BUYING TIMEIN

An ability to put the human body on hold could safeguard the
Does the power to reversibly stop our biological clocks

A48 SCIENTIFIC AMERICAN JUNE 2005

f



| SUSPENDED ANIMATION

critically injured or preserve donor organs for transport.
already lie withinus? By Mark B. Roth and Todd Nystul
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FANTASY WRITERS HAVE LONG BEEN CAPTIVATED BY

the possibility of preserving human life
in a reversible state of suspended anima-
tion. In fictional tales the technique en-
ables characters to “sleep” through cen-
turies of interstellar travel or terrestrial
cataclysms, then awaken unaffected by
the passing of time. These stories are
great fun, but their premise seems bio-
logically far-fetched. In reality, we hu-
mans do not appear capable of altering
our rate of progression through life. We
cannot pause the bustling activity of our
cells any more than we can stop breathing
for more than a few minutes without sus-
taining severe damage to vital organs.
Nature, however, abounds in organ-
isms that can and do reversibly arrest
their essential life processes, in some
cases for several years ata time. Scientists
describe these phenomena by a variety of
terms—aquiescence, torpor, hibernation,
among others—but all represent different
degrees of suspended animation, a dra-
matic reduction of both energy produc-
tion (metabolism) and energy consump-
tion (cellular activity). What is more,
organisms in this state enjoy extraordi-
nary resistance to environmental stress-
es, such as temperature extremes, oxygen
deprivation and even physical injury.
Sci-fi scenarios aside, if the human
body could be placed in such a condition,
the implications for medicine alone
would be enormous. For example, some
human organs destined for transplanta-

victims ortissues.
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tion, such as the heart and lungs, can sur-
vive outside the body for only up to six
hours. Others, such as the pancreas and
kidney, cannot last for more than a day.
Successful organ transfers thus depend
on speed, which means that in some cas-
es potential matches must be passed over
for a simple lack of time to transport the
organ before it deteriorates. And while
tens of thousands of organ transplants
are performed successfully every year in
the U.S., this urgency sometimes leads to
mistakes that might have been averted
had there been more time.

If these precious organs could be
placed in a suspended state, their viabil-
ity might be preserved for days or even
weeks. Emergency medical teams could
also use this technique to buy time for
critically injured trauma victims. Put-
ting these patients into suspended ani-
mation could stave off deterioration of
their tissues while doctors repaired their
injuries.

Recent studies in our laboratory at
the Fred Hutchinson Cancer Research
Center in Seartle and by other research-
ers have shown that hibernationlike
states can be induced on demand in an-
imals that do not naturally hibernate.
Moreover, such animals seem to be pro-
tected from the usual effects of blood
loss, such as oxygen deprivation, while
they are in a suspended state. These re-
sults raise the exciting possibility that

Qverview/Putting Life on Pause

w Many organisms are naturally able to slow or arrest their life processes, and
their suspended state confers protection from environmental conditions that
would normally kill them, such as prolonged oxygen deprivation.

= Inadequate oxygen is a major cause of tissue damage and death in explanted
donororgans and in people experiencing blood loss or obstruction. Restoring
oxygen supply to these tissues is not always immediately possible. Blocking
all available oxygen, however, caninduce a variety of animals to enter
protective suspended animation and might do the same for human injury

= Hydrogen sulfide, a chemical produced naturally by our bodies, blocks cells
from using oxygen and triggers suspended animation in mice. It may be a
natural regulator of cellular energy production that could be employed to
induce a protective suspended state in humans.

suspended animation may be feasible in
humans as well. Indeed, the methods
our group has used to induce suspended
animation in lab animals and in human
tissue suggest this capability could be
latent in many organisms through a
mechanism with roots in the earliest
days of microbial life on earth.

Survival of the Slowest

THE DIVERSE RANGE of creatures
known to be capable of stopping some
or most of their cellular activity usually
do so in response to an environmental
stressor and remain “stopped” until it is
removed. A developing plant seed, for
instance, can stay dormant in the soil
for years until conditions favor germi-
nation. Similarly, embryos of a species
of brine shrimp, Artemia franciscana,
popularly known as sea monkeys, can
live for more than five years without any
food, water or oxygen by entering into
a seedlike state called quiescence, in
which cellular activity is at a virtual
standstill. On reexposure to their natu-
ral environment, they will resume devel-
oping normally roward adulthood.

Suspended animation-like states
can range from those in which anima-
tion is truly halted—all movement with-
in cells visible through a microscope
stops—to states where cellular activity
continues but at a drastically slowed
pace. A variety of adult animals, for ex-
ample, can radically reduce their need
for food and air over long periods by
hibernating: their breathing and heart
rate become almost imperceptible, their
body temperature drops to near freez-
ing, and their cells consume very little
energy. Ground squirrels and dozens of
other mammalian species pass the cold
winter months in this condition every
year, whereas other animals, including
varieties of frogs, salamanders and fish,
take refuge during hot summer months
in a similar state called estivation.

The ability to survive even prolonged
oxygen deprivation, which these organ-
isms gain by dramatically reducing their
need for and production of energy, of-
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fers a stark contrast to the normal situa-
tion of humans. We are thoroughly de-
pendent on a steady supply of oxygen
because our cells need it to maintain their
constant production of energy. When
oxygen levels within our tissues fall be-
low a precise range, cells suffer ischemic
damage, leading to tissue death. Thus,
ischemia is often the underlying cause
of mortality following heart attacks,
strokes, or other physical traumas that
deprive tissues of blood, and therefore
oxygen, even if only for a short time.
Some of the molecular events that
cause tissue damage in ischemia are not
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Medically Acceptable
Cold Ischemic Times:
Heart: 4 hours
Lung: 6to 8 hours
Liver: 12 hours
Pancreas: 17 hours

Kidney: 24 hours

yet fully understood, but scientists cer-
tainly agree that cells’ loss of their abil-
ity to fuel essential self-maintenance
activities must play a central role. Most
of the energy that cells consume comes
from molecules of adenosine triphos-
phate (ATP), which are manufactured
primarily by cellular mitochondriain an
oxygen-dependent process known as

oxidative phosphorylation. When oxy-
gen levels drop, oxidative phosphoryla-
tion slows and ATP levels decrease. Be-
cause ATP molecules are typically con-
sumed by a cell within seconds after
they are produced, ischemic damage is
believed to result when cells without
sufficient oxygen simply run out of gas.

The damage may be worsened when
some cellular processes that are less en-
ergetically demanding, but equally es-
sential, continue, throwing a cell’s over-
all system out of coordination. Finally,
oxidative phosphorylation itself can
also harm the cell. When oxygen levels
fall below an optimal concentration, the
oxidative phosphorylation process be-
comes less efficient and can release en-
ergy prematurely in the form of highly
reactive molecules called free radicals.
These by-products have become famous
for their aging effects because they can
damage DNA and other cellular struc-
tures. In ischemia, their actions further
hinder an oxygen-deprived cell’s ability
to carry out crucial functions.

The goal, therefore, of CPR and oth-
er conventional approaches to prevent-
ing ischemic damage in victims of trau-
matic injury is to restore blood flow—
and thus oxygen supply—to tissues as
rapidly as possible. Given our cells’
strict oxygen requirements, that might
seem to be the only possible strategy. We

BRAIN TISSUE from arctic ground squirrels shows the protective effect of natural suspended
animation. Three days after slender (0.5-millimeter] probes were inserted into the brains of
hibernating and nonhibernating squirrels, the animals were euthanized and their wounds
examined. In the hibernating animal’s tissue /eft), a tiny hole made by the probe remains, but no
other damage or evidence of inflammation is visible. In the nonhibernating animal, considerable cell
death around the original injury left a large hole [right) surrounded by darkly stained immune cells.
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Low 02 =
High viability

Intermediate 0, =
Low viability

Normal 0; =
High viability

Viahility

NORMAL OXYGEN LEVELS promote efficient energy production and cell function in most
organisms. The authors and otherresearch groups have also found that conditions of extremely
low oxygen (anoxia) can prompt cells to enter a protective state of suspended animation in which
they all but cease producing or consuming energy. When oxygen levels are intermediate
{hypoxic), however, cells attempt to continue operating normally, yet inadequate oxygen supply
makes their activities inefficient and potentially self-destructive. Thus, oxygen-deprived
tissues may be rescued by restoring their normal oxygen levels and also perhaps by blocking

anyremaining oxygen available to them.

have seen, however, that for animals in
suspended animation-like states, dra-
matically reduced cellular activity makes
them remarkably resistant to ischemia
during oxygen deprivation. Suspecting
that inducing the same condition in hu-
mans might enable people to avoid isch-
emic damage during periods of low oxy-
gen, our group began working to under-
stand more about the mechanism that
allows organisms to shut down in re-
sponse to oxygen deprivation.

Lessons from a Worm

WE HAVE STUDIED suspended ani-
mation in a variety of popular labora-
tory workhorse organisms, such as

yeast, zebrafish embryos and the soil
nematode Caenorhabditis elegans. The
last is able to enter a state of suspended
animation at any stage of life. It will do
so when placed in anoxia—an atmo-
sphere with extremely low oxygen con-
tent of around 0.001 percent or less—
and can maintain this arrest for 24
hours or more.

When blood flow to human tissue is
cut off, however, whether by blood loss
or a vascular blockage, oxygen concen-
trations probably never drop low enough
to make the tissue completely anoxic.
Residual oxygen in remaining blood
and in the tissue itself could allow low
levels of oxidative phosphorylation to

THE AUTHORS

MARK B. ROTH and TODD NYSTUL investigated the ceilular mechanisms and protective
effects of suspended animation together while Nystul was a graduate studentin Roth’s
laboratory at the Fred Hutchinson Cancer Research Center. Roth’s work encompasses
many basic cellularprocesses, such ashow cells regulate theirown size, the expression
of their genes, and their functional specialization. Nystul earned his Ph.D. from the Uni-
versity of Washington in 2004 and is now a postdoctoral fellow at the Carnegie Institu-

tion in Baltimore, where he studies stem cell regulation in the fruit fly Drosophila. In
addition to preserving donor organs orcritically injured patients, Roth and Nystuf think

that understanding the mechanisms of suspended animation may shed light both on

stem cells’ ability to remain quiescent and on certain cancerous tumor cells that are

resistant toradiation because they existin a similar low-oxygen and low-energy state.
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occur. But ATP production would be in-
sufficient to support normal rates of cel-
lular activity, and damaging free radical
production would increase.

To mimic these ischemic conditions
for humans, we can expose developing
C. elegans embryos to “hypoxic” oxy-
gen concentrations, between 0.01 and
0.1 percent Op—still well below the
21 percent oxygen in normal room air
(normoxia) but slightly higher than an-
oxia. In hypoxia, the embryos do not
enter into suspended animation as they
would in anoxia. Instead they attempt
to continue their progression through
embryogenesis, resulting in obvious cel-
lular damage and death after 24 hours.

If we increase the oxygen concentra-
tion in the embryos’ atmosphere just
slightly, to 0.5 percent Oy, they progress
normally through embryogenesis just
like embryos in normoxia. Thus, even
though the nematodes are capable of
surviving in anoxia by entering into sus-
pended animation and can develop nor-
mally in as little as 0.5 percent Oy, the
10-fold range of oxygen concentrations
berween these two spaces is lethal.

We have also shown in our work
with C. elegans that the embryos’ shift
into suspended animation under anoxic
conditions is not merely a passive result
of their running out of oxygen but rath-
er seems to be a purposeful mechanism.
We identified two genes functioning
during anoxia, but not hypoxia, that ap-
pear essential to arresting the embryos’
cell cycle. When exposed to anoxia, em-
bryos lacking these genes fail to suspend
their cell divisions, their chromosomes
segregate improperly, and many die.

These results suggest that ischemic
damage can be avoided not only by in-
creasing the amount of oxygen avail-
able to cells, as conventional wisdom
would predict, but also by decreasing
available oxygen. This idea may fly in
the face of current medical practice, yet
it has strong implications for preserving
human tissues: it is difficult to keep an
individual organ destined for trans-
plantation oxygenated or to supply
enough oxygen to the damaged tissues
of injury victims, but it might be possi-
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ANNIE MARIE MUSSELMAN

The shiftinto suspended animation
seems to be a purposeful mechanism.

ble to decrease their available oxygen.

One effective way to reduce a cell’s
access to oxygen is to add a mimetic—a
substance that physically resembles ox-
ygen at a molecular level and thus can
bind to many of the same cellular sites
but that does not behave like oxygen
chemically. Carbon monoxide, for ex-
ample, can compete with oxygen for
binding to cytochrome ¢ oxidase, a
component of the oxidative phosphory-
lation machinery within the cell that
normally binds oxygen, but the bound
carbon monoxide cannot be used to
produce ATP.

We therefore wondered if we could
protect C. elegans embryos from the
ischemic damage they faced in interme-
diate oxygen concentrations by simulta-
neously adding carbon monoxide to
their hypoxic atmosphere—effectively
simulating anoxia by blocking the small
amount of remaining oxygen available
to the embryos. Indeed, we found that
under these conditions the embryos en-
tered into suspended animation and
avoided the lethal effects of ischemia.

By 2003 these encouraging results
made us eager to test this concept fur-
ther. Previous studies of larger animals
and intriguing stories of human accident
victims surviving conditions of low oxy-
gen suggested to us the mechanism that
rescued our worms might also exist in
more complex organisms.

Inducing a Protective Pause
CONSIDERABLE ANIMAL research
supports the idea that even in larger
mammals, decreasing levels of available
oxygen can prevent damage to tissues.
When animals hibernate naturally, for
instance, the suspended state appears to
protect them from injuries. Experiments
by Kelly L. Drew of the Institute of Arc-
tic Biology at the University of Alaska
Fairbanks and her colleagues found that
when the brains of hibernating arctic
ground squirrels were pierced with mi-
croscopic probes, little or no brain tis-
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sue died. The same injury inflicted on
nonhibernating squirrels caused rapid
tissue deterioration [see illustration on
page 51}.

Such evidence has led several re-
searchers to try to induce a hibernation-
like state in animals that do not normal-
ly hibernate to see whether the cellular
slowdown itself could be achieved safely
and whether it might protect tissues
long enough to repair an injury. The late
Peter Safar and his co-workers at the
University of Pittsburgh worked for
nearly two decades with dogs to perfect
a process for creating a state of suspend-
ed animation. Last year Safar’s group
described its most recent experiments.
To create the suspended state, cardiac
arrest was induced in each of 14 dogs,
and then the blood was drained out of
the animals’ bodies while a cold saline
solution was infused into them. Saline
has a much lower capacity for carrying
oxygen than blood, so this procedure

dramatically reduces the amount of ox-
ygen in the dogs’ tissues. Afterward, the
dogs were unconscious, did not breathe
and had no heartbeat.

Safar’s team then separated the dogs
into a control group of six animals and
a second group of eight that would un-
dergo surgical removal of their spleens,
a nonessential organ. After 60 minutes
in the suspended state, all the dogs were
revived by reinfusion of blood. Seventy-
two hours later the dogs were all still
alive, and none of the control dogs
showed any functional or neurological
ill effects from their time in suspended
animation. Four of the eight surgery dogs
were also normal, although the other four
displayed some neurological deficits.

Peter Rhee and his colleagues at the
Uniformed Services University of the
Health Sciences used a similar tech-
nique to induce suspended animation in
15 adult Yorkshire swine. They then
performed vascular repair surgery on
some of the animals. Rhee reported that
the memory and learning abilities of all
the test animals were completely unaf-
fected by their experience.

AIRTIGHT GLASS CHAMBER was used by Roth and his co-workers to administer nonlethal doses

of hydrogen sulfide (H2S) gas to individual aboratory mice of the type shown here for as long as
six hours. In the group's experiments, the degree and speed of reduction in the animals’ core body
temperature and metabolic rate correlated with the HzS concentration in the chamber, supporting
their hypothesis that HS caninduce a suspended animation—like state similar to natural
hibernation in a mammal that does not normally hibernate.
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Because the physiology of dogs and
pigs is so similar to that of humans, this
line of research has prompted enthusi-
astic speculation that such procedures
could soon be perfected and tested on
human patients in emergency rooms.

Although this method may hold
promise, exsanguination is a drastic ac-
tion with great potential for complica-
tions, so our group has been searching
for less invasive ways to temporarily de-
prive living cells of oxygen. For instance,
in blood-free human tissues, such as an
organ that has been removed from a do-
nor, suspended animation might be in-
duced by placing the organ in an airtight
container and perfusing the tissue with
carbon monoxide, as we did with the C.
elegans embryos. When doctors were
ready to implant the organ, they would

need only infuse it with blood to restore
its oxygen supply. In our lab, we have
experimented with this technique to
preserve human tissue samples from
normal cellular deterioration, and we
believe this approach could significantly
extend the viability of human organs
destined for transplantation.

The effects of carbon monoxide
would be easily reversed in explanted
organs, although the same would prob-
ably not be true in living organisms with
blood coursing through their bodies.
Because carbon monoxide molecules
bind tenaciously to red blood cells at the
sites where oxygen would normally at-
tach itself, using this gas in trauma vic-
tims would be impractical. We have
therefore also been experimenting with
alternative oxygen mimetics.

Most of the substances we have test-
ed are, like carbon monoxide, consid-
ered human poisons precisely because
they can block cells’ ability to use oxy-
gen. Pockets of hydrogen sulfide gas, for
example, are a deadly hazard to workers
in many industrial settings, such as sew-
ers and “sour gas” fields in the petro-
chemical industry. For this reason, oc-
cupational safety research has defined
lethal doses of hydrogen sulfide (H3S),
largely through studies using rodents.
This work provided a helpful starting
point as we began to test nonlethal dos-
es of H2S on laboratory mice to see
whether it could induce a reversible state
of suspended animation.

In a sealed chamber, we exposed
mice to atmospheres containing as much
as 80 parts per million H,S. At that lev-

LIFE IN BALANCE

Earth's earliest unicellular life-forms began evolving some four
billion years ago in an atmosphere that was nearly devoid of
oxygen but very likely to have been chock-full of sulfur-
containing molecules, such as hydrogen sulfide (H2S). These
primordial organisms came to generate their own energy supply
by using HzSin much the same way that most modern life uses
oxygen. Indeed, many essential components of the oxidative
phosphorylation pathway appear to have evolved from this
earlier sulfur-based respiration mechanism. Cytochrome ¢
oxidase, for example, the component in the oxidative
phosphorylation machinery that normally binds oxygen, closely
resembles the analogous component in sulfur-based respiration,
anditcan bind to hydrogen sulfide.

Oxygen metabolism and sulfur metabolism may share more
than a simple ancestral relation, however. Even today H,Sis
preduced naturally by our bodies, which might seem incongruous
given that HzS binding to cytochrome c oxidase would inhibit
oxygen’s ability to do so. Yet it is possible that as ancient
organisms started to make the transition to oxygen respiration,
hydrogen sulfide took on a new role as an essential antagonist to
oxygen.

The two molecules are highly reactive with one anotherand a
constant give-and-take of electrons is fundamental to all life:
some atoms give up their electrons in aprocess known as
oxidation, whereas others take on electrons by “reducing” some
other molecule's supply. These reduction-oxidation, or “redox,”
processes underlie energy production in all biological systems,
and many organisms seek an environment where the potential for
redox reactions is maximized,

Incalm ocean water, for example, where dissolved gases mix
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primarily by diffusion, oxygen produced by photosynthetic
organisms near the surface penetrates downward during the day
and recedes at night, whereas H;5 constantly diffuses from
below, an end product of metabolism by organisms that live off
decaying material on the seafloor. The constant battle between
these two gases creates a chemically unstable vertexwhere
electrons are swapped at an alarming rate, This gradient is
exactly the location that a host of organisms, such as the motile
filamentous bacterium Beggiatoa albg, as weil as many
unicellular eukaryotes, choose to inhabit. These creatures’
density can become so great that they form vast mats, whichrise
and fall in depth with the daily oxygen/H,S cycle.

Perhaps our bodies and those of other oxygen-breathing
organisms are like microbial mats seeking redox equilibrium. We
do notlive next to a source of H2S, however, so we make our own,
enabling our cells to remain in the optimal chemically unstable
environment from which we evolved. | speculate that hydrogen
sulfide’s ability to bind to cytochrome ¢ oxidase mayhave caused
itto become part of an intrinsic cellular program to naturally slow
or stop oxidative phosphorylation in the presence of oxygen. This
protective mechanism would be useful atthose times when cells
risk harming themselves by struggling to produce and use energy
under anoxic conditions or, in the opposite situation, when an
overdose of oxygen would cause cellular generators ta overwork
and potentially “fry” the cells. f H2S were such a natural trigger for
protective biological arrest, our success in employing it to induce
hibernationlike states on demand would be explained. —M.B.R.

LECHUGUILLA CAVE in New Mexico is one of many enclaves, such as

deep-seavolcanic vents, where sulfur-oxidizing bacteria that probably
resemble Earth’s primordial life still thrive.
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HORMAN THOMPSDON

In effect, treatment converted our mice
fromwarm-blooded to cold-blooded.

el we observed a threefold drop in their
carbon dioxide output within the first
five minutes, and their core body tem-
peratures began to fall. The animals
ceased all movement and appeared to
lose consciousness. Over the course of
several hours in this environment, the
animals’ metabolic rate continued to de-
crease, as measured by their carbon di-
oxide output, ultimately falling 10-fold.
Their breathing rate slowed from a
norm of 120 breaths per minute to few-
er than 10.

The animals’ core body temperature
kept dropping from their usual 37 de-
grees Celsius until it reached a level ap-

www.sciam.com

proximately two degrees C above the air
temperature, regardless of what that
was. We were able to bring their average
body temperatures as low as 15 degrees
C simply by cooling their chamber. In
naturally hibernating animals, this
same tendency of body temperature to
rise or fall along with ambient tempera-
ture is common.

In effect, treatment with H»S con-
verted our mice from warm-blooded to
cold-blooded, which is just what hap-
pens to animals during hibernation. We
kept the mice in this condition for six
hours, and after they revived we gave
them a battery of tests to see if their sus-
pended animation experience had left
any functional or behavioral ill effects.
The mice all seemed perfectly normal.

From Mice to Men

WE ARE NOW continuing this line of
research in larger animals, and we be-
lieve that hydrogen sulfide may be the
key to safely inducing such suspended
animation-like states in organisms that
do not normally hibernate, including
humans. Although H;S is considered a
poison, it is also produced naturally
within our own bodies. Indeed, H>S
may have a unique unrecognized role in
regulating cellular energy production in
oxygen-breathing organisms because it
once played oxygen’s molecular part in
metabolism when our planet was young
and oxygen was scarce [see box on op-
posite page|. Many other questions still
remain to be answered, however, before
H>S-induced suspended animation can
be studied in people.

MORE TO EXPLORE

The biggest unknown is whether hu-
mans are even capable of entering a state
of suspended animation. Compelling
evidence certainly indicates that human
beings are sometimes able to withstand
several hours without oxygen. In one re-
markable example just a few years ago,
a Norwegian backcountry skier was res-
cued after an accident that left her under
ice-cold water for more than an hour.
When the emergency crew found her,
she was clinically dead—not breathing,
without a heartbeat, and with a core
body temperature of 14 degrees C (57
degrees Fahrenheit). Despite requiring
nine hours of resuscitation, she has since
made an “excellent” recovery, according
to her doctors.

Another 32 cases of severe hypother-
mia in which core body temperatures
ranged from 17 to 25 degrees C (63 t0 77
degrees F) and many of the victims
lacked vital signs when rescued were
analyzed by Beat H. Walpoth of the Uni-
versity of Bern in Switzerland. He found
that nearly half—15 patients—recovered
from the trauma without any long-term
impairment.

Because these people were not
breathing, oxygen levels in their tissues
were undoubtedly very low, suggesting
that, on occasion, the human body also
possesses the flexibility to reversibly
stow or stop cellular activity in response
to a stress. But which occasions? What
variables allow some people to live un-
der these conditions, whereas others die?
Understanding the links between natu-
ral and induced suspended animation in
animals and the largely unexplained
survival of certain human patients may
reveal that the capacity to enter a protec-
tive state of suspended animation al-
ready exists within all of us. S
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