture is the marrow.
Its cells dedifferentiate and form a blastema, filling the central part of
the fracture. The blastema cells then turn into cartilage cells and later
into more osteoblasts. This process is true regeneration, following the

same sequence of cell changes as the regrowing salamander limb.

Whatever a physician does to repair a fracture, he or she must protect

the periosteum and marrow cavity from harm. Unfortunetely, too often
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the application of plates, screws, and nails does just the opposite and,
rather than helping nature, the treatment impedes healing.

From a researcher's point of view, the question here is: What activates
the cells of the periosteum and marrow? In the case of the marrow, we
can expect it to be the same factor that switches on the cells in a sala-
mander's amputated leg.

There's a third process of growth that's unique to bone. It follows
Wolff's law, which is named after the orthopedic surgeon J. Wolff, who
discovered it at the end of the nineteenth century. Basically, Wolff's law
states that a bone responds to stress by growing into whatever shape best
meets the demands its owner makes of it. When a bone is bent, one side
is compressed and the other is stretched. When it's bent consistently in
one direction, extra bone grows to shore up the compressed side, and
some is absorbed from the stretched side. It's as though a bridge could
sense that most of its traffic was in one lane and could put up extra
beams and cables on that side while dismantling them from the other.
As a result, a tennis player or baseball pitcher has heavier and differently
contoured bones in the racket arm or pitching arm than in the other
one. This ability is greatest in youth, so in childhood fractures it's often
best to put the bone ends together gently by manipulation without sur-
gery, settling for a less than perfect fit. Sometimes the hardest part is
convincing the parents that a modest bend will straighten itself out in a

few months in accordance with Wolff's law.
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Wolffs-law reorganization occurs because something stimulates the
periosteum to grow new bone at a surface where there's compressional
stress, while dissolving bone where there's tensional stress. Again, the

question for researchers is: What turns on the periosteal cells?
TENS“O’\J BONE ABSORPTION

FORCE APPLIED

COMPRESSION—BONE GROWTH

EXTERNAL FORCE GUIDES WOLFF'S LAW GROWTH
After I'd finished giving my paper on the salamander's current of in-
jury at the orthopedic meeting early in 1961, several people came up to
the stage to ask questions. Among them was Andy Bassett, a young
orthopedic surgeon who was doing research at Columbia. In our conver-
sation we came up with an angle for investigating Wolff's law—piezo-
electricity. Simply put, this is the ability of some materials to transform
mechanical stress into electrical energy. For example, if you bend a
piezoelectric crystal hard enough to deform it slightly, there'll be a pulse
of current through it. In effect, the squeeze pops electrons out of their
places in the crystal lattice. They migrate toward the compression, so
the charge on the inside curve of a bent crystal is negative. The potential
quickly disappears if you sustain the stress, bur when you release it, an
equal and opposite positive pulse appears as the electrons rebound before
settling back into place.

Since I'd shown that a stronger-than-normal negative current preceded
regeneration, Bassett suggested that maybe bone was iezoelectric and
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the negative charge from bending stimulated the adaptive growth of
Wolff's law. To find out, we tested both living and dead bones from a
variety of animals, and found that bending produced an immediate po-
tential, as expected. The compressed side became negative; the stretched

side, positive,* ? FO;CE

( PIEZO CRYSTAL

AMPLIFIER +

B

O
PIEZOELECTRICITY—MECHANICAL STRESS INTO ELECTRICITY

Furthermore, the reversed potentials that appeared when we released
the stress weren't nearly as large as the first ones. This was just as it
should be. If a negative voltage was the growth stimulus, there had to
be some way to cancel out the positive rebound voltage; otherwise it
would have negated the growth message. In electronic terms, there had
to be a solid-state rectifier, or PN junction diode.

;/——-_"\\_ FORCE

AMPLIFIER THIS SIGNAL PARTIALLY RECTIFIED
ABSORPTION
TENSION l
COMPRESSION = GROWTH

PIEZOELECTRICITY IN BONE

*After writing up this experiment, we found that it had been done before. Iwao Yasuda,
a Japanese orthopedist, had shown that bone was piezoelectric back in 1954; he and
Eiichi Fukada, a physicist, had confirmed the fact in 1957. We made note of their prior
observations but published our paper anyway, since our techniques were different and
ours was the first report in English.
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Despite the initimidating names, this device is fairly simple. It's a
filter that screens out either the positive (P) or the negative (N) part of a
signal. As mentioned in Chapter 4, current can flow through a crystal
lattice either as free electrons or as "holes" that can shift their positions
much as the holes migrate when you move the marbles in a game of
Chinese checkers. Since current can flow from a P-type to an N-type
semiconductor but not the other way, a junction of the two will filter, or
rectify, a current.

The phonograph would be impossible without this device. As the
diamond or sapphire crystal of the stylus rides a record's groove, the
groove's changing shape deforms it ever so slightly. The crystal, of
course, transforms the stresses into a varying electrical signal, which is
amplified until we can hear it. It would be an unintelligible hum, how-
ever, if we heard both the deformation pulse and the release pulse.
Therefore we place a rectifier in the circuit. It passes current in one
direction only, so the impulses don't cancel each other out. The signal is
rectified, and when we feed it to a loudspeaker we hear music. Bassett
and | felt sure we were seeing evidence of rectification in the fact that

bone's release pulse was much smaller than the one from stress.
PIEZO CRYSTAL

SIGNAL FROM CRYSTAL RECTIFIED SIGNAL

\
*

RECTIFIER AMPLIFIER
(PN JUNCTION DICDE)

—+— RECORD
RECTIFIED SIGNALS MAKE THE PHONOGRAPH POSSIBLE

If the negative piezoelectric signal stimulated growth, maybe we
could induce bone growth ourselves with negative current.* We tried
out the idea on eighteen dogs. In the thighbone of one hind leg we
implanted a battery pack. The electrodes were made of platinum, a non-
reactive metal, to minimize any possible electrochemical irritation, and
we inserted them through drill holes directly into the marrow cavity. As
controls, some of the devices didn't have a battery. After three weeks we
found that the active units had produced large amounts of new bone

*Again Dr. Yasuda and his colleagues had already done so, but their results seem to
have been due to bone's ability to grow in response to irritation from the electrodes.
They used alternating current, which is now known to have no direct growth-stimulat-
ing effect.
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around the negative electrode but none around the positive. In the con-

trols, there was no growth around either electrode.
DUMMY ENCAPSULATED ELECTRONIC CIRCUIT ACTIVE ENCAPSULATED ELECTRONIC CIRCUIT

CONTROL:
EQUAL GROWTH AT EACH ELECTRODE RESULTING EXPERIMENT
FROM STIMULUS OF ELECTRODE INSERTION LESS GROWTH AT POSITIVE ELECTRODE,

MORE AT NEGATIVE ELECTRODE
ELECTRICAL STIMULATION OF BONE GROWTH

The results were exciting, but in retrospect | believe we made a
serious error when we published this study. In our own minds and in
print as well, we confused the negative potentials of the salamander's
current of injury, the negative potentials that stimulated bone growth,
and the negative potentials from the piezoelectric study. We proceeded
as though they were equivalent, but they were not. The piezoelectric
potentials were measured on the outside of the bone and appeared only
when mechanical stress was applied. They were transitory, and most
likely the periosteum was their target tissue. In the implant study, we
used continuous direct current applied to the inside of the bone, the
marrow cavity. What we were stimulating was the DC control system of
regenerative fracture healing, not the piezoelectric control system of
Wolff's law. We didn't clearly indicate the difference to the scientific
reader, and this led to much confusion, some of which still persists
twenty years later. As a result, many scientists think electricity stimu-
lates bone growth because bone is piezoelectric. Most of these people
don't realize that bone itself doesn't grow when a fracture heals. More-
over, everyone who has proceeded from our technique—and it's being
used today to heal nonunions (see Chapter 8)—has done basically the
same thing, continuously stimulating the bone marrow. No one has
tried to stimulate the periosteum, as the pulsed piezoelectric signal does.
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Our confusion also helped the scientific establishment accept the "triv-
ial" electrical stimulation of bone by considering it something unique to
bone. The relationship between our experiment and regeneration proper
was lost.

The Inner Electronics of Bone

Charlie Bachman and | decided to investigate the electrical properties of
bone in more detail and try to figure out how Wolff's law worked. We
put together a hypothesis based on my experiments with Bassett. We
postulated that the bone matrix was a biphasic (two-part) semiconduc-
tor. That is, either apatite or collagen was an N-type semiconductor; the
other, a P type. Their connected surfaces would thus form a natural PN
junction diode that would rectify any current in the bone. We further
theorized that only one of the materials was piezoelectric. On the com-
pressed side of a stressed bone, we expected the positive pulses to be
filtered out, leaving a negative signal to stimulate periosteal cells to
grow new bone.

We made several pairs of sample blocks, cut side by side from pieces
of bone removed from patients for medical reasons. From one member of
each pair we chemically removed the apatite. The other we treated with
a compound that dissolved the collagen. The resulting pure collagen was
yellowish and slightly rubbery, and the apatite pure white and brittle,
but otherwise both blocks still looked like bone. Our first step was to
test bone's component materials separately for semiconduction and
piezoelectricity. Collagen turned out to be an N-type semiconductor and
apatite a P type.

Then we tested our samples for piezoelectricity in the same way that
Bassett and | had previously tested whole bone. We expected that apa-
tite would be the only one to show an effect, since it was a crystal.
However, collagen turned out to be a piezoelectric generator, while apa-
tite was not. We now had the makings of a PN junction—two semicon-
ductors, one an N type, the other a P type, joined together in a highly
organized fashion.

Now came the crucial part of our hypothesis. We had to figure out a
way to test for rectification at the PN junction. It was an important
crossroads.

Here we rn up against what's known in the trade as a technical
problem. To test for rectification we had to put one electrode on the

collagen and one on the apatite as they appeared in whole bone. Unfor-
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tunately, the apatite crystals are each only 500 angstroms long. Now,
the angstrom (named after the Swedish pioneer of spectroscopy Anders
Jonas Angstrom) was invented for measuring atoms and molecules, and
it is not large. Five hundred of them are only one tenth as long as a
single wave of green light. Even today's thinnest microelectrodes are 1
micron (10,000 angstroms) wide, and at the time the thinnest ones
available to us were much larger. It would have been like trying to
measure a grain of rice with a telephone pole.

COLLAGEN FIBER

PN JUNCTION ZONE

AR e THE APATITE-COLLAGEN JUNCTION
We would have to do it in a sort of statistical way. Because of the way
bone is built—millions of little scales glued onto larger fibers arranged
in more or less lengthwise spirals along the osteones—I reasoned thus: If
we put an electrode on the lengthwise cut, we'd be contacting mostly
apatite, while an electrode on a face cut across the grain should connect
to a greater proportion of collagen. If that method of electrode hookup
worked and if we had a rectifier in our bones, then we'd be able to pass
current through our samples only in one direction. That was exactly
what happened. Our bone samples weren't as efficient as a commercial
rectifier, but the amount of current we could put through them from a
battery of constant voltage was much greater in one direction than in the
other.
Current flowing "uphill," against the normal flow from P to N semi-
conductors, is called a reverse bias current, and we used it to look for
photoelectric effects. Many semiconductors absorb energy from light,
and any current flowing through the material gets a boost. We arranged
our apparatus so only a small spot of light shone on the bone, because
our silver electrodes were slightly sensitive to light and could produce a
real artifact. With the voltage constant, the light produced an unmis-
takable increase in the current. Now, if bone really contained a rectifier,
the photoelectric effect should be sensitive to the current's direction.
The current in reverse bias should rise more with the same light inten-
sify than the current in forward bias The experiment was simple. We
reversed the battery and turned on the light. The amperage rose higher
than before. The rectifier was real.
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We could now follow the entire control system of Wolff's law. Me-
chanical stress on the bone produced a piezoelectric signal from the
collagen. The signal was biphasic, switching polarity with each stress-
and-release. The signal was rectified by the PN junction between apatite
and collagen. This coherent signal did more than merely indicate that
stress had occurred. Its strength told the cells how strong the stress was,
and its polarity told them what direction it came from. Osteogenic cells
where the potential was negative would be stimulated to grow more
bone, while those in the positive area would close up shop and dismantle
their matrix. If growth and resorption were considered as two aspects of
one process, the electrical signal acted as an analog code to transfer infor-
mation about stress to the cells and trigger the appropriate response.

Now we knew how stress was converted into an electrical signal. We
had discovered a transducer, a device that converts other forces into elec-
tricity or vice versa. There was another transducer in the Wolff's-law
system - the mechanism that transformed the electrical signal into ap-

propriate cell responses. Our next experiment showed us something

about how this one worked.
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Collagen fibers are formed from long sticks, like uncooked spaghetti,
of a precursor molecule called tropocollagen. This compound, much
used in biological research, is extracted from formed collagen—often
from rat tails—and made into a solution. A slight change in the pH of
the solution then precipitates collagen fibers. But the fibers thus formed

are a jumbled, feltlike mass, nothing like the layered parallel strands of

bone. However, when we passed a weak direct current through the

solution, the fibers formed in rows perpendicular to the lines of force



130 The Body Electric
around the negative electrode. This fit our new discoveries perfectly,
because the lines of force on the negative (compressed) side of a bent
bone would be in precisely the same alignment as the collagen fibers of
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This was the first time that a complete circuit diagram of a growth
process could be made. To us, this seemed an achievement of some note,
but, although we got published, no one seemed to pay any attention.
The scientific community wasn't ready for biological semiconduction,
and the notion of diodes in living tissue seemed ridiculously farfetched
to most of the people | told about it. For that reason, | never even
bothered to try publishing one of our follow-up experiments. It was just
too weird.

In the mid-1960s, solid-state devices were only beginning to hit the
market, and one of the PN junction’s most interesting properties hadn't
yet been exploited. When you run a current through it in forward bias,
some of its energy gets turned into light and emitted from the surface.
In other words, electricity makes it glow. Nowadays various kinds of
these PN junctions, called light-emitting diodes (LEDs), are everywhere
as digital readouts in watches and calculators, but then they were labora-
tory curios.

We found that bone was an LED. Like many such materials, it re-
quired an outside source of light before an electric current would make it
release its own light, and the light it emitted was at an infrared fre-
quency invisible to us, but the effect was consistent and undeniable.

Even though we'd already proved our hypothesis, Charlie and | did a
few more experiments on bone semiconduction, partly for additional
confirmation and partly for the fun of it. It was known that some semi-
conductors fluoresced—that is, they absorbed ultraviolet light and emit-
ted part of it at a lower frequency, as visible light. We checked, and
whole bone fluoresced a bluish ivory, while collagen yielded an intense
blue and apatite a dull brick-red. Here we found a puzzling discrepancy,
however, which eventually led to a discovery that could benefit many
people. When we combined the fluoresced light from collagen with that
from apatite, we should have gotten the fluoresced light from whole
bone. We didn't. That indicated there was some other material in the
bone matrix, something we'd been washing out in the chemical separa-
tion.

Charlie and 1 were stumped on that line of research for a couple of
years, until our attention was caught by a new development in solid-
state technology called doping. Tiny amounts of certain minerals mixed
into the semiconductor material could change its characteristics enor-
mously. The making of semiconductors to order by selective doping
would become a science in itself; to us it suggested trace elements in

bone. We already knew that certain trace metals - such as copper, lead,

silver, and beryllium - bonded readily to bone. Beryllium miners had a
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high rate of osteogenic sarcoma—bone cancer—because beryllium some-
how removed normal controls from the osteocytes' growth potential. Ra-
dioactive strontium 90 worked its harm by bonding to bone, then
bombarding the cells with ionizing radiation. Perhaps some trace

element normally found in bone changed its electrical properties by
doping it.
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To find out, Charlie and | used a very complex device called an elec-
tron paramagnetic resonance (EPR) spectrometer on our bone samples.
There's no easy way to explain just how this instrument works, but
basically it measures the number of free electrons in a material by sens-
ing a resonance produced in the electrons' vibrations by in applied mag-
netic field. We used it to measure the fre electrons in collagen and
apatite, and we found the same kind of discrepancy as in our flourescence
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experiment: When we added together the free electrons of collagen and
apatite, we fell short of the number we found in whole bone. That made
us certain that we were washing out some trace mineral.

We decided to work backward. We prepared a solution containing
small amounts of a wide variety of metals. Then we soaked our collagen
and apatite cubes in this broth to see what they'd pick up.

We knew we were on the way to solving this mystery when we exam-
ined the results. Only a few of the metals had bonded to the bone mate-
rials: beryllium, copper, iron, zinc, lead, and silver. The diameters of all
the absorbed atoms were exact fractions of one another. The results
showed that the bonding sites were little recesses into which would fit
one atom of silver or lead, two of iron or copper or zinc, or six of
beryllium.

Only one of these metals gave us an electron resonance of its own,
indicating that it had a large number of free electrons that could affect
the electrical nature of bone. That metal was copper. We made a batch
of broth containing only copper. We expected that copper's EPR signal
would change to one value as it bonded with collagen, and to another as
it bonded with apatite. Since the molecular structure of each was quite
different, we figured that each would bind copper in a different way.

We could hardly believe the results. Bonding had indeed changed
copper's resonance, but the change was the same in both materials. By
analyzing it we deduced that each atom of copper fit into a little pit,
surrounded by a particular pattern of electric charges, on the surface of
apatite crystals and collagen fibers. Because the pattern of charges was
the same in both materials, we knew that the bonding sites were the
same on both surfaces and that they lined up to form one elongated
cavity connecting the crystal and fiber. In other words, the two bonding
sites matched, forming an enclosed space into which two atoms of cop-
per nestled. The electrical forces of this copper bond held the crystals
and fibers together much as wooden pegs fastened the pieces of antique
furniture to each other. Furthermore, the electrical nature of peg and
hole suggested that we had found, on the atomic level, the exact loca-
tion of the PN junction.

This discovery may have some medical importance. The question of
how the innermost apatite crystals fasten onto collagen had eluded
orthopedists until then, and the finding may have opened a way to un-
derstand osteoporosis,a condition in which the apatite crystals fall off

and the bone degenerates. The process is often called decalcification,

although more than calcium is lost. It's a common feature of aging. |

surmise that osteoporosis comes about when copper is somehow removed
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from the bones. This might occur not only through chemical/metabolic
processes, but by a change in the electromagnetic binding forces, allow-
ing the pegs to "fall out” It's possible that this could result from a
change in the overall electrical fields throughout the body or from a
change in those surrounding the body in the environment.

APATITE CRYSTAL

APATITE CRYSTAL

BONES BUILT WITH COPPER PEGS
Osteoporosis has been a major worry of the American and Ru35|an
space programs. As flights got longer, doctors found that more and more
apatite was lost from the bones, until decalcification reached 8 percent in
the early Soviet Salyut space-station tests. Serious problems were known
to occur only when apatite loss reached about 20 percent, but the trend
was alarming, especially since depletion of the calcium reservoir might
affect the nervous system and muscular efficiency before the 20-percent
level was reached. Although the immediate cause was their inability to
get a malfunctioning air valve closed before all the cabin air escaped,
weakness from muscle tone loss might have contributed to the death of
the three cosmonauts who succumbed while returning from their
twenty-four-day flight aboard Soyuz 11 at the end of June 1971.

Space osteoporosis may result from unnatural currents induced in bone
by a spacecraft's rapid motion through the earth's magnetic field, with a
polarity reversal every half orbit, or it may be a direct effect of the field
reversal. This abnormality, which may change the activity of bone cells
directly, would be superimposed on abnormal responses of bone's natural
electrical system, which is almost certainly affected by weightlessness.
The unfamiliar external field reversals could also weaken the copper
pegs, at the same time that the bones are in a constant state of "re-
bound” from their earthly weight-induced potentials, producing a signal
that says, "No weight, no bones needed." We know that the more even
distribution of blood caused by weightlessness registers in the heart as an

excess; as aresult, fluid and ions, including calcium, are withdrawn

from tht blood. However, the effect probably isnt't due to weightlessness

alone, for the Skylab astronauts did rigorous exercise, which would have
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supplied plentiful stresses to their bones. They worked out so hard that
their muscles grew, but decalcification still reached 6.8 percent on the
twelve-week mission.

The Soviets at first claimed to have solved the problem before or dur-
ing the Soyuz 26 mission of 1977—78, in which two cosmonauts orbited
in the Salyut 6 space lab for over three months. Subsequent Soviet space-
persons, who have remained weightless as long as 211 days, reportedly
have showed no ill effects from osteoporosis, and chief Soviet space doc-
tor Oleg Gazenko said it simply leveled off after three months. How-
ever, this claim was later officially withdrawn, and | have a hunch that
the Soviets are working on a way to prevent the condition by simulating
earth-surface fields inside their space stations, a method that perhaps
hasn't yet worked as well as they'd hoped. Andy Bassett has suggested
giving our astronauts strap-on electromagnetic coils designed to approxi-
mate their limb bones' normal gravity stress signals, but so far NASA
has shown no interest.

Unfortunately for earthbound victims of osteoporosis, the copper peg
discovery still hasn't been followed up, even though | published it over
fifteen years ago. Charlie and | wanted to continue in that direction, but
we knew that we couldn't sustain more than one major research effort at
a time. We decided that regenerative growth control was our primary
target, so we reluctantly dropped osteoporosis. Fortified by our new
knowledge that electricity controlled growth in bone, we returned in-
stead to the nerves, taking a closer look at how their currents stimulated
regrowth.

A Surprise in the Blood

1 felt as though the temple curtain had been drawn aside without warn-
ing and I, a goggle-eyed stranger somehow mistaken for an initiate, had
been ushered into the sanctuary to witness the mystery of mysteries. |
saw a phantasmagoria, a living tapestry of forms jeweled in minute
detail. They danced together like guests at a rowdy wedding. They
changed their shapes. Within themselves they juggled geometrical

shards like the fragments in a kaleidoscope. They sent forth extensions of
themselves like the flares of suns. Yet all their activity was obviously
interrelated; each being's actions were in step with its neighbors'. They

were like bees swarming: They obviously recognised each other and were
communicating avidly, but it was impossible to know what they were

saying. They enacted a pageant whose beauty awed me.
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As the lights came back on, the auditorium seemed dull and unreal.
I'd been watching various kinds of ordinary cells going about their daily
business, as seen through a microscope and recorded by the latest time-
lapse movie techniques. The filmmaker frankly admitted that neither he
nor anyone else knew just what the cells were doing, or how and why
they were doing it. We biologists, especially during our formative years
in school, spent most of our time dissecting dead animals and studying
preparations of dead cells stained to make their structures more easily
visible—"painted tombstones,” as someone once called them. Of course,
we all knew that life was more a process than a structure, but we tended
to forget this, because a structure was so much easier to study. This film
reminded me how far our static concepts still were from the actual busi-
ness of living. As | thought how any one of those scintillating cells
potentially could become a whole speckled frog or a person, | grew surer
than ever that my work so far had disclosed only a few aspects of a
process-control system as varied and widespread as life itself, of which
we'd been ignorant until then.

The film was shown at a workshop on fracture healing sponsored by
the National Academy of Sciences in 1965. It was one of a series of
meetings organized for the heads of clinical departments to educate them
as to the most promising directions for research. A dynamic organizer
named Jim Wray had recently become chairman of the Upstate Medical
Center's department of orthopedic surgery, but Jim's superb skills were
political rather than scientific. Since | was an active researcher and had
just been promoted to associate professor, Jim asked me to go in his
place. | tried to get out of it, because |1 knew my electrical bones would
get a frosty reception from the big shots if | opened my mouth, but Jim
prevailed. The meeting was mostly what I'd expected, but there were
three bright spots. One was that microcinematic vision. Another was the
chance to get acquainted with the other delegate from my department, a
sharp young orthopedic surgeon named Dave Murray. The third was the
presence of Dr. John J. Pritchard.

A renowned British anatomist who'd added much to our knowledge of
fracture healing, Dr. Pritchard was the meeting's keynote speaker—the
beneficent father-figure who was to evaluate all the papers and sum-
marize everything at the end. Dave and | almost skipped his talk. We
hadn't been impressed with the presentations, and we figured there had
been so few new ideas that Pritchard would have nothing to say. How-
ever, our bus to the Washington airport didn't leave until after Prit-
chard's luncheon address, so we stayed. With a tact that seemed
peculiarly English, he reached the same assessment we had, but phrased
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it so as to offend no one. He stressed that fracture healing should be
considered a vestige of regeneration. Most past work on fractures had
described what happened when a bone knit, as opposed to the how and
why. As Pritchard pointed out, "Not a great deal of thought has been
given to the factors that initiate, guide, and control the various processes
of bone repair." Just as in regeneration research, this was the most im-
portant problem about fractures, he concluded.

Dave and | had to wait several hours before our flight back to Syr-
acuse. We sat in the airport lounge and talked excitedly about broken
bones. Dave agreed that, since I'd found electrical currents in sala-
mander limb regeneration, it was at least plausible that similar factors
controlled the mending of fractures. Having just deciphered the control
system for stress adaptation (Wolffs-law growth) in bone, | felt pre-
pared to get back to the more complex problems of regeneration via its
remnant in bone healing. Dave and | decided to collaborate, and we
planned our experiment on the plane. We would break the same bone in
a standardized way in each of a series of experimental animals. 1 would
study the electrical forces in and around the fractures as they healed. We
would kill a few of the animals at each stage of healing, and Dave, an
expert histologist (cell specialist), would make microscope slides of the
healing tissues and study the cellular changes. Along the way we would
fit our findings together to see whether electricity was guiding the cells.

Our first task was to choose the experimental animals. We wanted to
use dogs or rabbits, since ultimately we were trying to understand hu-
man bones and wanted to work with animals as closely related to us as
possible. But we would need scores of them to study each phase of heal-
ing adequately, and we had neither the funds nor the facilities to house
so many large mammals. We thought of rats, but their longest bones
were too short to study clearly and were curved as well. We were look-
ing for nice, long, straight bones, in which we could produce uniform
breaks.

We settled on bullfrogs. They were cheap to buy and care for; we
could even collect some ourselves from nearby ponds. | already had a lot
of experience in working with them. Best of all, the adult frog's lower
leg had one long bone—the tibia and fibula found in most vertebrates
had merged into a tibiofibularis. It was about two inches long with a
fine, straight shaft.

Our misgivings about the evolutionary distance between frogs and
humans were allayed when we went to the library to read up on what
was then known about fracture healing in frogs. Dr. Pritchard himself,

along with two of his students, J. Bowden and A. J. Ruzicka, had
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determined that frogs mended their bones the same way people did. Our
question was: What stimulated the periosteal and marrow cells to
change into new bone-forming cells?

We began by anesthetizing the animals and resolutely breaking all
those little green legs by hand, bending them only to a certain angle so
as not to rupture the periosteum around the fracture. |1 found | had to
put little plaster casts on them—not because the frogs seemed in great
pain but because their movements kept shifting the broken bones and
making systematic observations impossible. They would have healed
anyway; in our first sixty frogs we found two that had broken their legs
in the wild and mended them, but I'm sure ours were the first that ever
had casts.

The electrical changes were complex but were almost the same in
every fracture. There were two distinct patterns, one on the periosteum
and one on the bone. Before fracture the ankle end of both the bone and
the periosteum had a small negative potential of less than 1 millivolt as
compared to the knee end. At the moment of fracture, the negative
potential on the intact periosteum over the break shot up to 6 or 7
millivolts, while areas of positive charge formed above and below the
break. After a week, the periosteum's normal progression of negative
charge toward the ankle was restored. When a fracture ruptured the
periosteum, its negative potential went even higher than 7 millivolts,
but amputation of the dangling lower leg immediately reversed the po-
larity, producing a positive current of injury from the stump, as in the
frogs of my first regeneration experiment. The bone itself underwent a
short-term electrical change opposite to that in the periosteum. A small
positive charge appeared on each of the broken ends during the first
hours, then fell to near zero after three
hours.

@
L

i
n

/ PERIQSTEUM

BONE

N e fr e

VOLTAGE (MILLIVOLTS}
o

S S
FRACTURE | 2 3 24 48 72 96
4 b TIME (HOURS

ELECTRIC FIELDS IN FROG FRACTURES
The electricity had two different sources. When cut the leg nerves,
the periosteum readings dropped dramatically, indicating that these po-
tentials were coming from currents in the nerves to the periosteum and
the surrounding wound area. Measurements on the bone, which has al-




The Ticklish Gene 139

most no nerves, were unaffected. Many piezoelectric materials emit a
continuous current for several hours after their charge-producing structure
has been left in a state of unresolved stress by fracture; | surmised that this
was true of bone and soon found that another research team had recently
proven it. Two separate currents, then, one from the nerves and one from
the bone matrix, were producing potentials of opposite polarity, which
acted like the electrodes of a battery. These living electrodes were creating
a complex field whose exact shape and strength reflected the position of
the bone pieces. The limb was, in effect, taking its own X ray.

While | was busy with my probes and meters, Dave was taking sam-
ples of the bones and blood clots and preparing them for the microscope.
We Kkilled a few of the frogs every fifteen minutes during the first two
hours, then every day for two weeks, every other day for the third week,
and weekly for the last three weeks. Preparing the slides took several
days.

In the normal sequence of bone healing in frogs, a blood clot forms
after about two hours and develops into a blastema during the first
week. It turns into the rubbery, fibrous callus during the second and
third weeks, and ossifies in three to six weeks. In this last period, islands
of bone first emerge near the broken ends. Next, bony bridges appear,
connecting the islands. Then the whole area is gradually filled in and
organized with the proper marrow space and blood canals to join the
segments of old bone.

Dave began his work with specimens taken nearly a week after the
fractures, when we expected to see the first signs of the callus forming.
"This is mighty damn funny,” he said as he walked in with the first box
of slides. "I can't see any mitoses in the periosteum. There's no evidence
that the cells there are multiplying or migrating."

We agreed that we must have done something wrong. Pritchard's
work had been quite conclusive on this point. He'd even published pho-
tographs of the periosteal cells dividing and moving into the gap. We
thought maybe we were looking at specimens from the wrong time
period, but we could see with our own eyes that the callus was starting
to form. Dave went back to study specimens from the first few days,
even though we didn't expect to see much then except clotting blood.
Soon he called me from his lab and asked, "What would you say if | told
you that the red corpuscles change and become the new bone-forming
cells?"

I groaned. "Nonsense. That can't be right." But it was right. We

went over the whole slide series together. Beginning in the second hour,

the erythrocytes (red cells) began to change.
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All vertebrates except mammals have nuclei in their red blood cells.
In mammals, these cells go through an extra stage of development in
which the nucleus is discarded. The resulting cells are smaller, can flow
through smaller capillaries, can be packed with more hemoglobin, and
thus can carry oxygen and carbon dioxide more efficiently. Nucleated
erythrocytes are considered more primitive, but even in these the nu-
cleus is pycnotic—shriveled up and inactive. The DNA in pycnotic nu-
clei is dormant, and such cells have almost no metabolic activity; that is,
they burn no glucose for energy and synthesize no proteins. If you had to
choose a likely candidate for dedifferentiation and increased activity, this
would be the worst possible choice.

In our series of slides the red cells went through all their develop-
mental stages in reverse. First they lost their characteristic flattened,
elliptical shape and became round. Their membranes acquired a scal-
loped outline. By the third day the cells had become ameboid and
moved by means of pseudopods. Concurrently, their nuclei swelled up
and, judging by changes in their reactions to staining and light, the
DNA became reactivated. We began using an electron microscope to get
a clearer view of these changes. At the end of the first week, the former
erythrocytes had acquired a full complement of mitochondria and also
ribosomes (the organelles where proteins are assembled), and they'd got-
ten rid of all of their hemoglobin. By the third week they'd turned into
cartilage-forming cells, which soon developed further into bone-forming
cells.

I wasn't happy with this turn of events. How could we reconcile what
we saw with the well-documented findings of Pritchard, Bowden, and
Ruzicka? I'd expected evidence for the semiconducting electrical system
I'd been investigating, a concept that was already strange enough to
keep me out of the scientific mainstream. | would have been happy if the
electrical measurements had fit in with straightforward changes in the
periosteal cells. The difference between them and erythrocytes was cru-
cial. Periosteal cells were closely related precursors of bone cells; blood
cells couldn't have been further removed. They couldn't possibly have
built bone without extensive job retraining on the genetic level. These
bullfrogs were bringing us up hard against a wall of dogma by showing
us metaplasia—dedifferentiation followed by redifferentiation into a to-
tally unrelated cell type. The process took place in some of the most
specialized cells in the frog's entire body, and it looked as though the

electric field set the changes in motion while at its strongest, about an

hour after the fracture.

Our next move was a respectful letter to Dr. Pritchard asking if there
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was any way he could make sense of the contradictory observations. He
replied in the negative but sent our inquiry to Dr. Bowden, who had
done the actual work on frogs as his doctoral thesis. Bowden had a
possible explanation. He'd done the experimental work under a time
limit, and to finish before the deadline he'd kept his frogs at high tem-
peratures—only a few degrees short of killing them, in fact—in order to
speed up their metabolism.

Bowden also mentioned that two researchers cited in his bibliography
had seen fracture healing in frogs much the same way we had. In the
1920s, a German named H. Wurmbach, also working on his doctorate,
noted some strange cellular transformations in the blood clot and wor-
ried over his inability to explain them. However, Wurmbach also found
mitoses in the periosteum and ascribed healing to the latter process,
since it didn't involve dedifferentiation. A decade later, another German
scientist, A. lde-Rozas, saw the same changes in the blood cells, but he
was more daring. He proposed that this transformation was the major
force behind fracture healing in frogs and further suggested that re-
generating salamanders formed their limb blastemas from nucleated red
blood cells. Other experiments seemed to contradict Ide-Rozas' idea
about limb blastemas, so his work was discredited and ignored, but
Bowden wished us better luck.

Bowden's letter gave us a framework for understanding our results.
We already knew that mammals did not heal bones by dedifferentiation
of their red corpuscles, because their red cells had no nuclei and thus no
mechanism for change. Mammals also had a thicker periosteum than
other vertebrates, so we reasoned that periosteal cell division played a
larger healing role in mammals. Frogs, it seemed, had both methods
available but activated the periosteal cells only at high temperatures.

Do-lt-Yourself Dedifferentiation

Now we were sure that our results were real. We repeated the same
fracture studies, but this time we also observed the cells while they were
alive. We took tissue samples from the fractures and made time-lapse
film sequences using techniques like those in the movie that had im-
pressed me so much at the NAS workshop. We confirmed that the
changes began in the first lew hours, just after the electrical forces
reached their peak.

Now we decided to try a crucial test. If the electricity really triggered

healing, we should be able to reproduce the same field artificially and start
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the same changes in normal blood cells outside the frog. If this didn't work,
then | probably had spent the last seven years "collecting stamps"—
accumulating facts that were interesting but, in the end, trivial.

| calculated the amount of current that would produce the fields I'd
found. | came up with an incredibly small amount, somewhere between
a trillionth and a billionth of an ampere (a picoamp and a nanoamp,
respectively). Again | thought there must be some mistake. | didn't see
how such a tiny current could produce the dramatic effects we'd seen,
so, figuring that even if my numbers were right, more juice would sim-
ply hasten the process, | decided to start with 50 microamps, a current
level that would be just shy of producing a little electrolysis—the break-
down of water into hydrogen and oxygen.

I designed plastic and glass chambers of various shapes, fitted with
electrodes of several types. In these chambers we would place healthy red
blood cells in saline solution and observe them by microscope while the
current was on.

| set up the experiment in a lab across the street from the medical
center, where there was available one of the inverted microscopes we
would need to observe the cells through the bottoms of the chambers,
where most of them would settle. 1 put a young technician named Fred-
erick Brown in charge of the long grind of watching the cells hour after
hour at different current levels and field shapes in the various chambers.
We began in the summer of 1966. Fred was to enter medical school that
fall, and 1 figured two months would be more than enough time! He
was to run one test batch of frog blood each day and report to me the
next morning as to what he'd found.

It didn't start well. Nothing had happened after six hours of current.
We couldn't increase the amperage without electrocuting the cells, so
we ran it longer. Still nothing happened. In fact, the cells started dying
when we left them in the chambers overnight. We decided to lower the
current, but I still didn't believe in the absurdly low values I'd calcu-
lated, so | told Fred to drop the amperage only a little bit day by day.
He and | stared at a lot of blood cells over those two months, all stub-
bornly refusing to do anything. Finally, two days before Fred had to
leave, we'd gotten the current down as far as our first apparatus could
go, and well within the range I'd calculated—about half a billionth of
an ampere. At eleven that morning he called me excitedly and | rushed
across the street.

With the room darkened and the microscope light on, we saw the

same cell changes as in the blood clot, first at the negative electrode,

then at the positive electrode, and finally spreading across the rest of the
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chamber. In four hours all the blood cells in the chamber had reactivated
their nuclei, lost their hemoglobin, and become completely unspe-
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We repeated the experiment many times, working out the upper and
lower limits of the effective current. The best "window" was somewhere
between 200 and 700 picoamps. | say "somewhere" because the suscep-
tibility of the cells varied, depending on their age, the hormonal state of
the frog, and possibly other factors.* This was an infinitesimal tickle of

* Rather than continually renewing a small part of their red-cell stock, frogs generate a
whole year's supply in late winter as they emerge from hibernation. Thus, all their
erythrocytes age uniformly as the year progresses. The cells become less sensitive to
electricity as they get older, and that may be why frogs, even when warm and not
hibernating, heal fractures more slowly in winter. The red blood cells dedifferentiate
most readily in the spring, and the female's become even more sensitive than the male's
when she ovulates early in that season. At that time her red corpuscles will despecialize
in response to less than one picoamp. In fact, we saw red cells from ovulating females
dedifferentiate completely in chambers to which we supplied no current whatever. Ap-
parently an unmeasurably small current created by the charge difference between the
plastic chamber and glass cover slip was enough.
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electricity, far less than anything a human could feel even on the most
sensitive tissue, such as the tongue, but it was enough to goose the cell
into unlocking all its genes for potential use.

The effect depended on having the proper cells as well as the proper
current—white blood cells, skin cells, and other types didn't work.
Only erythrocytes seemed to serve as target cells in frogs. We found the
same response in the blood cells of goldfish, salamanders, snakes, and
turtles. The only variation was that the fish cells despecialized faster and
the reptilian cells more slowly than frog blood cells. In all erythrocytes
the shift in the transparency and staining characteristics of the nucleus
was a point of no return. These changes seemed to indicate reactivation
of the DNA, for afterward the rest of the process continued even if we
switched off the current.

This was a breakthrough. We'd learned something hitherto un-
suspected about fracture healing in frogs, and it was almost certain to
benefit human patients a few years down the road. Because we'd used
frogs instead of mammals, we'd also stumbled upon the best proof yet
for dedifferentiation—a do-it-yourself method. If we'd studied fracture
healing in mammals, we almost certainly would not have made the dis-
covery, for periosteal cells don't dedifferentiate and marrow cells are hard
to experiment with. Instead, we even had movies of dedifferentiation
happening and electron photomicrographs of air its stages, including
brand-new ribosomes being made in the nucleus and deployed into the
surrounding cytoplasm. Moreover, all the steps in dedifferentiation, in-
cluding the activities in the nucleus and the assembly of ribosomes and
mitochondria, exactly paralleled the changes found by the most recent
research on salamander limb blastemas. We'd found the electrical com-
mon denominator that started the first phase—the blastema—in all re-
generation.

The Genetic Key

Soon after we'd finished this experiment, | was invited to a meeting on
electromagnetism in biology at the New York Academy of Sciences.
This was basically a one-man show. Kenneth MacLean, a prominent sur-
geon and highly placed member of the academy, had been using mag-
netic fields on his patients for years and was convinced that they helped.
Independently wealthy, he'd set up a lab in his office, with a large elec-
tromagnet. The meeting was a testament to his persistence rather than

any widespread belief within the academy that he was right. So in Feb-
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ruary 1967 | presented our recent work. | played down the full role of
electricity in fracture healing, with its overtones of vitalism, and concen-
trated on our method for inducing dedifferentiation in vitro. That was
enough to call forth many attacks from the audience, most of which
were variations on "l just don't believe it." Some said we were just
electrocuting the cells, despite the fact that they survived for ten days in
culture.

One audience member responded with some thoughtful and con-
structive criticism, however. He accepted the fact that we'd seen what
we'd seen. Nevertheless, there were, he said, other barely possible expla-
nations. In particular, he stated, we hadn't gone far enough in proving
that the cells weren't slowly degenerating from some small but harmful
change caused by the current. While the cells in our chambers looked
like those we'd photographed in the fracture clot, our idea that these
cells were electrically dedifferentiated healing cells was so at variance
with current views that we must have more direct proof. For such a
radical departure, seeing wasn't quite believing.

Stimulated by this one honest reaction, Dave and 1 returned to Syr-
acuse and planned how we could use the latest knowledge about DNA to
test our evidence further. A few years before, James Watson and Francis
Crick had proposed what became known as the central dogma of genet-
ics. In simplified form, it stated that the active DNA in each specialized
cell imprinted its own specific patterns onto transfer RNA, which re-
layed them to messenger RNA. This second RNA molecule moved out-
side the nucleus to the ribosomes, where it translated the genetic
instructions into the particular proteins that made the cell what it was.

We reasoned that, since a dedifferentiating cell was not going to di-
vide immediately, it wouldn't duplicate its genes. Therefore there
should be no increase in the amount of DNA it contained. However,
since the cell changed its type by manufacturing a whole new set of
proteins, the amount of RNA—the protein blueprints—should increase
dramatically.

Using radioactive labeling and fluorescent staining techniques, we
found there was indeed no new DNA but dramatic increases in RNA.
Another test showed that our despecialized cells contained not only dif-
ferent proteins but also twice as many as their precursor red blood cells.

The most conclusive experiment was one suggested by Dan Har-
rington, a student who'd taken Fred Brown's place and who later went
on to a Ph.D. in anatomy. Dan proposed that we use certain well-known
metabolic inhibitors that disrupt the DNA-RNA-protein system, to see

if we could prevent dedifferentiation. One such inhibitor, an antibiotic
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called puromycin, blocks the transfer of information from messenger
RNA to the ribosomes and thus prevents proteins from being built. Dan
proposed that we set up our plastic chambers in pairs. In one member of
each pair we would place blood cells in saline solution and pass current
through them as before. The other chamber would contain cells from the
same frog and be connected to the same generator, but the solution
would contain puromycin. The setup would thus be precisely controlled.
If the current was actually unlocking new genes, the puromycin should
stop dedifferentiation by intercepting the DNA's protein-making in-
structions. If the current was merely making the cells degenerate, how-
ever, the puromycin should have no effect and the transformations
should continue.

Our conclusion held up: The cells in the puromycin solution didn't
change. Next Dan suggested that we bathe these cells with several
changes of water to wash out the puromycin. They promptly dedifferen-
tiated with no current flowing! Apparently the current caused the ge-
netic change in spite of the antibiotic, and the genes stayed unlocked, so

the system still worked perfectly as soon as the puromycin blockade was
lifted.
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THE RNA BLOCKADE CONFIRMS ELECTRICAL DEDIFFERENTIATION

By early 1970 we had solid proof for nearly every detail of the control
system for fracture healing in frogs, and by extension probably in mam-
mals as well. Like all other injuries, a fracture produced a current of
injury, in this case derived from the nerves in and around the per-
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iosteum.* At the same time, the bone generated its own current
piezoelectrically due to residual stress in the mangled apatite-collagen
matrix. These signals combined to stimulate the cells that formed new
bone.

Except for the identity of the target cells, bone repair seemed to be
basically the same in all vertebrates, proceeding through the stages of
blood clot, blastema, callus, and ossification. In fish, amphibians, rep-
tiles, and birds, the red cells in the clot dedifferentiated in response to
the electric field, especially the positive potentials at the broken ends of
the bone. They then redifferentiated as cartilage cells and continued on

to become bone cells. DEDIFFERENTIATED RED CELLS

BLOOD CLOT
¢° DEDIFFERENTIATED AED CELLS BEGIN
FORMING BONE AND CARTILAGE

FRACTURED
TIBIA

% DEGENERATED RED CELLS

AN OVERVIEW OF FRACTURE HEALING IN FROGS

In some animals the periosteal cells responded to the current of injury
by migrating into the gap and specializing a bit further into bone cells.
This process seemed to be available to amphibians only at high tem-
peratures, but it was the dominant method in mammals, whose thick
periosteum made up for the lack of nuclei in their red corpuscles. By
this time we'd become pretty sure that the marrow component of bone
healing in humans involved the dedifferentiation of at least the immature

*The lack of the periosteal (nerve-derived) current may explain the uncontrolled, de-
formed growth that often follows fractures in the limbs of paraplegics and lepers. Their
bones still generate a positive potential in the gap, but because of nerve damage it isn't
balanced by the negative periosteal potential that normally surrounds the break.
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erythrocytes, which still contained a nucleus, and possibly other cell
types.

The electrical forces turned the key that unlocked the repressed genes.
The exact nature of that key was the one part still missing from the
process. The current couldn't act directly on the nucleus, which was
insulated by the cell's membrane and cytoplasm. We knew that the
current's primary effect had to be on the membrane. The cell membrane
itself was known to be charged. Its charge probably occurred as a specific
pattern of charged molecules, different for each type of cell. We postu-
lated that the membrane released derepressors—molecules that migrated
inward into the nucleus, where they switched on the genes. Based on
recent findings about the structure of RNA, we suggested that the de-
repressor molecules might be a stable form of messenger RNA that per-
sisted in the mature red cell even after its nucleus shriveled up and
turned itself off. RNA molecules can be stable for a long time when they
are folded, the strands secured together by electron bonds. If such folded
RNA molecules were stored in the cell membrane, the tiny currents
could release their bonds and unfold them. This hypothesis has not yet

been tested.

HOWEVER IT CAN CHANGE THE MEMBRANE

CURRENT CANNOT PENETRATE CELL

RELEASING
DEREPRESY

NEW mRBNA IS PRODUCED

AND NEW PROTEINS

/ WHICH DEREPRESS GENES

NEW CELL
\
L UNLOCKING GENES WITH ELECTRICITY
Fracture healing was ended by a straightforward negative-feedback

system. As the gap was filled in with new matrix, the bone gradually
redistributed its material to balance the stresses on it from the action of
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the surrounding muscles during cautious use, in accordance with Wolff's
law. Repair of surrounding tissues lessened and then stopped the peri-
osteal injury current. As a result the electrical field returned to normal,
shutting off the cellular activities of healing.

When we'd finished this series of experiments, | was sure this was the
most important piece of work | would ever do, and | was determined to
get it published as a major article, not just a short note. Luck was with
me. On several speaking engagements during the previous two years I'd
been able to talk at length with Dr. Urist. He was enthusiastic about
our findings, and since he was the editor of one of the major orthopedic
journals—Clinical Orthopedics and Related Research—I submitted our re-
port there. The editorial board published it uncut, and | was pleased to
use Dr. Pritchard's statement at the 1965 bone-healing workshop as an
epigraph. To me it's still the most satisfying of my publications.

This was the first time the control system for a healing process had
been worked out in such detail. Except for the less conclusive account
Dave and | had presented to the New York Academy of Sciences three
years before, it was also the first really incontrovertible proof of de-
differentiation and metaplasia.

These were hardly new ideas, of course. Dedifferentiation had often
been proposed during the previous four decades as the simplest explana-
tion of blastema formation, and a great deal of evidence for it had been
amassed. Elizabeth Hay had even published an electron microscope pho-
tograph of a blastema cell that hadn't despecialized completely and still
contained a piece of muscle fiber. Nevertheless, the idea was dismissed
by most of the biologists who wielded influence in grant review commit-
tees and universities.

Today, however, dedifferentiation is no longer a dirty word. In part,
this is because Dave and | devised a way to produce it artificially, which
could be repeated by anyone who cared to. Art Pilla, an electrochemist
working with Andy Bassett in New York, was the first to confirm our
method. I'm happy to have been able to play a major role in this hard-
won advance of knowledge.

Even more important, this was the first work of mine that led directly
to a technique that helped patients—electrical stimulation of bone heal-
ing (see Chapter 8). Meanwhile, our results led to another major ques-
tion: Couldn't the currents we'd found be used artificially to stimulate
other types of regeneration? We decided to see if we could bring limb
regrowth a step closer to humans by trying to induce it in rats.



Seven
Good News for
Mammals

Stephen D. Smith was the first to induce artificial regrowth with elec-
tricity applied to the limb of a nonregenerating animal. In 1967 Smith,
setting forth on his own at the University of Kentucky after his appren-
ticeship to Meryl Rose at Tulane, implanted tiny batteries in adult frogs'
leg stumps. | followed his work eagerly and was elated to hear that he'd
gotten the same amount of partial regrowth that had resulted from
Rose's salt, Polezhaev's needles, and Singer's rerouted nerves. Of all the
experiments that have influenced me, this was probably the one that
encouraged me the most.

For a battery that was small and weak enough, Smith had returned to
the simple technology of Galvani and Volta. He soldered a short piece of
silver wire to an equal length of platinum wire, and put some silicone
insulation around the solder joint. He chose these two metals as being
the least likely to release ions and produce spurious effects by reacting
with the surrounding tissue. When immersed in a frog's slightly saline
body fluids, this bimetallic device produced a tiny current whose voltage
was positive at the silver end and negative at the platinum end.

Since our work on frog erythrocytes hadn't yet been published, it was
sheer luck that the current from these batteries fell close to the "window
of effectiveness” for blastema formation. As Smith later wrote: "It would
he nice to be able to say that | had worked out all the parameters in
advance, and knew exactly what I was doing, but such was not the case.

As so often has happened in the history of science, | stumbled onto the

right procedure."”
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SILVER WIRE PLATINUM WIRE
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SMITH'S EXPERIMENT
Smith implanted his wires along the bone remnant, with one end
bent over into the marrow cavity. The limbs with the positive silver
electrode at the cut showed no growth, and in some cases tissue actually
disintegrated. The negative platinum ends, however, started regenera-
tion; the new limbs all stopped growing at about the same distance from
the device, suggesting that regeneration might have been complete if
the batteries had been able to follow along. In 1974 Smith made a
device that could do just that, and achieved full regrowth.

Despite Smith's success, there was no reason to suppose that his
method would work in mammals. One researcher had recently noted
some regeneration in the hind legs of newborn opossums, but, since
marsupials are born very immature and develop in the mother's pouch to
a second birth, we suspected that this was merely a case of embryonic
regrowth. Most fetal tissues were known to have some regenerative abil-
ity while they weren't yet fully differentiated. Richard Goss had shown
that the yearly regrowth of deer and elk antlers was true multitissue
regeneration, but this feat seemed too specialized to make us confident
about restitution in other mammals or other parts of the body.

Many thought all such attempts were doomed, because the process of
encephalization had progressed much further in mammals than amphib-
ians. All vertebrates were known to have roughly the same ratio of nerve
tissue to other kinds of tissue, but in mammals most of the limited
nerve supply went into the ever more complex brain, until, as Singer
had shown in a recent study, the proportion of nerve to other tissue in
rat legs was 80 percent less than in salamander legs. This was well below

the critical mass needed for normal regeneration, and we thought it

might be impossible to make up the difference artificially.
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Even if we could supply the proper electrical stimulus, we weren't
sure there would be any cells able to respond to it. Mammalian red
blood cells had no nuclei, so they couldn't dedifferentiate. Based on our
work on bone healing in frogs, we suspected that immature red corpus-
cles in the bone marrow might take over, but perhaps they were pro-
grammed to dedifferentiate only for fracture healing. Even if they would
respond to an external current, we wondered whether there were enough
of them to do the job.

There was also the problem of complexity. Many regeneration re-
searchers believed that mammalian tissues had become so specialized and
complicated that they'd simply outgrown the control system. Maybe it
couldn't handle enough data to fully describe the parts needed. If so, any
blastema we produced would just sit there, not knowing what to make.

A First Step with a Rat Leg

| tested the kind of silver-platinum couplings Smith used and found
they delivered several times too much current for ideal dedifferentiation,
according to our frog experiments. Joe Spadaro, another of Charlie's grad
students, suggested that we put carbon resistors between the two met-
als, giving us devices of various current levels.

In 1971, Joe and | amputated the right forelegs of thirty-five rats.
We made the cuts through the upper foreleg well away from the elbow
so that only the bone shaft, which had long ago ceased growing, would
remain at the tip. We used all males, to obviate as many hormonal
variables as possible. As controls we treated some of the stumps with no
device, or one made of a single metal, or one with the silver positive end
facing the stump. We did the actual test on twenty-two of the rats,
implanting our batteries with the negative platinum electrode at the
wound. We tucked the outer electrode into the marrow cavity and
sutured the inner one to the skin of the shoulder.

We had an answer fast. After three days the stumps of the controls had
begun to heal over or even, in the case of the highest-current couplings,
die back a little behind the amputation line. But the experimental legs
with our medium-current devices, supplying 1 nanoamp, were doing
well. In a week, nearly every one had a well-formed blastema and seemed
ready to replace the whole limb.

Since healing is very fast in rats, and because we wanted a uniform
sample for our first test, we sacrificed all of the controls and most of the

test animals at this time, although we spared a few for a month. We cut
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off the entire healing limb, then fixed, stained, and sectioned it for the

microscope. <7
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I shall never forget looking at the first batch of specimens. The rat
had regrown a shaft of bone extending from the severed humerus. At the
proper length to complete the original bone there was a typical trans-
verse growth plate of cartilage, its complex anatomical structure per-
fectly regular. Beyond that was a fine-looking epiphysis, the articulated
knob at each end of a limb bone. Along the shaft were newly forming
muscles, blood vessels, and nerves. At least ten different kinds of cells
had differentiated out from the blastema, and we'd succeeded in getting
regeneration from a mammal to the same extent as Rose, Polezhaev,
Singer, and Smith had done in frogs.

Slides from some of the other animals were even more spectacular.
One stump had two cartilaginous deposits that looked like precursors of
the two lower arm bones beyond a fully formed elbow joint. All of the
regenerates were bent toward the electrode, and in one the lower
humerus had formed alongside the old shaft rather than as an extension
of it, but otherwise its structure was quite normal.

With one exception, slides from longer than a week were less excit-
ing. They seemed to have gotten less organized as time went on. Behind

one of these older slastemas, at the end of a nearly unformed
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ghost of a bone, we found cartilage in a five-fingered shape—this limb
had begun to grow a hand.

In general, though, it looked as if the current had to be of a certain
duration as well as a certain strength. This was no less disappointing to
us than it was to the Life photographer who visited the lab at that time
and wanted before and after shots with a rat playing the piano at the
end, but nonetheless we were very pleased. Since the blastemas always
formed around the electrodes and since redifferentiation proceeded into
organized tissue, we knew the current had stimulated true regeneration,
not some abnormal growth. Mammals still had the means for the orderly
reading out of their genetic instructions to replace lost parts. We would
simply have to learn more exactly the electrical requirements of the
whole process, then make devices to supply the proper current at the
proper time in the proper place.

When we published our results, it was hard to shroud our excitement
in the circumspect scientific jargon needed. We wrote that we'd acti-
vated true, though partial, regeneration with a minuscule direct current
and that the marrow cells seemed to be the source of the blastema. |
thought this claim was sober enough. Joe and | cautioned that other
factors had yet to be studied. Most important, we warned that if such a
tiny force could so easily switch on growth, it must be very powerful,
and we'd best know it thoroughly before using it routinely on humans,
lest we give them unwelcome growths—tumors.

I felt that, within the constraints of scientific propriety, we'd uttered
a rousing call for a big research push to open up the benefits of regenera-
tion to humans. It must have been a whisper, though, for it caused no
more ripples than a feather settling on a frog pond.

Philip Person, a dental surgeon at the Brooklyn VA hospital and a
friend whom I'd known for years, asked me to present our results to the
New York Academy of Medicine. Before the academy would permit
this, however, it insisted that two experts must visit the lab and look at
the actual data. One was Marc Singer, who enthusiastically agreed that
we'd really started regeneration in the rat. The other man was totally
negative, but he wasn't a specialist in regeneration, so the academy per-
mitted me to speak.

Singer was one of the few who showed much enthusiasm when I'd
finished reading my paper at the meeting. Most of the audience was
unresponsive, there were few comments or criticisms  To these people,

electric growth control was still a vitalistic impossibility, and they

seemed unwilling to discuss dedilfferentation. The man who'd visited
our lab with Singercomplained that the amount of new growth was
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small. Phil pointed out that it wasn't the quantity but the quality of
new tissue that was important, especially in such a short time. Singer,
convinced of the paramount importance of the nerves, thought the cur-
rent might be stimulating them rather than directly causing dedifferen-
tiation, but still thought the experiment was a big step forward.
Nevertheless, it wasn't even attempted again until seven vyears later,
when Phil Person himself took on the task; he, and later Steve Smith,
confirmed our findings with even better results.

Meanwhile, buried in the literature we found reports that others had
already observed some regeneration in mammals. In 1934 Hans Selye,
the famous researcher into the effects of stress, discovered that a rat's
limbs could partially regenerate of their own accord when the animal
was two to five days old. Five years later Rudolph F. Nunnemacher of
Harvard confirmed Selye's observation. Nunnemacher, however, ascribed
the growth to a remnant of the epiphyseal plate. The growth-plate cells,
he thought, simply might have kept on growing as normal in the ado-
lescent animal. Selye replied that he'd specifically made sure to amputate
the limbs high enough to get all of the epiphyseal plate so he could be
certain that any growth was regenerative.

Thus Joe and | found that we'd really just extended the age limit for
regeneration in the rat. Indeed, two years later Phil Person showed that
even the young adult rats we'd used occasionally exhibited some re-
growth, a fact that had puzzled us in a couple of our control animals.
So, to be exact, our electrodes had temporarily but drastically boosted
the efficiency of the process as it normally waned with age in the rodent.
Still, it was the first time that had ever been done in a mammal.

Childhood Powers, Adult Prospects

The amputation of a fingertip—by a car door, lawn mower, electric fan,
or whatever—is one of the most common childhood injuries. The stan-
dard treatment is to smooth the exposed bone and stitch the skin closed,
or, if the digit has been retrieved and was cleanly cut, to try to reattach
it by microsurgery. The sad fact is that even the most painstaking sur-
gery gives less than optimal results. The nails are usually deformed or
missing, and the fingers are too short and often painful, with a dimin-
ished or absent sense of touch.

In the early 1970s at the emergency room of Sheffield Children's Hos-

pital in England, one youngster with such an injury benefited from a

clerical mixup The attending physician dressed the wound, but cus-
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tomary referral to a surgeon for closure was never made. When the error
was caught a few days later, surgeon Cynthia Illingworth noticed that
the fingertip was regenerating! She merely watched nature take its
course.

YOUNG CHILDREN'S FINGERS CLEANLY
SHEARED OFF BEYOND THIS LEVEL WILL
REGENERATE PERFECTLY

—————— . ~/")JA VESTIGE OF LIMB REGENERATION IN HUMANS
Illingworth began treating other children with such "neglect,” and by
1974 she'd documented several hundred regrown fingertips, all in chil-
dren eleven years old or younger. Other clinical studies have since con-
firmed that young children's fingers cleanly sheared off beyond the
outermost crease of the outermost joint will invariably regrow perfectly
in about three months. This crease seems to be a sharp dividing line,
with no intermediate zone between perfect restoration and none at all.

Some pediatric surgeons, like Michael Bleicher of New York's Mount
Sinai Hospital, have become so confident in the infallibility of the pro-
cess that they'll finish amputating a fingertip that's just hanging by a bit
of flesh. A lost one will regenerate as good as new, whereas one that has
merely been mutilated will heal as a stump or with heavy scarring.

Fingertip regrowth is true multitissue regeneration. A blastema ap-
pears and redifferentiates into bone, cartilage, tendon, blood vessels,
skin, nail, cuticle, fingerprint, motor nerve, and the half-dozen spe-
cialized sensory-nerve endings in the skin. Like limb regeneration in
salamanders, this process only occurs if the wound isn't covered by a flap
of skin, as in the usual surgical treatment. Illingworth and her co-
worker Anthony Barker have since measured a negative current of injury
leaving the stump.

Sadly, natural replacement has been accepted only at a few hospitals.
Bleicher laments his colleagues' resistance to the evidence: "Mention it
to young residents just our of the training program, and they look at
you as though you're crazy. Describe iton grand rounds or at other
institutions, and they tell you it's hogwash.” Nearly all surgeons cling

instead to flashier and vastly more expensive yet less effective micro-

surgical techniques or simple stitches and stunted fingers.
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This discovery and our own research indicated that the potential for at
least some artificial regeneration was clearly quite good in young mam-
mals. But what about the ones who needed it most—us older folks
whose parts were more likely to be injured or broken down? The answer
came unexpectedly several years later, in a way that showed the futility
of adhering too rigidly to one's original plan. The scientist must be free
to follow unexpected paths as they appear.

I always expected each of my associates, whether student or estab-
lished researcher, to follow some independent project unrelated to our
work together. In 1979, a young assistant named James Cullen (now a
Ph.D. investigator in anatomy at the Syracuse VA hospital) proposed to
study what would happen if nerves were implanted into the bone mar-
row of rats. Jim thought the nerves should induce new bone to form in
the marrow cavity. Since the idea seemed logical and the technique
might supplement the electrical bone-healing devices we'd developed by
then, 1 encouraged him to go ahead.

Jim ran into technical problems right away. He could easily dissect
the rat's sciatic nerve out of the hind leg, but getting it into the marrow
cavity through a hole drilled in the thighbone was like trying to push a
strand of limp spaghetti through a keyhole. He resorted to drilling two
holes in the femur, passing a wire suture into the outer one, up the
femur, and out the hole nearer the hip. Then he looped the wire around
the nerve and pulled it into the marrow cavity using the suture. How-
ever, after doing a number of these, Jim decided that there had to be a
better way. He decided to amputate the rat's hind leg halfway between
the hip and the knee. He could then drill a hole into the marrow cavity
just below the hip, pass a suture through it, and pull the nerve down
the cavity and out the end of the bone remnant. This was much easier
and made a better connection of nerve to bone, so Jim prepared a
number of animals this way, only to find that the nerve had a disconcert-
ing tendency to pull back, out of the femur. The amputation didn't faze
the rats; they used the stump vigorously, and this caused the nerve to
retract.

In those few animals whose nerve had stayed in place, an interesting
bone formation had appeared in the marrow cavity. To secure the nerve
and look for the same result in other animals, Jim sutured the nerve to
the skin that we closed back over the stump. The stitch held the nerve
in place, all right, but one animal so treated gave us a totally unpre-

dicted and fascinating result: The missing portion of the femur partially
regenerated. While this was surprising enough, the most startling fact

was that Jim had used a group of surplus rats about six month old.

These rats were well into adulthood , when mammals were thought to
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lose all powers of regeneration except fracture healing. What had hap-
pened? NERVE PASSED INTC MARROW CAVITY THROUGH HOLE IN FEMUR

SCIATIC NERVE T —

MARROW CAVITY

AN ARTIFICIAL NEUROEPIDERMAL JUNCTION IN RATS
Closer examination revealed that we'd made a hole in the skin when

we sutured the nerve to it. The nerve appeared to have grown into con-
tact with the epidermis. One of the requirements for normal regenera-
tion of a salamander limb was a neuroepidermal junction, and it looked
as though this had formed spontaneously in our one lucky rat when the
two tissues were brought together by surgery.

We changed the course of the experiment by operating on the other
rats to unite the sciatic nerve and epidermis, after scraping away the
dermis. We used animals of various ages. The results exceeded our ex-
pectations. Even the old rats regenerated their thighbones and much of
the surrounding tissue.

This offered an unparalleled opportunity to find out what it was about
the neuroepidermal junction that was so important. We prepared one
group of animals with a surgical neuroepidermal junction exactly as be-
fore. We prepared a second group the same way, except that we sutured
the nerve to the end of the bone, a millimeter away from the hole and
with no contact with the epidermis. The first group regenerated, while
the second group showed normal rat healing with no growth. The im-
portant observation, however, came from electrical measurements we
made every day on the stumps. In those animals that formed a neu-
roepidermal junction, we found electrical potentials following the same
curve I'd found in the salamander. The voltage was about ten times as
high, but the pattern was exactly the same. In the animals having no
neuroepidermal junction, the potentials followed the same curve as in
the nonregenerating frog.

We'd discovered that the specific electrical activity that started re-

generation was produced by the neuroepidermal junction, not by the
simple bulk of nerve in the limb. My original that the direct-
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current control system was located in the nerves now had to be expanded
to include the electrical properties of the epidermis as well. The nerve
fibers joined the epidermal cells like plugs into sockets to complete the
exact circuit needed for a dedifferentiative current. Furthermore, since
the neuroepidermal junction was located over the end of the stump, it
continually produced blastemal cells exactly where needed, at the grow-
ing tip. This discovery was enormously important, then, because it
proved beyond doubt that the electrical current was the primary stim-
ulus that began the regenerative process, and that it could operate even
in mammals.
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