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DEDICATION: TO DR. ALEX COMFORT 

Scientific fie1ds are often founded in the morass of specu1a
tion and conjecture surrounding a topic of interest. On1y after a 
great deal of effort, 1arge1y unproductive, is sufficient factua1 
material gleaned and packed down to form a firm foundation for 
future endeavors. Subsequent work of a more specia1ized nature 
must a1ways rest heavi1y on these foundations, but as information 
accumu1ates and the depth of understanding increases, so the 
structure becomes more stab1e and takes on a tangib1e form. 

Such an evo1utionary process has been taking p1ace in geronto10gy 
over re cent years. From i11-conceived and i11-received specu1ation 
has grown an increasing1y respected area of hard science. For the first 
time we are now in the position of being ab1e to reach down through 
higher organizationa1 levels to grasp at the Mo1ecu1ar Basis of Aging. 
Recent deve10pments in mo1ecu1ar bio10gy, comp1ementing more estab-
1ished biochemica1 techniques, are on the verge of opening up geron
to10gy at this most fundamental level. As a resu1t we can expect an 
explosion both of interest and of understanding. 

Whi1st current work is fascinating and the future potential in
triguing, we must not lose sight of the foundations upon which modern 
gerontology is built. Men of vision labored against pervasive skep
ticism to provide us with our current research possibi1ities. Their 
inspiration won the day then, and they remain our inspiration now. 

Of these founding fathers, none did more to estab1ish the 
respectabi1ity of our fie1d than did A1ex Comfort. His breadth of 
interest, combining caring geriatrics with incisive research, was 
instrumental in estab1ishing geronto10gy as 1egitimate in the eyes 
of the wider scientific community. It is appropriate that now we 
are on the point of glimpsing the Promised Land, we shou1d remember 
those who showed us the way. 

We therefore take great p1easure in dedicating this vo1ume to 
A1ex Comfort. 

Anthony D. B1ackett 



Alex Comfort 



FOREWORD 

It is delightful but humbling to find my face at the start of 
these Proceedings--there are innumerable other faces which could 
equally weIl stand there, from among the band who have fore
gathered at every gerontology conference since the subject was 
launched in its present form; but I deeply appreciate being there. 

Gerontology d.id not grow by accident. Its present standing 
is the fruit of careful planning, undertaken by European and 
American scientists back in the 1950's. In those days it was 
still a "fringe" science, and the conspirators had much the 
standing of the 1920's Interplanetary Society. The United States 
itself is the offspring of conspiracy, for when the results of 
conspiracy are beneficent, the conspirators become Founding 
Fathers. This has been the case with gerontology. The present 
meeting is especially gratifying because the papers have been 
recitals of normal, hard-science investigation. We had to get 
through the rigors of a long period of semantic argument and a 
long period of one-shot general theories before this kind of 
meeting, normal in all other research fields, could take place. 
It was also necesssary to breed in the menagerie a generation of 
excellent investigators aware of the theoretical background but 
unintimidated by it, who share our conviction that human aging is 
comprehensible and probably controllable, and who go into the 
laboratory to attack specifics. One can trace this process back 
to the annual National Institute of Child Health and Human 
Development seminars of the early '70' s, which have borne rich 
fruit, and for which we should be grateful to Leroy Duncan, Jr., 
and many others. We had to write gerontological questions into 
the agenda of the areas - molecular and radiobiology, chelnical 
genetics, electron microscopy - where the hi-tech resources are 
concentrated. 

Gerontology is not a technology subject, however, and did not 
have its Hahn-Strassmann point in a particular observation--but 
rather in the arrival of psychological readiness among researchers 
to tackle the aging problem. If the early stages with their 

vii 
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simpli-stic models which required demolition were tedious, the 
prospects, now that it is out of the way, seem excellent for 
progress. 

A lot is going for uso The early gerontological evangelists 
targeted America because of its technical and manpower resources 
and the openness of its science, but throughout--since nobody 1s 
politically threatened by gerontology, and it ca~not be fired at 
anyone or dropped on them, international exchange has been 
exemplary. What we now have incorporates European and American 
researches, Soviet experimental physiology, and multipie 
observations from every country which has one or more people in 
the field. I do not recall the original conspirators running into 
any political or national obstacles, even when gerontolQgy and 
radi obi ology briefly crossed paths and radiobiology was a 
sensitive issue. The same holds true today. 

Jobbing backwards, we could have done better--we have been 
contemplating key findings, such as the dietary restrietion 
experiments of McCay, for nearly half a century without making a 
fundamental effort to elucidate them, and his tory may blame us for 
it (one could have run a human or a primate series in the time 
which has been wasted) • Probably research, like psychotherapy, 
has a top speed at which it can move. New topics, too, come on 
the agenda: Alzheimer's disease is not an "aging process" , and 
the realization that it is not constitutes a breakthrough in 
itself, but the problem is so urgent, and the human consequences 
of the condition so serious, that it merits intensive special 
effort. This is welcome in any case because it bridges the gap 
between gerontology and geriatrics. At the fundamental level, 
gerontological immunology is about to go clinical. In the long 
run, since gerontology is a special purpose science, aimed at one 
problem, a task-force subject, it should blend into general 
medicine and biology and vanish. When aging is elucida ted the 
task force can rejoin its regiments. By the same token, the last 
edi tion of the textbook of biological gerontology should be of 
pamphlet size. 

That objective, of course, is some ways off. We often miss 
the fact that science forecasting tends to overrate the ten-year 
but underrate the twenty-year prospects. In that event, the 
growth of a subject, diligently pursued by competent teams, is 
ideally exponential--one can be over-depressed by the initial. low 
slope of the curve. How rapidly it will become precipitous 
depends on the doubling time. The quality of this symposium is a 
good augury, however. If I am to preface it, I see considerable 
hope that I and my fellow conspirators still present in force may 
share the 'experience of Simeon rather than of Moses. 

Alex Comfort M.D., D.Sc. 
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Aging research has long been characterized by plethora of 
theories and a dearth of experimental data. The situation is now 
changing, and one reassuring sign has been the enthusiastic incur
sion of molecular biologists into aging research. Their findings 
have augmented some long-standing theories of aging and challenged 
others. The Brookhaven Symposium in Biology, Number 33, brought 
together investigators working at molecular and cellular levels 
with clinicians and with researchers working with aging animals. 
Our interchanges highlighted the exciting progress that is being 
made and identified gaps in our knowledge that must be filled be
fore the practical applications of our researchers follow. 

The Committee wishes to express its appreciation to the spon
sors of the Symposium. We were particularly pleased to have the 
financial support that enabled ~oung scientists to participate in 
this symposium. Our thanks to: National Institute on Aging; U.S. 
Department of Energy; The Procter and Gamble Company; Estee 
Lauder, Inc.; American Cyanamid Company; American Federation for 
Aging Research; Associated Universities, Inc.; The Hartford Group 
of Insurance Companies; and Squibb Corporation. 

It 1s a pleasure to acknowledge the tremendous efforts of Ms. 
Helen Kondratuk, the Symposium coordinator, who assured the suc
cess of our meeting. Changes in the typescript, oftert from the 
obscure notes of the editors, were made by Ms. Kathy Kissel, Ms. 
Gloria Jackson and Ms. Nancy Siemon, whose help we gratefully ac
knowledge. 

Finally, we would like to thank all our Symposium speakers 
and chairpersons for their participation. We would especially 
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like to thank Drs. Edward Schneider, Alex Comfort and Lewis 
Thomas, who graciously agreed to present their lectures to a pub
lic audience and further allowed us to videotape these presenta
tions so that their talks would be available to our senior citi-
zens. 

Symposium Committee: 

A.D. Woodhead, Chairperson 
A.D. Blackett 
R.B. Setlow 
L. Sokoloff 
B.M. Sutherland 
R.R. Tice 

H.Z. Kondratuk, Coordinator 
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AGING RESEARCH: CHALLENGE OF THE TWENTY-FIRST CENTURY 

E.L. Schneider 

National Institute on Aging, NIH 
9000 Rockville Pike 
Bethesda, Maryland 20205 

Despite the fact that people have been investigating aging for 
thousanas of years, only in the last decade or two has the research 
effort intensified. Substantial funding for aging research has been 
made available only in the last five to ten years. 

Aging has become a very popular issue. Why has there been 
such intense interest recently in aging research? This has par
tially been the result of a demographic revolution. At the turn of 
the century, in the year 1900, there were three million Americans 
aged 65 or above. Today in 1984, there are 27 million Americans 
over the age of 65, or 11 percent of the population. If current 
trends continue, by the year 2030, as many as SOor even 65 million 
Americans will be age 65 or older, between 15 and 20 percent of the 
population. These are projections for the next century, and their 
accuracy remains to be determined. 

Are these trends going to continue? This year, on the aver
age, a male at birth can expect to live 72 years and a female, 78 
years. This is an enormous increase since the turn of the century 
when average life expectancy at birth was only 45 years. There are 
several views on what will happen to life expectancy in the next 
century. To predict what will happen, it is essential to examine 
what has happened to survival since 1900. Why are we now living 
longer than in 1900? In 1900, there was substantial infant morta1-
ity, and many people died in their first years of life. Many indi
vidua1s died in the midd1e years of life from fatal infectious dis
eases. In 1980, few individuals die in the first years of 1ife or 
in the middle years of life. This has resulted in a rectangulari
zation of the survival curves. It has been suggested that there i8 
a biological limit of approximately 85 years to the lifespan, and 
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that, as we live longer and longer, we come up against this bar
rier. Furthermore, it has been proposed that if we wipe out most 
of the diseases that afflict people today, we will die of natural 
causes (of natural aging), and that most deaths will be compressed 
into a short period of time around age 85. Unfortunately, it is 
unlikely that this wonderful dream will occur in the near future. 
A careful review of actuarial data on mortality reveals a very dif
ferent perspective. If you look at the survival of an individual 
cohort--for example, a group born in 1860 or 1870, 1890, or 1910-
you do see some trend towards rectangularization, but the survival 
curves have long tails, suggesting derectangularization in the last 
decades of life. If you look at death rates, they decline at all 
ages, not just in the 50s, 60s and 70s but also in the 80s and 90s. 

People are living longer at all ages. That is one component 
of the health care equation. The most important component is the 
health status of those living into their 70s, 80s and 90s. I am 
sure no one wants longer life if it is accompanied by disease. How 
can we find out what has happened to the quality of health in the 
last decades of life? To understand whether we are changing our 
spectrum of health with aging, we need to compare a medical snap
shot taken 20 years aga and another today. This comparison is very 
difficult since medical technology has changed enormously in the 
last 20 years. However, we can approach this problem by examining 
health surveys. Health surveys conducted in 1969 and in 1979 which 
examine limitations of major activities due to arthritis, heart 
conditions, hypertension, back problems, hip problems and knee 
problems reveal no significant difference in the group aged 65 and 
above. People appear to be as healthy (or just as ill) over this 
10-year period. Therefore, while we are living longer at each age, 
there appears to be the same burden of disease and disability. To 
meet the challenge of increasing numbers of older Americans, we 
must attempt to improve health through research on aging and age
related diseases. 

I am most concerned about the group 85 and above. All too 
often, the elderly in this country are described as those ages 65 
and above. There is an enormous difference between people in their 
60s and people in their 80s. Individuals in their 60s comprise a 
relatively healthy group. The diseases of aging have their great
est impact in the 70s and 80s. The group aged 85 and above is the 
most rapidly growing group in America. While there are only two 
million Americans currently in this group, by the year 2050, there 
will be close to sixteen million Americans in this age cohort. The 
age group 85 and older have the largest requirements for long-term 
care. While they represent only eight-tenths of one percent of the 
population, they occupy 21 percent of nursing home beds. For every 
individual in a nursing home in this country, there is one at home 
who is equally ill, has equal health care needs, but has support 
mechanisms and social networks able to take care of them. 
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Why do we age? What is the nature of aging processes? There 
are two types of aging theories: stochastic theories based on the 
accumulation of randam events and nonstochastic theories or pro
grammed theories of aging. The error-catastrophe theory is one of 
the simpler stochastic theories of aging. Dr. Leslie Orgel propos
ed that during aging, we accumulate errors in transcription and 
translation resulting in the production of defective proteins. 
Since some of these proteins may be the enzymes involved in trans
lation and transcription, further errors would accumulate until an 
"error catastrophe" occurs. When sufficient abnormal proteins are 
produced, vital cell populations would be affected and aging would 
ensue. The theory has been tested by a number of researchers, and 
most of the evidence indicates that defective proteins do not accu
mulate with aging. 

A second theory involves DNA repair. The genetic material is 
continually exposed to many different types of damage. Fortunate
ly, there are many enzymes that can repair DNA damage. Proponents 
of a DNA damage theory suggest that these repair enzymes are not 
totally efficient and that DNA damage accumulates to the point that 
cell function becomes impaired. The importance of DNA repair in 
aging is supported by the work of Drs. Richard Setlow and Ronald 
Hart, who showed that the ability of an animal to repair its DNA 
was proportional to its lifespan. In a camparative study involv
ing various organisms with different lifespans, they showed that 
humans were the most efficient organism in repairing DNA and mice, 
with only a two-year lifespan, were the least efficient. 

Another theory of aging is the programmed theory of aging. 
One of the principal proponents of that theory, Dr. Leonard Hay
flick, demonstrated that human cells in tissue culture had finite 
replicative abilities, that they had a programmed limit. How do 
cells express this programmed limit to replication? Recently, 
there has been some exciting insight offered by Drs. James and 
Olivia Smith. They have created hybrids of young and old cells as 
weIl as the obvious controls: young-young and old-old. As would be 
expected, if you hybridize a young cell with a young cell, it will 
divide like a young cell--forty or fifty times. The hybrid formed 
fram an old cell with an old cell will divide only four or five 
times. However, when a young cell was hybridized to an old cell, 
it behaved like an old/old hybrid. The old cell was suppressing 
the program in the young cell. 

Malignant cells, in contrast to non-malignant cells, will 
divide forever; they are immortal. Thus the alternative to senes
cence is malignancy; cells have a choice of two pathways, one of 
aging, th~ other, malignancy. When a malignant cell was hybridized 
to an old cell, the resultant cell had a finite lifespan (that is, 
it underwent a limited number of replications) that was similar to 
that of the old cell. A young ce II fused to a malignant cell be-
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haved like a young/young hybrid. Therefore, there appears to be a 
factor made by the old cell which suppresses the replication capa
bilities of both the young cell and the malignant cell. The Drs. 
Smith propose that this factor is a protein, a senescence factor. 

Now let's consider the whole organism. Some functions decline 
with aging while others do not. It is very important to separate 
those functions that decline due to the normal aging process from 
those due to treatable diseases. All too often, when a patient is 
in the seventies, eighties and nineties, a doctor will dismiss the 
symptoms as reflecting old age. What does decline with aging and 
what does not? An example of a well-known age-related decline is 
visual acuity. As you grow older, your ability to read the letters 
on aSnellen chart declines. Other visual and auditory tests also 
show significant declines with aging. But there are important 
diseases of the eyes, such as glaucoma and cataracts, which are 
treatable and reversible and which must be separated fram the nor
mal decline with aging. 

The relations hip between aging and exercise cardiac output 
demonstrates that one must separate aging fram diseases to examine 
what functions are affected by aging. It was thought that all 
cardiac functions decline with aging. However, Dr. Edward Lakatta 
has reexamined exercise cardiac output, eliminating fram the pa
tient population those individuals with significant coronary artery 
disease and found that there is no change with aging. The changes 
that were previously reported to occur with aging were most likely 
due to the presence of individuals in the older age groups with 
arteriosclerosis, the most common, age-dependent disease. 

A myth that is frequently reiterated is that we experience 
generalized intellectual declines with aging. We retire people at 
60, 65 and other older ages because we believe they can no longer 
function intellectually. If at 65, you play Pac-man with your 
teenage grandson, you will lose, because eye-hand coordination does 
decline with advancing age. But many important intellectual abili
ties do not change significantly with aging. This has been demon
strated with PET (Positron Emission Tomography), a very exciting 
technique that was first pioneered at Brookhaven. With PET scan
ning, we can examine the effect of aging on glucose metabolism, 
which represents brain activity. Dr. Stanley Rapoport of the Na
tional Institute on Aging examined normal subjects, aged 21-83, and 
found no significant change with aging. 

Let us now turn our attention to the diseases of aging. In 
1900, the top three "killers" were pneumonia, tuberculosis, infec
tious diarrhea. Today, the top three are heart diseases, strokes 
and cancer. I believe that the top three in the year 2060 will be 
significantly different. For the last 40 years, we have seen a 
steady decline in deaths fram heart disease and stroke. We are 
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turning the tide on cancer; as many people now are cured as die 
from cancer. So what will be the top three killers of the 21st 
century? There is only one that I am sure of, Alzheimer's disease
-unless we develop successful interventions. Alzheimer's disease 
is a terrible, tragic condltion that strikes two to three million 
Americans. To many of them, it is far more malignant than many 
cancers, often with a five- to ten-year downhili course of intel
lectual deterioration, until finally the person needs total care. 
Today the estimated cost of Alzheimer's disease in America is $30 
billion, an enormous figure for any one disease. If death certifi
cates were filled out properly, Alzheimer's would rank as killer 
No. 4 today. 

What are we doing about Alzheimer's disease? Five years ago, 
the situation was dismal. With two million afflicted people, there 
was less than $5 million spent per year on research on Alzheimer's 
disease. Today, there is approximately $50 million spent on re
search. The National Institute on Aging has funded flve national 
Alzheimer's Centers to coordinate research on this disease. 

One of the problems with Alzheimer's disease is the difficulty 
of making the diagnosis during life; it is a diagnosis by exclu
sion. Ten years ago, Alzheimer's disease was thought to be a rare 
disorder and senile dementia was thought to be a normal part of the . 
aging process. Alzheimer's disease is now known to be a common 
disease with a specific pathology, not a normal part of aging. Our 
emphasis is on developing new ways of diagnosing Alzheimer's dis
ease during life. One approach is by PET scans. With PET scans, 
Dr. Stanley Rapoport has found that there is an obvious decrease in 
generalized brain activity reflected by decreased glucose metabo
lism during the course of Alzheimer's disease. 

What clues do we have to the nature of Alzheimer's disease? 
There is increasing evidence that the levels of certain neurotrans
mitters are decreased in the brains of Alzheimer's patients. This 
presents the possibility that, if we can find out which neurotrans
mitters are missing, we might formulate an effective therapy. An 
example of such an approach occurred here at Brookhaven in the 
1960s, when Dr. George Cotzias found a decrease in dopamine in the 
substantia nigra in patients with Parkinson's disease. He was then 
able to administer the precursor to dopamine, L-DOPA. This therapy 
has been quite successful; it has not cured Parkinson's disease, 
but certainly has made the course of the disease less tragic. We 
are hoping that the same sort of approach eventually will occur in 
Alzheimer's disease, but the path is more difficult because the 
lesions of Alzheimer's disease are more diffuse, and moreover, 
several neurotransmitters appear to be involved. 

Another important area is the increased susceptibility of the 
elderly to infectious diseases. Among the chief killers of older 
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Americans are pneumonia and influenza. Today, we have witnessed a 
spectacular drop in deaths from infectious diseases in infancy and 
in middle life thanks to the use of antibiotics. However, over the 
age of 65, we have not observed as dramatic a change. We need to 
learn more about why we become more susceptible to specific infec
tious diseases as we grow older. We cannot just accept influenza 
and pneumonia as killers. Many older people do not take advantage 
of the effective influenza vaccine. Only twenty percent of people 
over the age of 65 are vaccinated. We must persuade more indivi
duals who are susceptible to infectious diseases like influenza to 
take appropriate vaccines. 

I want to emphasize that we can no longer accept the diseases 
of old age as inevitable. The diseases of old age are diseases and 
must be treated as such, and vigorous attempts must be made to find 
out the nature of these diseases so that we can come up with effec
tive preventive strategies. One condition that is extremely tragic 
is the hip fractures that occur in individuals in their fifties, 
sixties, seventies and eighties, particularly in older women. It 
is estimated that there are 200,000 hip fractures a year, and if a 
functioning older woman enters a nursing home with a hip fracture, 
her chances of leaving that nursing home are one in two. The inci
dence and prevalence of hip fractures are related to the loss of 
bone with aging, osteoporosis. This condition may be delayed by 
therapy with estrogen, calcium and vitamin D. 

What about the stories that we hear about enclaves of longe
vity in Russia, in Ecuador, in Pakistan, where individuals are 
purported to live to 140 or ISO? Their reputation for longevity 
appears to be based on several factors: hard work, simple food, 
lack of stress and, most importantly, the inability to count cor
rectly~ Careful examination of these groups has revealed the im
portance of this last factor. In Russia, in World War I, there was 
universal conscription; that is, everyone aged 18 to 65 was eligi
ble for the draft. So, many individuals rapidly aged. They are 
now supposedly in their 110s, 120s, 130s. A research team went to 
a village in Ecuador where people were supposed to live to be 130 
and 140 on two consecutive years and found a very interesting phe
nomenon. Some individuals had four, five and even six birthdays, 
so that in consecutive years, they were 103 and then 107 or 108. 
Therefore, there are no special people, no Shangri-La for aging. 

There have been many books advising readers to consume a num
ber of vitamins, nutrients and minerals to live longer. The state 
of the art in gerontologic research has not yet revealed sufficient 
evidence for any nutritional supplements, except perhaps calcium 
and vitamin D to prevent osteoporosis. Before taking large 
amounts of various minerals, nutrients, and other dietary supple
ments, you are advised to consult your physician since there is the 
potential of toxicity from some of these products. 
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While I have not discussed social or behavioral factors relat
ed to aging, they clearly are important and need attention. In his 
book, George Burns suggests that you can never live to be 100 if 
you stop living at 65. One of the prelavent myths we have is that 
as people grow older, they become crotchety. In fact, personality 
is quite stable during life, and if you are crotchety when you are 
old, you undoubtedly were crotchety when you were young. Alex 
Comfort, the emminent gerontologist and great expert in this field, 
will be discussing sexuality in another chapter. I would only 
comment that the myth that older people lose their sexual function
ing simply is not true. Evidence suggests, at least for men, that 
if you function weIl in your 20s, you will function weIl in your 
60s, and 70s and 80s. 

In summary, aging research is a new and energetic discipline. 
We have some exciting clues into the nature of aging, and we are 
beginning to obtain an understanding of the nature of age-dependent 
diseases. Undoubtedly, this research will significantly impact on 
the health and welfare of older Americans, today and tomorrow. 

DISCUSSION 

Question: From your projection based upon more recent epide
miological data, what do you think is going to happen to the maxi
mum lifespan? 

Schneider: I can tell you what is going to happen to average 
longevity if present trends continue. In the 21st century, wornen 
on the average will live into their nineties and men into the late 
eighties. It is more difficult to speculate about maximum life
span; that is a hard question because it is so difficult to docu
ment. We have one or two individuals who have reached 114 or 115 
so we are able to estimate maximum lifespan. But I think that it 
is going to be difficult to broach that maximum unless we have a 
major breakthrough in our understanding of aging. 

Question: Has the arterial bypass made any inroads in regards 
to longevity? 

Schneider: Everyone in the heart fie1d wants to claim respon
sibility for this tremendous drop in number of deaths due to heart 
disease and to heart attacks. The cardiac surgeons, of course, 
will claim it is due to the bypass surgery; the cardiologists will 
say it is the result of intensive care units; the preventive health 
people will talk about the changes in diet, such as giving up high 
cholesterol and polysaturated fat foods; the physiotherapists will 
tell you that it is because more people are jogging, running and 
exercizing. But the interesting thing is that this drop in deaths 
from heart attacks and strokes started be fore any of these proce-
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dures were introduced, and so the bot tom line is that we really do 
not know the cause. We really do not know how much all of these 
factors have contributed to the reduction of heart conditions, if 
at all. 

Question: My grandmother died about 14 years ago at the age 
of 72. She was senile for about 11 of her last years. Are there 
other causes of dementia besides Alzheimer's? 

Schneider: This is a very important question because until 
five or ten years ago people like your grandmother were dismissed 
as being senile. Senility is a constellation of symptoms: disori
entation, confusion, loss of memory, and many things are happening 
at once. These individuals should be brought to the attention of 
physicians because, first of all, there are treatable, reversible 
conditions that may cause this apparent dementia. There are neuro
logical diseases that are treatable and curable (for example, there 
is avitamin deficiency that can cause dementia). Once you remove 
the treatable and curable diseases, then there are two main causes 
of dementia: one is due to very small strokes, but the other and 
more common type--probably fifty or even sixty percent of what we 
call senility--is Alzheimer's disease. 

Question: Would you say something about teaching nursing 
homes? 

Schneider: As I indicated tonight, there has been a dramatic 
shift in this country from acute diseases to chronic diseases; 
acute diseases are those ailments brought on by infections that 
strike you down for a week or so, and the chronic diseases are the 
ones that persist such as heart disease, Alzheimer's disease, and 
arthritis. This shift has not been accompanied by a shift in the 
attention of our health professional schools, so that, until about 
a year ago, the vast majority of medical and nursing students never 
set foot in a nursing home despite the fact that there are now more 
nursing home beds than there are hospital beds. Today, hospitals 
are changing; a lot of them now have "swing floors" that can become 
chronic disease floors, almost nursing home floors. Yet the medi
cal community is not responding to this change. The National In
stitute on Aging launched the Teaching Nursing Home Initiative to 
stimulate medical and other health professional schools to pay 
attention to the problems of nursing homes and to bring their edu
cational and research talents to the problems of long-term care. 
For example, one of the reasons Alzheimer's disease did not attract 
very much attention was that it was located in the nursing homes. 
At present, almost forty to fifty percent of nursing home beds are 
occupied by patients with Alzheimer's disease. We set up a program 
where medical schools and nursing schools across the country could 
go into nursing homes and other long-term care settings to conduct 
teaching and research programs. We now have seven National Teach-
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ing Nursing Home Centers, but, even more encouraging, thirty ins ti
tutions applied. Now 75 other places across the country have fol
lowed that lead, and have affiliations with nursing homes. Three 
years ago, there were maybe a handful. One of the pioneer teaching 
nursing homes in the Uni ted States is here on Long Island. Its 
program was pioneered by Leslie Lebau at the Long Island Jewish 
Chronic Disease Hospital, where he established a teaching program 
located in a chronic disease hospital setting. 

Question: Could you give us an update as to the status of 
thymosin as it relates to chronic debilitative diseases and the 
immune system? 

Schneider: I will give you my unqualified view (because I am 
not an immunologist). We have just finished a five-year study in 
which we administered to mice a number of thymic hormones. With 
aging, there is a decline in the immune system which is the system 
in the body that combats external agents like bacteria and viruses, 
and abnormal cells such as cancer cells. When the system goes 
astray, a variety of diseases can occur. With aging, immune system 
function declines and the thymus gland, which plays a major role in 
the immune response, almost disappears in old age. So our thought 
was that maybe we could inject the crucial secretions of the thymus 
gland called thymic hormones (one of which is thymosin) and thereby 
res tore immune function. This kind of approach is one that I like 
as I do not accept all aging phenomenon as inevitable. The first 
attempt has just been concluded in which we gave animals a variety 
of thymic hormones over a five-year period to see if these animals 
would show rejuvenation or stimulation of their immune system. The 
results are negative, but that does not mean that administering 
hormones will not work. Rather, it means that our knowledge of 
thymic hormones may be too primitive to know exactly which factors 
are involved in the aging process. I think this experiment should 
be repeated in a few years when we know more about thymic hormones 
and thymic factors. 

Question: Is there a relationship between aging and diabetes? 

Schneider: Absolutely. The National Institute on Aging has a 
Gerontology Research Center in Baltimore where we examined healthy, 
normal individuals over aperiod of years and gained some very good 
insight into the question of diabetes. With aging, our response to 
glucose changes significantly. So if you give the same glucose 
tolerance test to a 15- to 20-year-old and an 85-year-old, what 
might be abnormal for a 20-year-old may be normal for an 80-year
old. This whole subject is very important to me because some 20 
years ago, this problem of diabetes and old age launched me on my 
career of aging research. What happened was that my grandmother 
went to see a physician who gave her a glucose tolerance test and 
reported that she was diabetic. He started treatment for this 
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condition by prescribing some very strong drugs. But fortunately, 
before she took them, she called me up at medical school and I 
talked with some of my teachers about her problem. The result was 
that I learned that the ability to metabolize glucose changes sig
nificantly with aging. She was advised to dump the medicine and 
she lived to the ripe old age of 89, which she might not have done 
if she had taken that medicine. So it is very clear that the re
sults of tests for diabetes in an older individual compared with 
those in a young individual differ greatly. However, your chance 
of developing diabetes does increase as you grow older so it is 
very important that the diagnosis be made correctly, and it should 
be based, most of all, on the fasting level of sugar in your blood
-that is the key criterion. 

Question: Some years ago, there was a lot of publicity given 
to research that seemed to show that undernourished mice were long
er lived. There are a lot of people who are malnourished in the 
world today. Is there any evidence that this finding with mice 
applies to humans as weIl? 

Schneider: There is a big difference between being under
nourished and malnourished. In the experiments with mice and rats 
where calories were reduced by diminishing food intake, the animals 
were provided with minerals, vitamins and other supplements so that 
they were not malnourished, just undernourished. Although these 
experimental animals lived longer, I do not think we can make any 
comparisons since their conditions were quite different from those 
of individuals who have been through famines and who are malnour
ished. There is a one-man experiment going on today; Dr. Roy Wal
ford, who is one of the great proponents of the dietary restriction 
theory, is eating only five days a week. However, he is also tak
ing dietary supplements, so he is undernourished but not malnour
ished. Unfortunately, I do not think we will be able to cull con
clusive data from a one-man experiment, but I do wish Roy weIl. 

Question: Arecent publication suggested that a characteris
tic of Alzheimer's patients was that they were unable to produce 
RNA. You did not mention this, and I wonder what the prospects for 
replacement therapy would be? 

Schneider: I did not mention a lot of the promising leads 
because of the time factor; I could talk about Alzheimer's disease 
alone for an hour. But what you are asking about is some recent 
work that has come out of Dr. Charles Marotta's laboratory at the 
Massachusetts General Hospital. In the brains of patients with 
Alzheimer's disease, there is less messenger RNA and, therefore, 
less protein is being made. Marotta showed that this diminution is 
due to increased levels of an enzyme called ribonuclease that chews 
up RNA. The increased activity of ribonuclease is the result of a 
decrease in the level of its inhibitor. So it is a complex story, 
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and the data are preliminary and have been shown, I think, in only 
five or six individuals. I think we need a lot more information 
before we can really confirm these findings. The reported changes 
in RNA levels may not be the cause of Alzheimer's disease but might 
be the result of Alzheimer's; it is very important to separate 
cause and effect. 
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J. R. Totter 
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Oak Ridge, TN 37831 

This morning's topics are related to the "wear and tear" 
hypothesis of aging. The name most commonly associated with early 
studies involving this hypothesis is that of Max Rubner, who around 
the turn of the century published a book whose subject is the 
relationship of duration of life to growth and nourishment. The 
first two papers to be presented are concerned chiefly and rather 
directly with effects of oxygen which is considered by many to be 
the prime agent that produces much of the "wear and tear" in 
question through its univalent reduction which results in the 
production of free radicals. 

My own introduction to what eventually became a strong 
interest in the subject of aging came about because of an early and 
long continued fascination with antioxidants, chain reactions and 
chemi- and bioluminescence. This interest was stimulated more than 
50 years aga by progress in determining the function of vitamin E 
which was then being studied for its protective action against 
oxidative destruction of vitamin A and other nutrients. There were 
needs for cheap natural antioxidants at that time that could be 
used as food or drug additives~ Similarly, the rubber industry was 
searching for natural products that would protect rubber products 
from deterioration owing to oxidation. At the same time there was 
a continuing interest in trying to understand the chemistry of the 
hardening of certain vegetable oils used in varnishes and paints as 
weIl as the autöoxidation of animal fats and oils, both in vive and 
in vitro. 

Each of the subjects mentioned have given rise to avenues of 
research the results of which have contributed something to our 
understanding of the processes involved in aging. More recently 
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the impetus to research on the effects of ionizing radiation given 
by the discovery of fission and of artificially induced radio
activity has added a new dimension to research in this field. 
Similarly, new methods of detection of free radicals, such as the 
use of electron spin resonance developed from wartime radar, 
appeared and have greatly stimulated work on these evanescent 
compounds in tissue. 

Progress in these various lines of research has, I believe, 
reached the point at which it is possible to offer a rather 
complete physiological explanation of the nature of the 
interactions between metabolism, reproduction, temperature 
maintenance and longevity. This hypothesis may be most succinctly 
stated in ecological terms by making use of the concept of "r" and 
"K" selection. "K" and "r" are parameters of the logistic equation 
for population growth: 

dN/dt = rN(K - N)/K 

where N = the population number; K is the carrying capacity of the 
environment and r the intrinsic rate of increase of the population. 

Animals appear to res pond to a reduction from an abundant to a 
barely adequate food supply (if the temperature regime remains 
unchanged) by switching from a population poised for "r" type 
selection to one poised for "K" type selection. Small size, rapid 
reproduction and short life are associated with "r" type animals 
(good colonizers) while large size, slow reproduction and long life 
are associated with "K" type animals (poor colonizers). The 
switching may be accomplished by a neuroendocrine mechanism which 
acts in part by changing the slope of the survival curve (hence the 
longevity of the animals) and perhaps by changing the reproductive 
rate and period. 

The molecular basis of these changes are relevant to the 
central subject of this symposium, and are by no means fully 
understood. Advances in this aspect of aging will be detailed 
throughout the next few days. 



ANTIOXIDANTS AND LONGEVITY OF MAMMALIAN SPECIES 

Richard G. Cutler 
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INTRODUCTION 

Humans have the longest maximum lifespan potential of any 
mammalian species and also appear to consume more energy over 
this lifespan on a per~eight basis than any other species 
(Cutier. 1984a). These two unique biological characteristics of 
humans are the result of an unusually slow aging rate. 

Very little research has been undertaken towards obtaining an 
understanding of the biological basis of human longevity. Today, 
essentially nothing definite is known about the unique biological 
characteristics of human biology that might explain why human aging 
processes are so extraordinarily slow as compared to other 
mammalian species. One reason why there has been so little interest 
in studying the mechanisms governing aging rate is the general lack 
or awareness that such an area or scientiric inquiry even exists. 
That iS, aseparation of those processes governing aging from those 
processes governing longevity has received little recognition as a 
theoreUcal possibility. 

However, there is considerable data supporting the possibility 
that the processes causing aging are indeed separate from those 
determining aging rate. The review of some of this data 1s the 
subject of this chapter, where evidence is presented supporting the 
existence of longevity determinant mechanisms. The demonstration 
of such longevity determinant mechanisms could play an important 
role in identifying the genetic/biochemical basis of a number of 
human hereditary diseases and age-related dysfunctions as weIl as to 
offer new possibilities for their treatment. 

15 
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Sacher was one of the first to extensively study the 
biological basis of species' differences in longevity (Sacher, 
1959, 1965, 1970, 1977). His work emphasized the importance of 
homeostatic mechanisms; in this regard he stressed the importance 
of superior brain functions in longer-lived mammalian species 
(Sacher, 1962, 1968, 1978). More recently, Cutler has suggested 
that small biochemical differences, such as in protective and 
re pair processes, might also play an important role in determining 
species differences in longevity (CutIer, 1972, 1974, 1975, 
1976a,b, 1982a, 1984a). 

Our research program on investigating the biological basis of 
human longevity is based on the Longevity Determinant Gene 
Hypothesis. For more details on this hypothesis, its supporting 
data and predictions, the reader is referred to the following 
papers (CutIer, 1972, 1974, 1975, 1976a,b, 1978, 1979, 1980a,b, 
1981, 1982a,b,1983, 1984a,b,c,d). The key observations underlying 
this hypothesis are as folIows: 

1. A significant prolongation of the healthy years of human 
lifespan requires a uniform decrease of all aging processes of the 
organism. Reduction in the incidence of only a few specific 
diseases such as cardiovascular-renal disease, heart disease or 
cancer has a surprisingly small impact on increasing mean lifespan 
of the population (less than ten years) and even less impact on 
prolonging the healthy years of lifespan. Because a significant 
increase in the healthy years of lifespan appears only possible by 
decreasing the rate of aging uniformly, then one means that may 
help in achieving this objective is an investigation of the natural 
processes governing human longevity. 

2. The vast complexity of the physiological aspeets of aging 
makes progress in understanding the biological basis of human aging 
very difficult, partieularly when we do not yet und erstand even the 
normal non-aging biologieal eharaeteristics of the human. Moreover, 
a gain in knowledge limited only to how aging oeeurs eould very 
weIl lead to little insight as to what aetually can be done about 
aging or how effeetive methods of treatment of the elderly could be 
developed. In contrast to this long-time dilemma of aging 
research, a new argument has emerged suggesting that a study of the 
biological basis governing human longevity rather than human aging 
may involve considerably less complex biology and lead more 
directly to possible useful methods of intervention of the aging 
process. 

3. Comparative and population genetic studies have indicated 
that the cause of aging is pleiotropic in nature, being the result 
of the side effects of normal metabolie and developmental proeesses. 
Aging does not appear to be the result of a genetie program that has 
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evolved speeifieally to genera te this phenomena nor is aging the 
result of speeifie genes or death hormones that exist solely for 
this purpose. Instead, aging is the by-produet of the living 
proeess and longevity differenees among speeies appear to be the 
result of aseparate genetie program that has evolved for this 
purpose. Thus, there are speeifie longevity determinant genes but 
not aging genes. Longevity determinants may operate by governing 
the level of defense, proteetive and DNA re pair processes against 
the aging side effeets of normal developmental and metabolie 
processes. 

4. Comparative and evolutionary evidenee indieate that the 
genetie processes governing the aging rate in different speeies 
appear to be remarkably less eomplex than the aging proeess itself. 
It has been estimated that perhaps less than 0.5% of the total 
number of genes in the genome may be involved if point mutations 
are the genetie meehanism of variation. These small genetie 
differenees exist within the regulatory gene elass. Moreover, the 
struetural genes that aetively govern aging rate (the longevity 
determinant genes) are likely to be similar in the different 
mammalian speeies. Thus, their longevity would be determined only 
by the extent these genes are expressed, not by the presenee of new 
genes. These results imply the revolutionary eoneept that the 
genetie potential may al ready exist in humans to gain substantially 
more healthy and produetive years of lifespan if the me ans eould be 
devised to exploit this potential and that relatively few genetie 
alterations may be neeessary to earry this out. It is important, 
however, to emphasize that if the evolution of differenees in 
regulatory gene action oeeurs largely by 
transloeation/reeombination types of events instead of by point 
mutations, then we have yet no information as to what fraetion of 
the genome (gene eomplexity) is involved in governing human 
longevity. 

5. Comparative and population genetie studies indieate that 
aging is the result of the effeets of development and energy 
metabolism. The aging effeets of developmental processes appear 
diffieult to counter and may have been dealt with by a simple 
deerease in developmental rate. Thus, the eorrelation \'le observe is 
aging rate with developmental rate. However, mueh more is known 
about the possible aging effeets of energy metabolism and how 
evolutionary proeesses dealt with it. Here, it i8 found that, for 
most mammalian speeies, aging rate is proportional to metabolie 
rate. This finding led to the concept of Lifespan Energy Potential 
(LEP), whieh strongly suggests that oxygen radicals may playa role 
in causing aging. In turn, this result suggests that antioxidants 
may be important in determining the length of lifespan of different 
species. This possibility has been tested by comparing the 
eoncentrations of antioxidants in the tissues of mammalJan speeies 
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as a funetion of their maximum lifespan potential (MLSP) and 
lifespan energy potential. Most of these results will be 
illustrated in this ehapter. 

6. The primary aging process in humans may be the result of 
eells gradually losing their proper state of differentiation. This 
idea, whieh is known as the Dysdifferentiation Hypothesis of Aging, 
eontrasts sharply with the older Wear and Tear Hypothesis of Aging. 
Evidenee that dysdifferentiation does oceur with aging has been the 
appearanee of improper gene expression such as the inereased 
expression of hemoglobin genes or endogenous viral genes in brain 
and liver tissues with inereased age. Mueh indirect bioehemieal and 
morphological evidenee also supports the Dysdifferentiation 
Hypothesis of Aging. Beeause this hypothesis proposes that aging 
resslts from a natural instability of gene expression in highly 
differentiated eells, it naturally follows that longevity is the 
result of unknown processes acting to stabilize proper gene 
expression. Here, it is of considerable interest that active oxygen 
species at extremely low eoneentrations are found to alter the 
proper state of differentiation of cells and that antioxidants ean 
proteet against these effects. Thus, by-produets of oxygen 
metabolism could aet to destabilize proper gene expression and 
antioxidants might represent an important elass of gene 
expression-stabilizing agents. 

The above results have led to the formulation of a general 
working hypothesis of aging and longevity called the Longevity 
Determinant Gene Hypothesis. The major postulates of this 
hypo thesis are as folIows. 

1. Aging is the result of the side effects of normal 
developmental and metabolie processes. All mammalian species have 
essentially the same spectrum of these aging processes, and 
therefore age qualitatively in a similar mann er , although frequently 
at different rates. 

2. Longevity of a speeies (MLSP) is determined by the extent 
the aging effeets of normal developmental and metatJolJ.e processes 
bave been redueed. All mamnlaljan speeies bave evolved essentially 
the same spectruDJ of methods to reduce these causes of aging. Tbe 
longevity of a species is consequently determined largely by 
quantitative differences in the expression of a COmD10n set of 
anti-aging genes actins; aga.inst a common set of aging processes. 

The most novel and far-reaching postulates of the longevity 
determinant gene hypotbesis are (1) tbe prediction of specific 
longevity determinant processes, whicb are identical in most 
mammalian species, (2) few genetic modifications required in 
regulatory genes to uniformly reduce the aging rate of the entire 
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organism, and (3) that aging is largely a result of a 
dysdifferentiative process, where the primary role of longevity 
determinant genes are to counteract this dysdifferentiation by 
prolonging the time the proper differentiated state of the cell is 
maintained. 

The above predictions of this hypo thesis concerning the 
dysdifferentiative nature of aging has been tested by searching for 
(1) age-dependent changes in the physico-chemical structure of 
chromatin and for related abnormal gene expression and (2) in 
identifying potential biochemical stabilizers of differentiation 
(longevity determinants) and by determining if they are more 
effective and/or at higher concentrations in longer-lived species. 

The principal methods used to test tor the existence ot 
longevity determinants have been a biochemical comparison of 
mammalian species having different maximum lifespan potentials. The 
question asked in these studies is how do these species differ in 
quantitative biochemical aspects (although qualitative differences 
are not ruled out) that could reasonably explain their maximum 
lifespan potential differences. Also, because human appears to be 
the longest-lived of all mammalian species and is the species we 
are most interested in, we are particularly interested in 
determining how the biology of humans differs from closely-related 
shorter-lived species such as the great apes and then examining if 
these differences could possibly be anti-aging mechanisms. 

The Longevity Determinant Gene Hypothesis is based on a broad 
base of data, ranging from the evolutionary origin of life, 
evolution of different species, population genetics, comparative 
biology and the biochemistry of aging. Consequently, it offers 
specific answers to some basic questions for mammalian species. 
Some of these are as follows. 

What causes aging? Aging is caused by the side-effects of 
normal developmental and metabolie processes and the natural 
instability of the genetic apparatus of cells to maintain their 
proper differentiated state. 

What is the aging process? The aging process begins with the 
loss of the proper differentiated state of cells, a process called 
dysdifferentiation. Aging is the slow loss of proper self and the 
aging of the organism represents the complex affects and response 
of the organism to these primary changes. 

What governs aging rate? Aging rate of an organism is 
governed by how well the organism maintains the proper 
differentiated state of its cells as a function of time. Thus, the 
structural and/or metabolie processes that stabilize the proper 
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state of cell differentiation are predicted to be the antiaging 
mechanisms we are searching to identify. Antioxidants may play an 
important role in this regard and, if so, dysdifferentiation would 
result in part by mechanisms involving oxygen radicals, and 
antioxidants would then be considered as important stabilizers of 
differentiation. 

Why does aging exist? There is always a high probability that 
metabolie and developmental processes will have some degree of 
disadvantage. Thus, all organisms existing today are a result of a 
long history of tradeoffs between benefits (life prolongation) and 
disadvantages (life-shortening events). 

Why do different species have different aging rates? Longevity 
has evolved in all species to the point that aging does not play a 
significant role in determining their lifespan in the wild. Thus, 
natural environmental hazards are the major determinant of aging 
rate which evolved. The large extent of aging now seen in human 
populations is arecent artifact of our culture, reducing 
environmental hazards much below their ~ormal level. 

ANTIOXIDANTS AS POTENTIAL LONGEVITY DETERMINANTS 

Dur recent studies have concentrated on evaluating the 
possible role DNA re pair and antioxidants may have in determining 
human longevity (Cutler, 1982a, 1983, 1984a,b,c,d,e). Previous 
studies have indicated that the hypothetical longevity determinant 
processes are likely to be similar in different mammalian species 
and that differences in longevity would be based largely on 
di~~erences in their expression. There is now much evidence 
indicating Cl) a possible causal role of oxygen radicals in aging, 
(2) the dysdifferentiative nature of aging, (3) that oxygen 
radicals can cause dysdifferentiation, and (4) antioxidants protect 
against oxygen radicals. There is therefore a good theoretical 
basis for expecting a positive correlation in the concentration of 
a given type of antioxidant with a species' life8pan energy 
potential (Cutler, 1982b, 1984b; Cerutti, 1985). 

THE COHPARATIVE BIOGERONTOLOGICAL RESEARCH APPROACH 

The present objective of the comparative approach i8 to 
identify quantitative differences between long-lived and 
short-lived species of common biochemical characteristics that 
theoretically could lay a role as longevity determinants. The 
studies to be described in this chapter are concerned with 
investigatlng a number of different antioxidants and two 
detoxification enzymes. 
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Maximum Lifespan Potential 

Central to the comparative approach is the concept of Maximum 
Lifespan Potential (MLSP): the use of MLSP in these studies needs to 
be defined clearly. 

In the experiments to be described, tissue concentrations of 
antioxidants and detoxification enzymes are measured as a function 
of the aging rate of different mammalian species. The aging rate 
of a species is defined as the average rate of decline of a large 
number of different physiological functions: this rate has been 
shown to be roughly proportional to a species' maximum lifespan 
potential (MLSP). It would be best to know the mean physiological 
rate for the various mammalian species used in comparative work; 
this data does not exist. Instead, we have estimates of MLSP for a 
much larger number of species, so this parameter of longevity is 
used instead to indirectly estimate their mean physiological aging 
rate. 

The term MLSP originally arose froD! human survival data, where 
although a mean lifespan can vary considerably, the maximum 
lifespan potential is remarkably constant, being about 100 years. 
These data suggest that MLSP reflects the innate biological 
potential of a species for longevity. Thus, a comparison of 
species' MLSP is believed to represent roughly a comparison of 
their respective innate biological aging rates. A few studies in 
mice, primates and human of physiological aging rate of specific 
functions (such as immune function and the rate of accumulation of 
age pigments) support the correlation of MSLP with the aging rate of 
specific functions. It should be clear that the term MLSP does not 
imply, as is sometimes thought, that some theoretical maximum 
lifespan potential actually exists for each species. Such a limit 
would be extremely difficult to determine because further 
improvement in medical care and/or reduced environmental hazards 
may rurther extend a species' lirespan. Thus, the use or MLSP in 
our comparative studies is as a relative estimate or the mean 
physiological aging rate of each species. We are really not 
interested in determining the absolute length a species could 
possibly live but only on estimating their relative innate 
abilities to maintain good health and vigor. 

Because we are interested in obtaining the best relative ~LSP 
estimate possible, other data besides death in popul~tions have been 
used. These are (1) the use of a calculated MLSP based on the brain 
and body weights of young adult species. This equation is derived 
from over 100 different species ranging from mouse to human and is 
remarkably successful in predicting MLSP (Sacher, 1959), and (2) the 
use of a calculated developmental rate of the species, where, for 
example, the age of sexual development has been found to be linearly 



22 R.G.CUTLER 

related to MLSP for the primate speeies and non-primate mammalian 
speeies (Cutler, 1976a). Tbus, wbenever possible, both ealeulated 
MLSP and rate of development are used as weIl as aetual maximum 
observed lifespan to estimate tbe MLSP used in tbe eomparative 
studies. 

Speeific Metabolie Rate 

To evaluate whether antioxidants play a role in determining 
longevity of different speeies, a tbeoretieal basis is necessary to 
establish wbat mathematical eorrelations of antioxida.nt 
concentration with ~~SP is to be expeeted. No such theoretical 
basis could be found for a direet eorrelation of antioxidant 
eoneentration with MLSP. However, both a theoretieal and an 
experimental basis was found to prediet that the eoneentration of 
an antioxidant per speeifie metabolie rate would be proportional to 
MLSP. Part of tbe experimental evidenee is that SMR of an organism 
is related to the oxygen utilization rate of its tissues. In turn, 
the rate of produetion of various toxie oxygen radieals is 
proportional to the rate of oxygen utilization of tbe tissue. Thus, 
the ratio of antioxidant eoneentration per SMR represents the 
degree of proteetion a tissue has per aDJount of oxygen radieal 
produetion that exists in that tissue. This ratio would then be 
expeeted to be positively eorrelated with MLSP j.f that antioxidant 
was having an effeet in governing MLSP by reducing the toxie 
effects of oxygen metabolism. 

Another obvious reason to prediet that the ratio of antioxidant 
eoneentration per speeifie metabolie rate (SMR) is proportional to 
speeies' MLSP is that various speeies have widely different SMR's, 
and one possible important strategy during the evolution or 
mammalian speeies to inerease longevity may have been a deerease in 
SMR. In many eases, this is aeeomplished by simply being larger in 
size, thus requiring less oxygen utilization per gram body weight 
to maintain a given body temperature. An inerease in the ratio of 
antioxidant eoneentration to SMR eould have oeeurred then by either 
an inerease of antioxidant eoneentration and/or by a deerease in 
SMR. 

One must be eareful, however, beeause of the possibility that, 
although some speeies may have the same SMR, they may also have 
different innate produetion rates of free radieals or other toxie 
by-produets of metabolism beeause of different metabolie pathways. 
In this ease, their SMRs would not refleet, in a direet proportion, 
the innate produetion of toxie produets as eompared to other 
speeies. This possibility should always be kept in mind in these 
eomparative studies. 
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Lifespan Energy Potential 

The coneept that aging rate is roughly proportional to a 
speeies' metabolie rate originated from the finding that, for Diany 
speeies, the produet of MLSP and SMR was a eonstant. Typieal 
results of this eorrelation are shown in Figure 1. Thus, for Diany 
speeies, if antioxidant eoneentration remained unehanged, a 
deerease in their SMR would have nevertheless resulted in an 
inerease in the amount of proteetion their tissues would have 
against oxygen radieals. However, it is evident in this figure 
that tbe human and eapuehin points are above the eurve, indieating 
that those speeies utilize mueh more ealories per gram of weight 
over their lifespan. This observation has led to the definition of 
a new parameter of longevity ealled Lifespan Energy Potential 
(LEP), whieh is the produet of HLSP and SHR, or: 

LEP (ke/g) = 2.70 (MLSP, yrs) (SMR, e/g/d) 

For mouse speeies, LEP is about 200-300 ke/g, and for many 
primates LEP is about twiee as great, or 400-600 ke/g. However, the 
outstanding exeeptions are human and eapuehin, with LEP values of 
about 800-900 ke/g. Thus, mammalian speeies not only have different 
biologieal eapaeities for longevity in terms of ehronologieal time 
but also differenees in the total amount of energy they utilize 
over their lifespan or in metabolie time. True long-lived animals 
would have both a high MLSP and a LEP value, as found for the 
human. 

Estimates of MLSP and LEP 

Table 1 shows how remarkably well MLSP ean be ealeulated on 
tbe basis of the brain/body weight equation as eompared to the 
observed values of MLSP. Tables 2 through 6 represent our most 
reeent estimates of MLSP and LEP values for a number of primate and 
non-primate mammalian species as based on the considerations 
previously diseussed. It is erupbasized, however, that there is 
still a large range of reliability in these estimates, with some 
being mueh better than others. As a eonsequenee, the estimates of 
MLSP for some speeies will still likely be subjeet to signifieant 
reV1S1on in the future. Table 5 represents some of the most 
eonfident ~~SP and LEP value estimates for the primates. For 
example, we are most eonfident that humans age at a rate about 
one-half that of the great apes and that the great apes age at 
about one half the rate of the marmoset, tamarin and squirrel 
monkey. 
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Fig. 1. Maximum lifespan potential (MLSP)of mammalian speeies in 
relation to their speeifie metabolie rate (SMR). Taken 
from (Cutler, 1984a). 

Table 1. Prediction of MLSP on the basis of body and brain weight 
for some mammalian species. 

Species Cranial capacity Body wt MLSP (lrs) 
(common name) (cm") (g) Observed Predicted 

pygmy shrew 0.11 5.3 1.5 1.8 

field mouse 0.45 22.6 3.5 3.2 

opossum 7.65 5000 7.0 5.8 

Mongolian horse 587 260,000 46 38 

camel 570 450,000 30 33 

cow 423 465,000 30 27 

giraffe 680 529,000 34 35 

elephant (India) 5045 2,347,000 70 89 

mountain lion 154 54,000 19 23 

domestic dog 79 13,400 20 21 

Compiled from Cutler (1978, 1979). 
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Table 4. Estimates of maximum lifespan potential and lifespan 
energy potential for New World monkeys. 

Genus and species Body wt Brain wt MLSP (yrs) SMR LEP 
(kg) (g) Predicted Obs. Best est. 

~ capucinus 3 80 29 37-42 42 ± 5 53.1 814 
(capuchin) (15) 

Ate1es geoffroyi 8 108 28.1 20-34 34 ± 5 41.5 454 
(spider monkey) (20) 

Lae;othrix 5.2 101 29.7 25 30 ± 4 46.2 421 
(woo11y monkey) 

A10uatta 6.4 51 18.3 8-15 20 ± 4 43.9 320 
(how1er monkey) (8) 

Saguinus oedipus 0.405 10 12 14-20 20 ± 2 87.6 639 
(tamarin) (35) 

Ca11ithrix jacchus 0.260 7.6 11.2 10-16 18 :t 3 97.8 642 
(marmoset) (15) 

~ trivirgatus 0.850 16 13.8 15-18 20 ± 3 72.7 530 
(night monkey) (5) 

Saimiri 0.680 22 20 19-22 20 ± 3 76.9 561 
(squirre1 monkey) (12) 

See footnote, Tab1e 6. 

Table 5. Most confident relative maximum lifespan potential and 
lifespan energy potential estimates for primates. 

Species MLSP LEP 
(common name) (yrs) (ke/g) 

human 100 850 

Great Apes 50 450 
chimp, orangutan, gorilla 

Macaca, baboon 40 500 

capuchin 40 800 

marmosett tamarin, 20 600 
squirre1 monkey 

tree shrew 15 500 

Rounded-off estimates of MLSP and LEP, showing relative 
MLSP and LEP va1ues for speeies where this data is most 
re1iab1e. There appears to be a 5-fo1d difference in MLSP 
and a 10-fo1d difference in LEP among the primate species. 
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Table 6. Estimates of maximum lifespan potential and lifespan 
energy potential for Prosimii and Tupaiidae. 

Genus and species Body wt Brain wt MLSP (yrs) SMR LEP 
(leg) (g) Predicted Obs. Best est. (c/g/d) (kc/g) 

Lemur macaca tu1 vus 1.4 
(ring-tai1ed lemur) 

Hapa1emur griseus 
(gentle lemur) 

Microcebus 
(mouse lemur) 

Cheirogaleus 
(dwarf lemur) 

Propithecus 
(sifaka) 

Daubentonia 
(aye-aye) 

NycUcebus 
(slow loris) 

1.3 

0.054 

0.174 

~.48 

2.80 

0.8 

23.3 

9.53 

1.78 

3.14 

26.7 

45.1 

12.5 

Perodicticus potto 1.15 14 
(potto) 

Galago crassi- 0.85 10.3 
caudatus (galago) 

Tarsius syrichta 0.0875 3.68 

Tupaia glis 0.150 3.15 
(tree shrew) 

Uroga1e everetti 0.278 4.28 
(Mindanao tree shrew) 

16 27-40 40:t 5 30.7 

9 13 15 :t 2 65.4 

6.4 10-11 13:t 2 144 
(9) 

7 10-15 13:t 2 108 
(7) 

13.9 18 20 :t 2 51.1 

20.4 7-28 30:t 5 54.0 
(5) 

11.9 12-14 15:t 3 
(9) 

73.8 

12 

11 

9 

8 

8 

22 22 :t 3 67.4 

14-17 17:t 2 72.7 
(27) 

7-15 15 z 2 128 
(5) 

8-14 14:t 2 112 
(11) 

8-14 14 z 2 
(11) 

96.2 

448 

358 

512 

373 

591 

430 

393 

398 

572 

491 

All da ta in Tbs. 1-4 are taken from sources cited in the papers (Cut1er 1975; 
1976a; 1979; To1masoff et a1., 1980). Recent new estimates of MLSP come from 
personal communication with Marvin Jones at the San Diego Zoo and Bowden & 
Wi11iama (1985). Best·estimate of MLSP is based on predicted MLSP, observed 
range of MLSP &mong the five oldest individua1s of a given species, where 
number in parentheses is number of individua1s these five were chosen from, and 
age of maturity. SMR was ca1cu1ated based on young adult body weight of the 
male using the equaUon: -0 U' 

SMR (c/g/d) = 393 (body wt., g) . 
MLSP was oalcu1ated using the equation: 

-o.:as- 0.6 •• 
MLSP (yrs) = 10.83 (body wt., g) (brain wt., g) 

*SMR and LEP va1ues may be overestimated by as much as 40% if these speoies are 
simi1ar to Lemur ~ ~, where aotua1 5MB is 40% lower than estimates 
based on body weight. 
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One advantage in doing comparative work with prireate species 
is that substantial detail is known both of their evolutionary and 
genetic relationships to one another. Another advantage of course 
is that, of all aniamls, primates are most close1y re1ated to human. 
This is shown in Figure 2 where the primate phy1ogenic-evolutionary 
re1ationships of the living primate species are given with reference 
to our best estimates of their individual MLSP and LEP va1ues. 

70 60 

Fig. 2. 
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Phylogenetic relationship of maximum li fes pan potential 
(MLSP) and 1ifespan energy potential (LEP) estimates for 
the primate species. Data taken from (CutIer, 1976a, 
1980a, 1984a,b). 
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BODY TEMPERATURE 

Body temperature is not necessarily positively correlated to 
SMR in all animals, but it is for most mammals. Temperature (or 
thermal energy) is generally considered to be detrimental to the 
maintenance of complex biological structures. Thus, the 
constituents of cells are likely to be less prone to random thermal 
degradation at lower body temperatures. Differences in the 
longevity of species might then be expected to result in part by 
differences in their body temperature. 

A search to determine if a correlation exists between deep 
body temperature and longevity is summarized in Table 7 and 
illustrated in Figure 3. Rere, it is seen that body temperature 
does decrease with increased MLSP for the shorter-lived primate 
species but, most importantly, the great apes and human appear to 
be similar. Thus, in the recent evolution of longevity in the 
hominids leading to human, it appears unlikely that decreased body 
temperature played an important role. 
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Fi~. 3. Body temperature in mammalian species as a function 
of their maximum lifespan potential (MLSP). 
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Table 7. Body temperature as a function of maximum lifespan 
potential in primates. 

Species 
(<:ommon name) 

Homo sapiens 
( human) 

Pan troglodytes 
(cbirupanzee) 

Pongo pygr"aeus 
(orangutan) 

Papio dogura 
(baboon) 

Macaca 
(Rhesus) 

Saimirii sciuruus 
( squ irre 1 Dlonkey) 

Saguinus mystax 
(n:armoset) 

Lemur ful vus 
(lemur) 

Galago crassicaudatus 
(bush baby) 

Tupai slis 
(tree shrew) 

Peromyscus 
(deer mouse) 

Mus musculus 

MLSl' 
(yrs) 

95 :t 10 

50 ± 5 

5C ±. 5 

4C ± 5 

38 ±. 4 

20:1: 3 

18 ± 3 

40:1: 5 

17 ± 2 

14 ± 2 

8 ± 1 

3 ± 1 

Body temperature 
(oC) 

36.9 ± 0.98 

37.2 ± l.Cl6 

36.9 ± 0.709 

30.0 ± C.781 

3iLti ±. 1. 17 

39.3 ± 0.lJ.27 

39.7 ± 0.38 

38.Cl ± 1.;:> 

37.8 ± 0.877 

4('.0 

37.6 ± 2.79 

37.0 ± 1.24 

Body temperature data. taken from Altman & Dittmer (1968), 
Spector (1956); Morrison and Ryser (1952); Wislocki (1933); 
Melby and Altman (1976); Yousef et al. (1971). 

31 
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BIOCHEMICAL CONTROLS FOR COMPARATIVE STUDIES 

According to our working hypothesis, identification of a 
potential longevity determinant such as an antioxidant can be made 
by finding a positive correlation in its concentration per specific 
metabolie rate with MLSP. However, for this approach to be 
meaningful, one must be reasonably sure that the concentration per 
specific metabolie rate of most enzymes or other substances in a 
cell that are clearly not longevity determinants do not also 
correlate positively with MLSP. It is well known for example that 
body size, specific metabolie rate (SMR), and rate of development 
are related to MLSP in mammals and other-species (Kunkel et al., 
1956; Stahl, 1962; Emmitt and Hochachka, 1981; Lindstedt and 
Calder, 1981). Thus, we expect the enzyme concentrations involved 
in determining these functions would also correlate with MLSP and 
that these functions might be involved with determining MLSP. But 
many other enzymes and body constituents that are clearly not 
involved in determining longevity could nevertheless also correlate 
positively with MLSP. Thus, a positive correlation by itself is 
not sufficient evidence that a given substance is a longevity 
determinant. This is why such positive correlations we find are 
called "potential" longevity determinants. 

To evaluate how special the case is when a correlation is found 
with MLSP or LEP, a number of enzymes and other factors that were 
thought not to be potential longevity determinants were tested for 
a possible correlation of their tissue concentrations with MLSP and 
LEP. Most of the data used in these studies were taken from the 
following ci ted literature (Albritten, 1952; Altman and Dittmer, 
1961, 1962, 1972, 1974; Dixon and Webb, 1964; Mattenheimer, 1971; 
Bernirschke et al, 1978; Mitruka and Rawnsley, 1981). The results 
showed no significant correlation (negative or positive) in the 
concentration of the following substances with MLSP or LEP. 

1. Tissue enzymes: random assortment of 57 were analyzed. 
2. Vitamins (whole blood): thiamine, riboflavin, pyridine 

cyanocobalamine, nicotinic acid, pantothenic acid, retinol 
(vitamin A). 

3. Blood chemistries: albumin, alpha and beta globulins, 
cholesterol, glucose, blood urea nitrogen, minerals 
(Na, K, Ca, Mg), dehydroepiandrosterone (DHEA). 

A survey of 50 other enzymes not expected to be longevity 
determinants was also made, and no significant correlation was 
found with MLSP or LEP (Cutler, 1984b). Recent studies by Ono and 
Okada (1984) on lactate dehydrogenase, glucose-6-phosphate 
dehydrogenase, superoxide dismutase, glutamic oxalacetic 
transaminase, creatin phosphokinase and choline esterase in 
non-primate species found no positive correlation in the 
concentration of these enzymes with MLSP. In summary, these data 
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indicate that few biochemical constituents of a mammalian species 
correlate positively with MLSP or LEP for mammalian species and 
imply that negative or positive correlations are probably special 
cases. 

SUPEROXIDE DISMUTASE 

33 

Superoxide dismutase (SOD) is considered to be one of the most 
important defensive enzymes against the toxic effects of oxygen 
metabolism (Fridovich, 1979) Ihis enzyme removes the superoxide 
free radicals O~~. Most organisms that use oxygen (aerobic 
respiration) cannot live without this enzyme or an equivalent type 
of protective mechanism. 

Tissue concentrations of SOD have been measured in brain, 
liver and heart tissues of primates and non-primate species. Tables 
8 and 9 show the data for liver for primate species and non-primate 
mammalian species, respectively. Figure 4 illustrates the 
correlation of SOD per MLSP for primate livers, where a positive 
correlation is found (linear, r = 0.727, P ~ 0.01). However, when 
the correlation of SOD per SMR vs MLSP is evaluated, as shown in 
Figure 5, a much higher linear correlation coefficient i8 found 
(r = 0.961, P ~ 0.001). 
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Table 8. Liver superoxide dismutase eoneentration in primate 
speeies as a funetion of maximum lifespan potential 
and speeifie metabolie rate. 

Species 
(common name) 

HLSP 
(yr) 

SMR 
(c/g/d) 

SOD 
U/mgP 

1 field mouse 3.5 :I: 0.5 189 % 11.7 15.4 % 2.24 

2 deer mouse 

3 tree shrew 

4 squirrel 
monkey 

5 bush baby 

6 tamarin 

7 lemur 

8 :I: 1 

15 :i: 2 

25 :i: 3 

15 :I: 2 

20 :i: 3 

40 :I: 5 

8 green monkey 40 :i: 5 

9 Rhesus monkey 40 % 5 

10 baboon 40 :I: 5 

11 gorilla 55 % 5 

12 chimpanzee 55 :I: 5 

13 human 110 :t 5 

151 :t 14.1 19.3 :i: 3.67 

100 :t 2.3 18.7 :I: 1.52 

73.9:1: 2.67 19.3:t. 2.26 

68.4:i: 3.34 22.4:t. 1.64 

88.4:t. 2.85 29.2:1: 4.39 

(30.7) 29.2 :t. 2.12 

43.4:t. 5.39 22.7:t. 3.11 

37.0:i: 1.2 21.0 % 3.6 

43.2:1: 1.74 22.9:t. 2.32 

19.7:t. 0.352 17.5:1: 2.49 

26.8:1: 0.809 26.6:i: 3.58 

24.8:1: 0.716 38.0:1: 3.87 

HLSP vs SOD MLSP vs SOD/SMR 
n = 13 n = 13 
r = 0.721 r = 0.961 
P , 0.010 P ~ 0.001 

SOD data taken from To1masoff et a1. (1980). 

SOD/SMR 

0.0814 % 0.0127 

0.131 :I: 0.0282 

0.173 :I: 0.146 

0.267 :I: 0.319 

0.327 :I: 0.0287 

0.330 :t 0.0507 

(0.951) 

0.523 :t 0.967 

0.567 % 0.987 

0.741 :t. 0.829 

0.888 % 0.0127 

0.953 :t 0.137 

1.61 :I: 0.167 
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function of maximum lifespan potential (MLSP). Linear 
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Table 10. Catalase activity in primate species. 

Activity (units/g wet weight tissue) 

Species NLSP Liver 
(common name) (yrs) 

human 90 8.01 :I: 2.41 
n 6 

orangutan 50 

chimpanzee 48 16.9 ± 0.556 
n 5 

gorilla 43 

baboon 42 31. 3 ± 0.395 
n = 3 

lemur 35 

Rhesus 34 37. '2 
n 

pig tai1ed macaque 34 39.5 
n 

African green monkey 30 

MLSP vs ca tal ase concentra.tion in: 
1iver: r -0.895, P ~ 0.001 
kidney: r = -0.644, P ~ 0.001 

± 7.89 
5 

± 2.49 
3 

brain: r = 0.296, P not significant 

Kidney 

2.96 :I: 1.12 
n 5 

4.58 :I: 1.02 
n = 5 

4.29 ± 0.315 
n 6 

5.09 
n = 1 

5.94 ± 1.61 
n 4 

3.58 ± 0.138 
n = 3 

5.94 ± 0.615 
n 3 

Brain 

0.466 ± 0.0218 
n = 10 

0.372 
n 

0.652 ± 0.0268 
n 2 

0.179 ± 0.0517 
n = 3 

0.641 + 0.523 
n = 2 

0.265 ± 0.00565 
n = 7 

0.201 :I: 0.117 
n 4 

0.194 :I: 0.0346 
n = 2 

Assayed by both permanganate (Cohen et al. , 1910) and ultl'oviolet d€,tecUon 
of hydrogen peroxide (Beers & Sizer, 1952). 
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Similarly, when the data of Ono and Okada (1984) for non
primate species is replotted as SOD vs MLSP, as shown in Figure 6, 
a positive linear correlation is found of r = 0.698, P ~ 0.02. 
However, on plotting SOD per SMR vs MLSP, as shown in Figure 7, it 
is found that r = 0.825, P ~ 0.001. This result disagrees with 
that of Ono and Okada (1984), who concluded that their calculations 
indicated their correlation was not significant. 

Thus, although a positive correlation is found in the tissue 
concentration of SOD per MLSP, a much stronger positive correlation 
is found when SOD is normalized per SMR. Moreover, there is a 
reasonable theoretical justification to expect the s~m normalized 
data to be biologically significant, as has been previously 
described. Finally, these data suggest that the LEP value of an 
animal may be determined in part by the antioxidant concentration 
in its cells. 

CATALASE 

Catalase is considered a key antioxidant enzyme important in 
the removal of hydrogen peroxide (Chance et al., 1979). Measurement 
of catalase activity in liver, kidney and brain in primates is 
shown in Table 10 and illustrated in Figure 8. As shown in Figure 
8, a significant negative correlation of catalase activity per SMR 
in liver was found as a function of MSLP. 

This data indicates that, at least for these tissues, the 
unusual extent of human longevity does not appear likely to be the 
result of higher tissue concentrations of catalase. Indeed, the 
negative correlations found for liver catalase suggest that (I) 
hydrogen peroxide generation may have been reduced, thus reducing 
the requirements of catalase and/or (2) the presence of catalase 
itself may have a serious toxie effect. 

Catalase has iron as its hemat1e prosthet1e group, wh1eh m1ght 
be toxic in terms of the catalytie effect of iron on the rate of 
lipid peroxidation. Mice with lower catalase appear to be more 
radiation resistant, and in many cases drugs which inactivate 
ca tal ase are radioprotective. It is also of interest that, in the 
evolution of longer-lived species, the concentration of peroxisomes 
in cells has steadily decreased. Peroxisomes contain urate oxidase 
and catalase, both of which appear to have decreased with increased 
MLSP. Thus, it is of interest if other constituents of peroxisomes 
such as D-amino acid oxidase, xanthine oxidase, cytochrome oxidase 
and alpha-hydroxyl acid oxidase are also less concentrated in 
longer-lived mammalian species (CutIer, 1982a). 
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GLUTATHIONE PEROXIDASE 

Glutathione peroxidase has long been considered a major 
protective enzyme against the accumulation of peroxides. Thus, it 
is of particular importance to determine if higher levels of this 
enzyme exist in longer-lived species. To our surprise, like 
catalase, glutathione peroxidase activity also appears to be lower 
in longer-lived species, even on aper SMR basis. This is 
illustrated in typical data shown in Table 11 for liver, Table 12 
for liver and brain, and Table 13 for whole blood. 

The explanation for this inverse correlation of MLSP vs 
glutathione per SMR may be similar to that for catalase. That is, 
the original production of peroxides is lower in longer-lived 
species, thus reducing in proportion the requirement for the 
protective enzyme. Also, like iron in catalase, selenium is a 
necessary co-factor for this enzyme and is highly toxic at higher 
than normal physiological concentrations. However, reduction of 
glutathione peroxidase to lower selenium requirement does not seem 
likely to be the explanation of why the inverse correlation with 
MLSP appears to exist, although this possibility needs to be 
considered. 

GLUTATHIONE 

Glutathione is thought to be one of the most important tissue 
antioxidants but, unlike other antioxidants, it is used in a number 
of other biochemical pathways not necessarily associated with its 
antioxidant protective properties. On measuring the concentration 
of glutathione in different species as a function of MLSP, we were 
again surprised to discover that glutathione concentration in all 
tissues we investigated was lower in the longer-lived animals. 

Typical data are illustrated in Table 14 for whole blood, 
Table 15 for brain and Table 16 for liver. In these tables it is 
seen that MLSP vs glutathione concentration is negatively 
correlated for blood, brain and liver. However, for MLSP vs 
glutathione per SMR, a positive but non-significant correlation is 
found for blood and brain, but a strong negative correlation is 
found for liver. 

Clearly, much more work needs to be done using better assays 
and including a larger variety of tissues and species before a 
conclusion can be arrived at as to what role glutathione may have 
in accounting for the lifespan differences found in mammalian 
species. However, the data so far strongly suggests that 
glutathione has little role as an important longevity determinant 
for human. This may be related to the toxicity of glutathione, 
forming the glutathione free radical (thio free radical) in the 
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Table 11. Glutathione peroxidase activity in liver. 

Speeies MLSP SMR LEP GPx* GPX/SMR 
(eommon name) (yrs) (e/g/d) (ke/g) 

hamster 3 107 118 26.0 :t 2.8 0.242 
n = 3 

rat 4 78.4 115 19.6 :t 4.5 0.250 
n = 3 

guinea pig 8 69.6 204 0 
n = 3 

sheep 20 25.3 186 3.8 :t 0.9 0.150 
n = 3 

pig 30 19.9 219 2.5 :t 0.5 0.125 

human 110 24.7 991 1.3 :t 0.32 0.0526 

*One unit of aetivity is 1pmo1 NADPH oxidized per minute. 
MLSP vs GPX MLSP vs GPX/SMR 

n = 5 n = 5 
r = "-0.658 r = -0.890 

Non-1ifespan data taken from Lawrenee and Burk (1978). 

Table 12. Glutathione peroxidase activity in liver and brain of 
mammalian species. 

Speeies MLSP SMR LEP Liver· L/SMR Brain· B/SMR 
(eommon name) (yrs) (e/g/d) (ke/g) 

mouse 3.5 180 232 1140 6.33 23 ± 3 0.127 
n = 5 n = 5 

rat 4.0 78.4 115 153 :t 23 1.95 5 0.637 
n = 5 n = 5 

guinea pig 8.0 69.6 204 57 0.818 14 :t 4 0.201 
n = 5 n = 5 

rabbit 12.0 58.4 257 381 6.52 20 :I: 5 0.342 
n = 5 n = 5 

dog 20 34.8 255 ND 3 0.862 
n = 2 

eow 30 14.9 164 ND 5 :I: 1 0.335 
n = 5 

n = number of anima1s used for determination • 
• Aetivity eytoso1 fraetion: mean :t SD. Nanomoles glutathione oxidized per 
minute x milligram protein. 

.U.SP vs Liver MLSP vs Brain MLSP vs LiverlSMR MLSP vs Brain/SMR 
n = 4 n = 6 n = 4 n = 6 
r = -0.388 r = -0.545 r = 0.209 r = 0.516 

P 40 0.1 P E; 0.1 
Non-1ifespan data taken from De Marehena et a1. (1974). 

41 
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Table 13. Glutathione peroxidase activity in whole blood. 

Species MLSP SMR LEP GPx* GPX/SMR 
(common name) (yrs) (c/g/d) (kc/g) 

rat 4.0 78.4 115 120 :i: 100 1.53 
n = 4 

sheep 20 25.3 186 152 :i: 143 6.00 
n = 6 

Rhesus 40 41.5 517 19.8 :i: 18 0.477 
n = 5 

human 110 24.7 991 19.0 0.769 
n = 10 

*C1utathione peroxidase activity expressed as nanomoles NADPH oxidized per 
minute x milligram hemog10bin. 
MLSP vs GPX MLSP vs GPX/SMR 

n=4 n=4 
r = -0.740 r = -0.420 
P~O.l P~O.l 

*Da ta from Butler et a1. (1982). 

Table 14. Whole blood concentration of glutathione in mammalian 
species. 

Species MLSP SMR LEP G1utathione G1utathione/SMR 
(yrs) (c/g/d) (kc/g) (mg/100 m1) (mg/100 m1 per c/g/d) 

human 90 24.7 815 36.8 1.48 

horse 49 13.9 152 60 4.31 

baboon 35 30.7 394 49 1. 59 

cow 30 14.9 153 46 3.08 

pig 30 19.9 219 36 1.80 

sheep 25 25.3 186 26 1.02 

dog 20 36.5 268 31 0.849 

rabbit 12 58.4 257 45 0.770 

guinea pig 8 69.6 204 127 1. 82 

rat 4 78.4 152 120 1.53 

mouse 3.5 180 232 102 0.566 

MLSP vs GLU MLSP vs GLU/SNR 
n = 11 n = 11 
r = -0.468 r = 0.260 

Non-1ifespan data frow A1tman & Dittmer (1961, 1962, 1974). 
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Table 15. Glutathione concentration in brain. 

Species ~lLSP SMR LEP BRAIN BRAIN/SMR 
(common name) (yrs) (c/g/d) (kc/g) 

human 110 211.7 991 12.8 : 3.45 0.518 
n = 5 

baboon 40 30.7 448 17.4 : 2.68 0.566 
n = 4 

pig-tailed 40 41.5 517 17.5 * 1.41 0.1121 
macaque n = 2 

deer mouse 8 150 440 54.5 * 2.1 0.363 
n = 2 

field mouse 3.5 180 232 49.0 * 1.4 0.272 
n = 2 

MLSP vs Brain MLSP vs Brain/SMR 
n = 5 n = 5 
r = -0.794 r = 0.699 

Taken from Cu tIer (1985, in press). 

Table 16. Glutathione concentration in liver. 

Species MLSP SMR LEP LIVER a LIVER/SMR LIVER/ b 
(common name) (yrs) (c/g/d) (kc/g) Total Body Wt 

human 110 24.7 991 13.0 * 9.41 0.526 117 
n = 4 

baboon 40 30.7 448 36.8 : 13.0 1.19 294 
n = 4 

pig-tailed 40 41.5 517 42.6 : 2.46 1.02 298 
macaque n = 3 

Data taken from Cutler (1985, in press) 
a Relative glutathione concentration 
b Relative totalliver glutathione concentration per total body 

utilization of calor1es per day. 
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presence of oxygen and on metal chelators like iron. Furthermore, 
because glutathione is involved in detoxification reactions (which 
have been found to be lower in longer-lived species), and 
detoxification reactions frequently produce a wide array of free 
radical by-products, then perhaps the reasons why catalase, 
glutathione peroxidase and glutathione are lower in liver in 
longer-lived species is because of a reduced detoxification 
capacity. 

ALPHA TOCOPHEROL 

Alpha-tocopherol or vitamin E is a weIl known antioxidant and, 
being lipid-soluble, the membranes of the cell are likely to be 
most protected. Very little data exists in the literature on 
vitamin E concentrations in different species in tissues other than 
blood. There is, however, some data for plasma, and typical data 
are shown in Table 17 and Figure 9. Here, it is evident that, 
although a weak positive correlation of MLSP vs vitamin E exists, a 
highly significant correlation is found when MLSP vs vitamin E per 
SMR is plotted. Thus, it does appear that vitamin E may play some 
role as an antioxidant longevity determinante However, it is 
clearly evident that many more tissues and different species need to 
be included in these studies before a general conclusion can be 
made. 
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Fig. 9. Plasma levels of vitamin E per specific metabolie rate 
(SMR) as a function of maximum lifespan potential (MLSP) in 
mammalian species. Correlation coefficient r = 0.864, 
P ~ 0.001. Non-lifespan data from Altman and Dittmer (1961) 
and Bernischke et ale (1978). 
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Table 17. Plasma levels of Alpha-Tocopherol in different species. 

Species MLSP SMR LEP Alpha-tocopherol Alpha-tocopherol/SMR 
(common name) (yrs) (c/g/d) (kcal/g) (mg/l00 ml) 

Homo (human) 90 24.8 815 1.2 0.0483 

Eguus (horse) 46 13·9 233 0.25 0.0179 

Cebus (capuchin) 42 52.2 804 0.50 0.00957 

Papio (baboon) 35 30.9 394 0.73 0.0236 

Macague (Rhesus) 34 41.3 512 0.56 0.0135 

Bos (cow) 30 15 164 0.40 0.0266 

SUB (pig) 30 20 219 0.16 0.008 

Aotus (night 20 72.7 530 0.53 0.00729 
monkey) 

Ovis (sheep) 20 25.6 186 0.020 0.000781 

Canis (dog) 20 35 255 0.41 0.0117 

Rattus (rat) 4 104 152 0.31 0.00298 

MUB (mouse) 3.5 182 232 0.75 0.00412 

MLSP vs a-tocopherol LEP VB a-tocopherol MLSP VB a-tocopherol/SMR 
r = 0.554 r = 0.661 r = 0.864 

Non-lifeBpan data taken from Cutler (1984b). 
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ASCORBATE 

Ascorbate or vitamin C is an essential for collagen synthesis 
and a few other metabolie processes. Its biological role as an 
anti-viral factor or anti-cancer factor has remained highly 
controversial, and most data does not support its alleged benefits 
in these diseases. Ascorbate is also an antioxidant, and it may 
therefore also have an important biological role in this capacity. 
Thus, to evaluate its potential role as an antioxidant longevity 
determinant, tissue concentrations of ascorbate were analyzed as a 
function of MLSP and SMR (CutIer, 1985). 

TYpical data are shown in Table 18 for brain, Table 19 for 
liver, Table 20 for the levels of the eye, and in Figures 10and 11 
for brain and eye, respectively. For the brain, it is seen that 
there is essentially no correlation of MLSP vs ascorbate for either 
young or adult individuals. However, it is interesting that 
ascorbate concentration decreases with age and in such a way that 
the correlation of ~LSP vs ascorbate per SMR is found to become 
increasingly positive as the animals grow older (see Figure 10). 
This type of calculation of course assumes that relative SMR for the 
different species remains constant as the animals grow older, which 
might not be the case. 

For liver, ascorbate concentration is clearly higher in the 
shorter-lived species, and MLSP vs ascorbate per SMR correlation is 

Table 18. Ascorbate concent·ration in brain of mammalian species. 

Species MLSP SMR LEP Ascorbate Aseorbate/SMR 
(common name) (yrs) (e/g/d) (ke/g) (mg % wet wt) 

Y A Y A 

human 90 24.7 815 18 27 0.728 1.09 

cow 30 14.9 164 40 8 2.68 0.536 

rabbit 12 58.4 257 39 6 0.667 0.102 

guinea pig 8 69.6 204 15 20 0.215 0.287 

rat 4 103 151 12 20 0.116 0.194 

mouse 3.5 118 232 41 10 0.230 0.056 

Ascorbate data taken from Kirk (1962). 
Data are for young (Y) and adult (A). 
MLSP vs ascorbate MLSP vs ascorbate/SMR 
(Y) r = -0.197 (Y) r = 0.264 
(A) r = 0.557 (A) r = 0.968 
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Table 19. Ascorbate concentration in liver of mammalian species. 

Speeies MLSP 
(eommon name) (yrs) 

human 90 

Rhesus 35 

eow 30 

pig 30 

rabbit 12 

guinea pig 8 

rat 4 

MLSP vs aseorbate 
n = 7 
r = -0.554 

SMR 
(e/g/d) 

39.9 

14.9 

19.9 

58.4 

69.6 

103 

LEP 
(ke/g) 

815 

512 

164 

219 

257 

204 

151 

MLSP vs aseorbate/SMR 
n = 7 
r = 0.149 

Aseorbate 
(mg/lOO g) 

13.5 

14.9 

26.1 

11. 2 

27.0 

16.6 

32.9 

Aseorbate data from Altman and Dittmer (1961, 1962, 1974). 

Aseorbate/SMR 

0.546 

0.373 

1. 73 

0.562 

0.462 

0.238 

0.319 

Table 20. Ascorbate concentration in eye lens of mammalian species. 

Speeies HLSP SMR LEP Aseorbate* Aseorbate/SMR 
(yrs) ,( e/g/d) (ke/g) (mg/lOO ml) (mg/l00 ml per e/g/d) 

human 90 24.7 815 30 1.21 

eow 30 14.9 164 35 2.34 

rabbit 12 58.4 278 20 0.342 

rat 4 103 151 22 0.213 

*young adults 
Aseorbate data taken from Altman & Dittmer, 1961, 1962, 1974. 
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Fig. 10. Aseorbate eoneentration per speeifie metabolie rate 
(SMR) in brain of mammalian speeies as a funetion of 
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not significant (see Figure 11). Finally, for the eye lens, it does 
appear here that MLSP vs ascorbate per SMR is positively 
correlated. However, cow lens has a higher ascorbate per SMR ratio 
than human, yet the cow has a MLSP 1/3 that of human. Thus, these 
data do not strongly support ascorbate as being an important human 
antioxidant longevity determinant but, as in most of the other 
antioxidants examined, much more data is required to make this 
evaluation complete. It is also of interest to note that, in light 
of this analysis, the inability of humans to synthesize ascorbate 
may not necessarily be considered a genetic defect, as has 
frequently been proposed. Indeed, ascorbate can be converted to the 
free radical form in the presence of iron and oxygen, and so it may 
have serious limitations as an effective antioxidant under these 
conditions. 

URATE 

Uric acid is a product of purine metabolism and has usually 
been thought to be a was te by-product with no biologie al function 
(Wyngaarden & Kelley, 1979; Seegmiller, 1979). Recently it has 
been found that uric acid or its sodium salt urate is an excellent 
antioxidant, capable of protecting membranes from lipid peroxidation 
(Ames et al., 1981). Uric acid was evaluated as a potential 
longevity determinant by calculating the MLSP vs urate and the MLSP 
vs urate per SMR correlations (CutIer, 1985). 

Typical data for plasma are shown in Figure 12. Pt significant 
positive correlation exists for MLSP vs urate, and this correlation 
is not noticeably improved when MLSP vs urate per SMR is plotted. 
Sirnilar results were found for other tissues such as for brain. 

These data strongly suggest that urate may be a longevity 
determinant, but the data is not strongly supportive in regards to 
urate having an antioxidant effect. Indeed urate may be most 
important as a neural stimulant, where MLSP is positively 
correlated with learned vs instinctive behavior in mammalian 
species (Ames et al., 1981; Cutler, 1982a, 1984a, 1985). 

CERULOPLASMIN 

Ceruloplasmin may be the dominant antioxidant in blood plasma, 
yet it is not known if its antioxidant properties have any 
biological significance. For exruople, the major biological role of 
ceruloplasmin that has been put forth is as a carrier protein for 
copper. 

Tables 21 and 22 present typical data on the concentrations of 
ceruloplasmin in the plasma of primates and non-primate Dlammalian 
species. These data are illustrated in Figures 13 and 14. In 
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Fig. 12. Plasma urate levels and urate level per SMR in primates 
as a function of MSLP. Values taken from the literature. 
Correlation coefficient for Fig. l5a is r = 0.82, 
P ~ 0.001. Species' identification are 1 human, 
2 chimpanzee, 3 orangutan, 4 gorilla, 5 gibbon, 6 capuchin, 
7 macaque, 8 baboon, 9 spider monkey, 10 Siamang gibbon, 
11 wooly monkey, 12 langur, 13 grivet, 14 tamarin, 
15 squirrel monkey, 16 night Dlonkey, 17 potto, 18 patas, 
19 galago, 20 howler I:.!onkey, 21 tree shrew (Cutler, 
1985) • 

Figure 13 for the primates, the results indicate that, although 
longer-lived species do not have a significantly higher plasma 
concentration of ceruloplasmin, on aper SMR basis there is a 
significantly positive correlation. On the other hand, in Figure 
14, which includes both primates and non-primate species, human 
ceruloplasmin concentration per SMR is not significantly higher 
than pig, cow or sheep. 

These results indicate that, during primate evolution, 
ceruloplasmin may have had a role as an antioxidant longevity 
determinant, particularly in the evolution of MLSP in the 
shorter-lived species. These interesting results need to be 
expanded using more species and a biochemical assay that is more 
specific and quantitative. 
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Table 2l. Plasma ceruloplasmin concentration in 

Species MLSP SMR 
(common name) (yrs) (c/g/d) 

human 90 24.7 

capuchin 42 52.2 

spider monkey 30 47.6 

night monkey 20 72.3 

howler monkey 20 50.6 

squirrel monkey 18 73.5 

MLSP vs CP MLSP vs CP/SMR 
n = 6 n = 6 
r = 0.430 r = 0.931 

P ~ 0.010 

.2-
LEP CP/mg pro tein x 10 

(kc/d) 

815 7.85 

804 6.71 

524 7.50 

530 8.75 

371 4.05 

485 1.89 

primates. 

CP/SMR x 10 

3.17 

1.28 

1. 57 

1.21 

0.800 

0.257 

Non-lifespan data taken from Seal (1964), where concentration was measured 
as p-phenylenediamine oxidase activity. 

Table 22. Plasma ceruloplasmin in mammalian species. 

Species MLSP SMR LEP CP CP/SMR 
(common name) (yrs) (c/g/d) (kc/g) (mg/lOO ml) 

human 90 24.7 815 35.6 1.44 

cow 30 14.9 153 20.3 1.36 

sheep 25 25.3 186 26.5 1.04 

pie; 25 19.9 219 35.3 1.77 

dog 20 36.5 268 17.4 0.476 

rat 4 78.4 152 35.9 0.457 

MLSP vs CP MLSP vs CP/SMR 
n = 6 n = 6 
r = 0.260 r = 0.508 

Non-lifespan data from Evans & Wiederanders (1967) • 
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rate (SMR) in plasma of primate speeies as a funetion of 
maximum lifespan potential (MLSP). 

2.4 

" ...... 
Cl> ...... 
2 
CI: , pig 
~ • (f) • 1.6 , 
6; human 0-

E 
0 
Q 
...... 
Cl> 
E 0.8 

c-
u 

MLSP (yrs) 

Fig. 14. Ceruloplasmin eoneentration per speeifie metabolie rate 
(SMR) in plasma of mammalian speeies as a funetion of 
maximum lifespan potential (MLSP). 



ANTIOXIDANTS AND LONGEVITY OF MAMMALIAN SPECIES 53 

CAROTENOlDS 

We have recent1y comp1eted a study of carotenoids as 
possib1e 10ngevity determinants and so will go into more detail in 
the background of this work. Considerab1e epidemio10gica1 and 
1aboratory evidence exists suggesting that the carotenoids and 
retino1 may be natural protective agents against cancer deve10pment 
(Peto et a1., 1981; Ca1abrese, 1980; HilI & Grubbs, 1982; Ames, 
1983; Hicks, 1983). However, 1itt1e is known about which is most 
active in this protective ro1e (Peto et a1., 1981; Peto, 1983; 
Kolata, 1984). Since retino1 is known to have a wide range of 
bio10gica1 effects, particu1ar1y on ce11 growth and differentiation 
(Lotan, 1980; Newberne & Rogers, 1981; Zi1e & Cu11um, 1983) and 
also as an antioxidant (Kartha & Krishnamurthy, 1977, 1978), its' 
protective nature against cancer may be re1ated to these same 
properties. 

There has been much specu1ation as to the possib1e bio1ogica1 
effects of carotenoids, and most evidence suggests a protective 
ro1e for a wide variety of p1ants and microorganisms (Krinsky, 
1971, 1982; Simpson & Chichester, 1981). The bio1ogica1 ro1e of 
the carotenoids in mamma1s has been 1ess c1ear (Krinsky, 1971; 
Goodwin, 1954, 1962; Isler et a1. 1971). A ro1e has been suggested 
for beta carotene as a sing1et-oxygen scavenger against 
photosensitized oxidation (Foote et a1., 1970; Mathews-Roth, 1982; 
Santamaria et a1., 1983), but this protection does not exp1ain the 
presence of carotenoids in tissues never exposed to light 
radiation. However, more recent1y, sing1et-oxygen has been shown to 
initiate peroxidation of fatty acids (FrankeI, 1980) and beta 
carotene has been shown to protect against free-radica1-induced 
lipid peroxidation (Krinsky & Deneke, 1982; Kanner & KinseIla, 
1983). Thus, in mammal1an species, carotenoids cou1d be important 
as natural protective agents against the oxygen radica1s that are 
produced in all tissues as normal by-products of metabo1ism 
(Tottel', 1980). 

The probability of cancer deve10pment is known to be strong1y 
age-dependent (Dix & Cohen, 1980). However, it is not generally 
appreciated that longer-1ived mamma1ian species also appeal' to 
have, in proportion to their innate 1ifespan potential, a 10wer 
time-dependant probability of deve10ping the same types of cancer 
as shorter-l1ved species (Ratcliffe, 1933; Lombard & Witte, 1959; 
Kent, 1960; Lapin & Yakov1eva, 1963; McC1ure, 1973; Siebo1d & Wolf, 
1973; Montagna, 1975). An estimate of the different sensitivities 
to cancer deve10pment of species having different size and 1ifespan 
potentials has been made by Peto (1979). He compared mice and 
human with 1ifespan potentials of about 3 and 90 years, 
respective1y. Considering that for both species, the onset 
frequency of transformation is proportional to the fourth power of 
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their age and that human has about 1000 times more epithelial cells 
at risk, it was estimated that human epithelial cells have a risk 
factor 10- 9 times smaller to develop cancer than do equivalent 
mouse epithelial cells. Using the same procedure to compare human 
to chimpanzee, I estimate the risk factor in human to be about 1.6 
x lo-rtimes smaller than equivalent chimpanzee epithelial cells. 
This surprisingly large magnitude of different innate potentials to 
develop cancer exists in spite of the remarkable similarities in 
the basic biologi.cal makeup of the epithelial cells making up these 
species. Thus, comparative experiments with animals of different 
lifespan potentials and sizes have the potential of uncoverir.g 
rather simple biochemical differences accounting for these 
extraordinarily large differences in natural susceptibility to 
cancer (CutIer, 1975, 1982a, 1984a). 

As already noted, nothing is yet known about the biological 
basis determining longevity in mammalian species, but a possibility 
is that some of the processes determining species' longevity may be 
the same as those determining age-dependent cancer frequency. This 
is based in part on evidence indicating that both cancer (Weinhouse, 
1980) and aging (CutIer, 1982a,b; Ono & Cutler, 1978) appear to 
represent a loss in proper gene control, so processes protecting 
the differentiated state of cells would affect both aging rate and 
sensitivity of cells to spontaneous transformation. In addition, 
cancer, accelerated aging, and many other dysfunctions are known to 
be induced by radiation, chemie al mutagens, or free-radical 
generating agents (Kimball, 1979; Pryor, 1978; Wal ton & Packer, 
1980; Williams & Dearfield, 1981). Furthermore, cancer development 
can be reduced by antioxidants (Harman, 1981; Ames, 1983) and 
differentiated state of cells stabilized (Hornsby & Gill, 1981). In 
turn, longer-lived species have been ~ound to have a higher 
concentration of some types of antioxidants in their tissues 
(CutIer, 1982a, 1984b,e; Tolmasoff et al., 1980). Cancer has also 
been correlated with inadequate DNA repair (Kimball 1979; Setlow 
1978), and longer-lived species have been found to have higher 
levels of DNA re pair (Hart & Setlow, 1974; Hart et al., 1979; 
Frances et al., 1981; Treton & Courtois, 1982). Finally, 
longer-lived species are more resistant to the induction of cancer 
by mutagenic agents (Schwartz & Moore, 1979; Pashko & Schwartz, 
1982). 

The carotenoids represent a widespread group of pigments 
synthesized only in plants (Goodwin, 1954, 1962; Isler et al., 
1971; Simpson & Chichester, 1981). Their biological function in 
plants and microorganisms is not fully established, but in many 
cases they appear to be protective in nature (Calabrese, 1980; 
Krinsky, 1971, 1982). The carotenoids are divided into two major 
classes, the carotenes and the xanthrophylls (Goodwin 1954, 1962). 
For mammalian species, the only biological role of the carotenes 
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that is generally recognized is as aprecursor to the synthesis of 
vitamin A or retinol. Beta carotene is the major carotene for 
retinol synthesis and is metabolized to retinol in the intestine 
and then transported in the blood bound by a retinol-binding 
protein (RBP) (Goodman, 1979). The amount of ret:i.nol in the serum 
has been found to be more dependent on RBP concentration in the 
blood than on the amount of carotenoid or retinol intake in the 
diet. Retinol is transported and stored in the liver, where most 
retinol resides in the organism. No biological role for the 
xanthrophylls or their metabolic products in mammals has been found 
(Goodwin, 1962; Isler et al., 1971; Simpson & Chichester, 1981). 

Although a biological function for the carotenes or 
xanthrophylls themselves is not known in mammalian species, these 
pigments are absorbed directly into the tissues of some animals. 
Mammalian species can roughly be divided into three categories 
according to the types of carotenoids that are absorbed into their 
tissues (Goodwin 1954; 1962; Isler et al., 1971). The first 
consists of these animals which absorb all the carotenoids 
(carotene plus the xanthrophylls) unselectively. Human is the 
dominant species in this group, and the major carotenoids found in 
the serum are beta carotein, lycopene and lutein (Krinsky et al., 
1958). Whether other primates also unselectively absorb the 
carotenes has not been determined. The second group absorbs only 
the carotenes, and examples of these species are horse, cow sheep 
and elephant. The third and largest group of animals does not 
absorb any carotenoids in their tissues. Examples are mouse, rat 
and rabbit. 

What is most interesting in these three groups of animals is 
the uniqueness of human, being the longest-lived of all mammalian 
species and absorbing unselectively all the carotenoids. The 
second group of species appears to consist largely of species 
having intermediate MLSPs of about 20 to 50 years, and those of the 
third group are largely the shortest-lived or mammalian species, 
having MLSPs of about 3 to 20 years. 

It is not understood what determines the qualitative and 
quantitative aspects of carotenoid tissue absorption, but it is 
likely to be based in part on the activity of an enzyme found 
predominantly in the intestinal mucosa cells, beta carotene 
15,15'-dioxygenase (Olson & Hayaishi, 1965). This enzyme is 
responsible for initiating the conversion of all the carotene to 
retinol, so animals with low intestinal activity of this enzyme 
would be expected to have more carotenoids available for tissue 
absorption. The amount of carotenoids eaten in the diet of course 
also plays an important role in determining the amount of 
carotenoids that are absorbed, but not the qualitative aspects. 
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Thus, both genetie and dietary faetors are involved in determining 
final tissue eoncentrations. 

Beeause earotenoids and retinoids are known to have antioxidant 
properties and to stabilize the differentiated state of eells, it 
was of interest to simply determine if the tissues of longer-lived 
speeies naturally had higher eoneentrations of these substanees 
(Cutler, 1984e). 

The eoncentrations of earotenoids and retinol in serum and 
brain in different mammalian speeies are tabulated in Tables 23 and 
24, respeetively. Although there is a rough positive eorrelation of 
MLSP vs earotenoid coneentration in serum and brain, this 
eorrelation is elearly more signifieant where eorrelation per SMR 
is ealeulated. This is illustrated in Figure 15. On the other 
hand, retinol eoncentration appears to be almost eonstant in both 
serum and brain as a funetion of MLSP or SMR. Thus, as shown in 
Figures 16 and 17, MLSP vs retinoids per SMR is not positively 
eorrelated for'animals having MLSPs over 40 years. 

These data strongly suggest that the earotenoids but not 
retinol may have played an important role in the evolution of human 
longevity as an antioxidant longevity determinante Further 
experiments measuring earotenoids (particularly measuring the 
relative amounts of the various earotenoids, earotenes and 
xanthrophylls) in other tissues now need to be done to further 
establish the possible biologieal importance of earotenoids to 
human health and longevity. 
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Fig. 15. Carotenoid concentration per speeifie metabolie rate 
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DETOXIFICATION ENZYMES 

P-450 Cytochrome 

P-450 cytochromes represent a weIl known class of enzymes 
involved in detoxification processes which mainly reside in the 
liver. These enzymes are considered to be protective against 
toxins found in the foods animals normally eat. It is therefore 
of interest to determine if longer-lived species have higher 
concentrations of these detoxification enzymes. 

Table 25 presents typical data on the concentration of liver 
P-450 cytochrome in different mammalian species. As seen in liver, 
P-450 cytochrome was found to have a remarkably significant 
negative correlation as a function of MLSP. 

However, we are interested in evaluating the total 
detoxification capacity of the body in relation to the amount of 
toxins entering the body that need detoxifying. Clearly this amount 
is not necessarily proportional to concentration of P-450 cytochrome on 
aper pro tein weight basis. This fact is illustrated in Table 25, 
indicating that longer-lived species have proportionally less liver 
weight per total body weight. However, large body weight species 
also have lower specific metabolie rates and thus consume less food 
per body weight. Thus, the amount of P-450 enzyme needed for 
equivalent detoxification across different species is not 
immediately obvious. 

To make the appropriate comparison we need to calculate 
the total li ver P-450 conte nt per total body food intake which need 
detoxification. The results of this calculation are shown in 
Table 25 and illustrated in Figure 18. Here, it is seen that for 
shorter-lived species with MLSP from 3 to about 25 years, there is 
a steady increase of P-450 detoxification capacity. However, in 
species with MSLPs from 25 to 95 years, there is a steady decrease 
in this capacity. Thus, in the re cent evolution of longevity leading 
to human, there appears to be a steady decrease in actual 
detoxification capacity of the liver relative to this enzyme. 

Glutathione S-transferase 

Glutathione S-transferase is another key enzyme used in 
detoxification reactions. Concentration of glutathione 
S-transfera~e in the liver was determined in different mammalian 
species and tabulated as a function or their MLSP. In addition, 
the detoxification capacity of the liver, was also calculated as 
for P-450. These results are shown in Tables 26, 27 and 28 and are 
illustrated in Figure 19. Here it is clear that either on a 
concentration basis or on a total li ver content per total calorie 
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consumption per day basis, longer-lived species have less 
detoxification capacity relative to this enzyme. Moreover, as 
shown in Table 29, even the induced rate of increased 
detoxification capacity is lower for longer-lived species. Thus, 
both basal level end inducibility becomes lower as ~LSP increases. 
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Fig. 18. Totalliver cytochrome P-450 concentration per total 
calorie utilization as a fUDction of maximum lifespan 
potential (MLSP) in mammalian species. 
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Table 25. P-450 cytochrome concentration in liver of primates. 

Species MLSP Body wt. Ca1/d Liver Liver/ P-450 conc. p-450/liver 
(yrs). (kg) x 10 3 wt (g) body wt nmo1es/mg protein ca1/d x 10- 5 

human 90 63.5 1574 1311 0.0206 0.209 '" 0.0608 0.839 ,. 0.251 
n = 7 n = 7 

orangutan 50 68.9 1671 1405 0.204 0.245 '" 0.107 1.53 '" 0.349 
n = 3 n = 3 

chimpanzee 48 46.7 1276 1028 0.0220 0.626 '" 0.214 3.39 '" 1.39 
n = 6 n = 6 

gibbon 35 5.5 335 156 0.0283 0.631 4.54 
n = 1 n = 1 

baboon 35 26.8 823 619 0.0231 0.799", 0.135 6.10 ± 1.33 
n = 4 n = 4 

Rhesus 34 8.18 339 220 0.0269 0.689 8.14 
p = 2 P = 2 

pig-tailed 34 8.1 339 220 0.0269 0.947 7.2 
macaque p = 2 P = 2 

squirrel 18 0.795 58.8 29.0 0.0365 0.572 1.66 
monkey p = 2 P = 2 

tree shrew 13 0.173 18.7 7.7 0.0445 1.07 5.19 
p = 2 P = 2 

deef' mouse 8 0.021 3.85 1.2 0.0571 1.22 '" 0.197 3.58 ± 0.28 
n = 2 n = 2 

field mouse 3.5 0.023 4.12 1.3 0.0565 1.10 ± 0.0212 4.66 ± 0.190 
n = 2 n = 2 

inbred mouse 3.5 0.025 4.39 1.4 0.0572 1.33 5.57 
C57BL/6J p = 2 P = 2 

MLSP VB P-450 cone. MLSP vs P-450 liver/tota1 body calories 
n = 12 n = 12 
r = -0.853 r = -0.410 
P ~ 0.001 

n = number of different individua1s used in determination. 
p = number of different indi vidua1s poo1ed in determination. 
Data taken from Cutler (1985, in press). 
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Table 26. Glutathione S-transferase activity in liver of adult 
mammalian species. 

Species HLSP Total cal/day Liver ~,t Liver GS-T* GS-T/Liverl 
(common name) (yrs) x 10 (g) (nmoles/min/mg P) total cal/day 

human 90 1574 1311 4.6 ± 1.7 3.83 ± 1. 41 

chimpanzee 48 1276 1028 9.2 ± 2.6 7.41 ± 2.09 

piB-tailed 34 339 220 18.0 11. 6 
macaque 

Rhesus 34 339 220 28.8 ± 3.3 18.6 ± 2.17 

rabbit 12 120 66.6 21.9 ± 4.3 12.1 ± 2.38 

guinea pig 8 71.2 36.1 57.0 ± 13.0 29.1 ± 6.6 

hamster 4 19.3 8.08 35.0 ± 11.1 14.6 ± 4.64 

rat 4 21. 9 9.23 76.4 ± 28.9 32.1 ± 12.1 

mouse 3.5 4.1 1. 32 74.1 ± 31.1 23.9 ± 10.0 

*1.2 dichloro-4-nitrobenzene is substrate for GST determination. 
(Chasseaud, 1979) 

Table 27. Liver glutathione S-transferase concentration. 

Species MLSP SMR LEP GS-T GS-T per liver 
(yrs) (c/g/d) (kc/g) (nmoles/min/mg) cal per day 

human 90 24.7 815 1800 1.58 

chimpanzee 45 26.6 469 3000 2.53 

Rhesus 34 41.5 5.7 6250 4.16 

Non-1ifespan data taken from Summer and Greim (1981) • 
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Tab1e 28. Induced rate of increase of g1utathione S-transferase in 
1iver of mamma1ian species. 

Species 

Rat 

Rhesus 

Baboon 

MLSP Substrate 
(yrs) 

4.0 DCNB 
DEl! 

BA 

34 DCNB 
DEH 

BA 

42 DCNB 
DEM 

Control 
activity 

492 % 104 
6.4 ± 1.4 
2.1 ± 1.1 

129 % 33 
2.5 ± 0.4 
0.4 ± 0.3 

64 % 3.3 
1.6 ± 0.7 

Oral dosage of induced phenobarbital 15 mg/kg. 
Substrates: DCNB : 1,2 dichloro-4-nitrobenzene 

DEM : diethyl maleate 
BA : benzylidene acetone 

Activity: pmoles GSH/hr mg pro tein 
Data taken from Chasseaud (1919). 

Induced Percent 
acti vity increase 

695 ± 140 41.2 
1.3 ± 1.0 14.0 
2.6 ± 0.5 -3.1 

189 % 25 46.5 
2.6 % 0.4 4.0 
0.4 ± 0.3 0 

14 % 14 15.6 
1.9% 1.4 18.1 

These inverse correlation results for P-450 cytochrome and 
glutathione S-transferase are supported in part by work pub1ished 
by Schwartz' group (Schwartz and Moore, 1919; Pashka and Schwartz, 
1982). They showed that skin fibroblast cells taken from 
longer-lived species and grown in vitro have less P-448 
concentration. However, they found no significant correlation 
with P-450. In contrast to this result, our in vive studies found 
no correlation with p-448 but an inverse correlation with P-450 for 
who1e liver tissue in primate species. Thus, primates and/or liver 
tissues may be different from skin fibroblasts or such cells grown 
under in vitro conditions. However, we do agree that detoxification 
capacity relative to the p-448/P-450 cytochrome group of enzymes is 
decreasing with increased MLSP. 

The inverse correlation results of catalase, glutathione 
peroxidase, glutathione, P-450 cytochrome and glutathione 
S-transferase in liver may be explained in part by the toxic side 
effects of the detoxification reactions, which in many cases is 
known to produce a number of free radicals as weIl as hydrogen 
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peroxide and aetivated polyhydroearbon mutagens. Moreover, the 
detoxifieation proeess is known to produee a number of mutagens. 
Thus, longer-lived speeies may have evolved means to minimize these 
toxie side effeets of detoxifieation by restrieting the types of 
food eaten and/or evolving less toxie detoxifieation processes whieh 
we are not yet aware of. Thus, in addition to further inereasing 
the eoneentration of antioxidants during the evolution of inereased 
MLSP, another strategy might have been to simply deerease the need 
for antioxidants to counter the toxie side effeets of detoxifieation. 
This type of change could be brought about by ehanges in regulatory 
genes governing the cellular levels of the detoxifying enzymes. 

SUMMARY AND CONCLUSION 

This paper summarizes re cent results evaluating the possible 
role a number of antioxidants and detoxifieation enzymes may have 
in aeeounting for the longevity differenees existing in the 
mammalian speeies. In this study, the major objeetive was to 
identify unique biologieal eharacteristics in human that could help 
explain the extraordinary longevity and disease-free lifespan that 
eharacterize the human species. Our studies are elearly of a 
preliminary nature, and so all results are ineonelusive. 
Nevertheless, there are some interesting trends which ean be 
summarized as folIows. 

Significant Positive Corr~lation of ~~SP vs Antioxidant per SMR 
(with human having highest coneentration): 

SOD (both CuZn and Mn types) 
Urate 
Carotenoids 
Alpha toeopherol 
Ceruloplasmin 

No Significant Correlation of MLSP va Antioxidant per SMR: 

Ascorbate 

Significant Negative Correlation of MSLP va Antioxidant per S~~ 
(with human having lowest eoncentration): 

Catalaae 
Glutathione 
Glutathione peroxidase 

Signifieant Negative Correlation of MLSP va Detoxification 
Capacity (with human having loweat concentration): 

P-450 eytoehrome (li ver) 
Glutathione S-transferase (li ver) 
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These experimental results strongly support the general 
predietion of the Longevity Determinant Gene hypothesis, where (1) 
longevity of mammalian speeies is governed in part by the expression 
of a eommon set of antioxidant proteetion processes and (2) aging is 
eaused in part by toxie side effeets of normal oxygen metabolie and 
detoxifieation processes. Furthermore, it is beeoming elear that 
several strategies may be involved in inereasing the amount of 
proteetion, such as an absolute inerease of antioxidant 
eoneentration, a deerease in speeifie metabolie rate or a deerease 
in the extent toxie metabolie reaetions exist in tissues. Moreover, 
all of these changes appear to be of a quantitative nature, whieh 
eould evolve relatively quickly by few genetic alterations 
oeeurring in regulatory gene sequences, which is consistant with 
what has been predieted. 
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INTRODUCTION 

There is present1y no single, wide1y accepted, unifying theory 
of aging that is app1icab1e to a wide spectrum of organisms. This 
fact has 1ed many geronto1ogists to be1ieve that mechanisms of 
aging may differ in various phy10genetic groups, a1beit no com
pe11ing evidence or ~ priori reason has been forwarded to support 
this view. Given the basic simi1arity of mo1ecu1ar and ce11u1ar 
processes in 1iving systems, it is indeed more probable that the 
contrary may be true, and that the under1ying causa1 mechanisms of 
aging are essentia11y simi1ar in all organisms. Conceptua11y, 
theories of aging can be assigned to two fundamenta11y different 
schoo1s. One view regards aging as a continuation of the process 
of differentiation invo1ving a programmed "shutdownlf of genomic 
activity or a sequential activation of specific genes whose 
products have de1eterious effects on ce11u1ar functions. A1ter
native1y, aging is postu1ated to be a direct or indirect product 
of metabo1ic damage arising from the inadequacy of protective and 
reparative mechanisms. 

Variations in the 1ife spans of hybrids, strains and species 
strong1y support the concept that, to a considerab1e extent, the 
rate of aging is under genetic contro1. The major difficu1ty in 
demonstrating a purported under1ying genetic pro gram of aging is 
that no gene products or mo1ecu1ar events have been found which can 
be used as specific indicators of aging. ~everthe1ess, from another 
perspective, genetic contro1 of the aging process can be envisioned 
to invo1ve a genera1ized deterioration of genetic contro1, or dys
differentiation, rather than an activation of de1eterious aging 
genes (Cut1er, 1984). Conceptua11y, a ful1y differentiated state 
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is assoeiated with the maximal level of meehanistie effieieney, 
whereas dysdifferentiation is refleeted by funetional ineffieieney. 

Theories of aging whieh eonsider the aeeumulation of unrepaired 
damage as the eause of aging and death are often referred to as 
"wear and tear" theories. In the past, these theories have been 
eritieized not only for their impreeision but also for equating 
living organisms, whieh are eapable of self-renewal and self
maintenanee, with inanimate objeets. However, a deeper analysis, 
whieh we provide here, indieates that moleeular damage beyond the 
reparative capacity of eells may be a eause of genomie modifieation 
eellular dysdifferentiation and aging. There is strong evidenee 
that the rate of organismie aging is a funetion of a genetieally 
determined metabolie potential and of metabolie rate. 

We present evidenee and a rationale supporting a unified 
hypothesis of aging whieh eneompasses elements of "wear and tear" 
theories--that is, the rate of living and free radieal theories-
and whieh does not neeessarily eonfliet with programmatie theories 
of aging. We propose that metabolie rate is a major faetor gover
ning the aging proeess. By-produets of oxygen metabolism induee 
moleeular damage whieh destabilizes the optimal state of eellular 
differentiation and ultimately results in funetional and regulatory 
insuffieieney assoeiated with the aging proeess. 

METABOLIe RATE AND AGING 

A general survey of longevities in different phyla indieates 
that the eoneept of speeies-speeifie life span is strietly appli
eable only to homeothermie mammals, whieh have a stable basal 
metabolie rate. Life spans of poikilothermic speeies in general 
are highly variable and are determined by environmental eonditions. 
Those environmental faetors whieh reduee metabolie rate extend 
life span, and those whieh inerease metabolie rate shorten life 
span. For example, the adult life span of a common housefly in 
the summer is about 3 weeks whereas,at the end of summer, flies 
retreat to relatively dark, cool areas, restriet their physieal 
aetivity and live six months or longer until the next summer (Hewitt, 
1914). Thus, the answer to the question, "What is the average life 
span of a housefly?" is "At what metabolie rate?" 

There is a large body of evidenee that indieates a relationship 
between metabolie rate and aging in both poikilotherms and homeo
therms (SohaI, 1976; 1981a). The existenee of such a relationship 
was first noted by Rubner (1908), who ealeulated that the total 
amount of energy eonsumed by five different domestieated mammalian 
speeies was relatively eonstant, around 200 keal/g/life span. The 
implieation of this observation was later eneapsulated by Pearl 
(1926) in the "rate of living theory," whieh postulated that; life 
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span was dependent on two faetors: (i) a genetieally determined 
metabolie potential, and (ii) the rate at whieh this potential is 
expended. However, more reeent studies have indieated that 
metabolie potential tends to vary in different mammalian speeies. 
For example, Cutler (1984) has shown that non-primate mammals 
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expend about 200 keal/g/life span as first reported by Rubner, but 
non-human primates have a metabolie potential of about 400 keal/ 
g/life span while in humans it is about 800 keal/g/life span. In 
the housefly, the total amount of energy eonsumed/life span 
(metabolie potential) is only about 25 keal (SohaI, 1982). 
Together these eomparative data indieate that the fixed metabolie 
potential is not a rigid eharaeteristie. Metabolie potential at 
different ambient temperatures is fairly eonstant in milkweed bugs 
(MeArthur and Sohal, 1982) andfruitflies (Miquel eta!., 1976), 
whereas, in the housefly, metabolie potential was about 15% greater 
at lSoe than at 250 e, but nearly equal under eonditions of rela
tively high and low physieal aetivity (Sohai, 1982). - Metabolie 
potential seems to be a general rather than a preeisely fixed sumo 
It ean vary in different genotypes and under different environmental 
eonditions and would be expeeted to be lower under suboptimal 
eonditions. 

In poikilotherms, a variety of physieal, environmental and 
behavioral faetors, among them temperature, light, ionizing 
radiations, sex ratios, mating aetivity, and physieal aetivity, ean 
affeet life span. A eommon denominator of their effeets of life 
span is an alteration in the rate of metabolism. It would, there
fore, seem germane to this diseussion to eonsider some of the 
exogenous faetors whieh influenee metabolie rate and longevity. 
Only those environmental regimes whieh prolong the maximum rather 
than the average life span ean be eonsidered to have an effeet on 
the underlying rate of aging, beeause extension of the average 
life span ean be due to mere optimization of environmental 
eonditions. 

Ambient Temperature 

A large number of reports doeument the inverse relationship 
between life span and ambient temperature in poikilotherms (SohaI, 
1976,198la). We have studied the effeets of different ambient 
temperatures on the life spans of houseflies and milkweed bugs. 
At 20 0 e, the average life span of houseflies was 44% and 190% 
longer than at 25° and 30°C, respeetively (Fig. 1). In the milk
weed bug, longevity was 70% and 200% Ion ger at 18°C than at 25° 
and 30°C, respeetively (MeArthur and Sohal, 1982). The beginning 
of the "dying phase", defined here as the age at whieh 20% 
mortality has taken plaee, oeeurred earlier in populations main
tained at 25° and 30 DC than those kept at l8 Dc. In both inseets, 
slopes of age-speeifie death rate plots (Gompertz ulots) were 
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steeper and intercepts higher at the relatively warmer temperatures 
(Fig. 2). According to Sacher (1977), slopes of Gompertz plots 
indicate aging rates of populations, and intercepts reflect their 
vulnerability to age-independent causes of death. Hence in these 
studies, both aging rates and age-independent vulnerability to 
death were inversely influenced by ambient temperature. 

The effects of temperature on the longevity of poikilotherms 
have generally been interpreted to support the "rate of living" 
theory. However, on the basis of studies on Drosophila subobseura, 
involving transfers from high to low ambient temperature and viee 
versa, Maynard Smith (1963) proposed the "threshold theory of 
aging" whieh postulated that aging is independent of ambient 
temperature, with the implieation that metabolie rate has no effeet 
on the aging proeess. Subsequent studies and numerous observations 
have failed to eonfirm many of his observations thereby casting 
doubt on the validity of the threshold theory (for review see 
Sohal, 1976; Sohal, 1981a). It ean now be safely inferred that 
the threshold theory is invalid. 

Within the speeies-speeific viable range, ambient temperature 
affeets metabolie rate by stimulating both basal metabolie rate and 
the level of physieal aetivity. In dipteran inseets, the basal 
metabolie rate approximately doubles with eaeh 100e rise in 
temperature (Tribe and Bowler, 1968), but the most signifieant 
effeet of temperature on metabolie rate is due to an inerease in 
walking and flying aetivity (Buehan and Sohal, 1981a). Using a 
radar-Doppler deviee whieh measured walking and flying aetivity 
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Fig. 3. Rate of oxygen eonsumption of mi1kweed bugs maintained at 
18°, 25° and 30°c. 

separate1y, we found that between 17 and 26°c, walking aetivity of 
housef1ies inereased about 15-fo1d and f1ying aetivity inereased 
about 10 times. The rate of oxygen eonsumption in dipterans 
inereases about 100 times during flight (Davis and Fraenkel, 1940). 
Nevertheless, metabolie rate of poikilotherms eannot be auto
matieally assumed to eorrespond to the ambient temperature under 
all eireumstanees. For examp1e, the rate of oxygen eonsumption of 
the mi1kweed bug is higher at 30°C than at 25°C during the first 
2/3 of 1ife but lower during the last trimester of 1ife (Fig. 3; 
MeArthur and Soha1, 1982). 

Evidenee also exists that poikilotherms possess temperature 
aeelimation and metabolie eompensative abi1ities and ean maintain 
a re1ative1y stab1e metabolie rate when transferred from one 
temperature to another (Bulloek, 1955; Prosser, 1973). For 
examp1e, in Cu1ex 1arvae the rate of oxygen eonsumption remains 
relative1y stab1e between 15° and 25°C (Buffington, 1969). Spiders 
(Anderson, 1970) and eoekroaehes (Dehne1 and Sega1, 1956) trans
ferred from one temperature to another exhibit metabolie rates 
un1ike those kept eontinuous1y at one temperature. It is quite 
evident that variations in ambient temperature eannot be assured1y 
re1ated to the resu1tant ehanges in speeifie metabolie rate 
(Prosser, 1973). Experimental regimes, using ambient temperature 
as a means to affeet aging rate, are further eomp1ieated by the 
fact that at different ambient temperatures poiki1otherms show 
varying adaptive responses. Severa1 important bio1ogiea1 funetions 
such as rates of enzyme synthesis and degradation, proportions of 
isozymes, membrane eomposition and permeabi1ity and the balance 
between various metabolie pathways differ at various temperatures 
(see Prosser, 1973). Furthermore. the overall effieieney of a 
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variety of different biological functions at different temperatures 
is affected by the temperature preferendum of the species. 

Physical Activity 

In order to avoid the secondary effects associated with 
variat.ions in temperature, we used variations in physical activity 
as an experimental regime to alter the metabolie rate in houseflies 
(Ragland and Sohal, 1973). The physical activity of houseflies can 
be altered by methods such as varying the size of housing containers 
(Ragland and Sohal, 1973), removal of wings (Sohai and Buchan, 
1981a), changing population density, and varying sex ratios 
(Ragland and Sohal, 1973). Because the metabolie rate of flies 
increases up to lOO-fold during flight (Kammer and Heinrich, 1978), 
large differences in metabolie rate can be obtained by the modu
lation of flying activity. To facilitate an understanding of our 
experimental design, certain aspects of the sexual behavior of 
houseflies are outlined. Female houseflies generally mate only 
once in life; thereafter, they become unreceptive to further 
copulations, while males remain sexually active and attempt to mate 
repeatedly (Ragland and Sohal, 1973). In a sexually mixed 
population with relatively few females, all the females are mated 
rather quickly, rendering them resistant to further copulatory 
attempts. The flight activity of males then increases, apparently 
due to an enhanced search for sexually receptive females. Using 
radar-Doppler tomeasure the physical activity of flies, we found 
that flying activity is relatively greater and life spans are 
shorter in populations with a high male-to-female ratio (Sohai 
and Buchan, 1981a). In populations consisting of males only, 
sex-related physical activity does not cease because males make 
persistent homo sexual copu1atory attempts on each other. 

Ragland and Sohal (1973) manipulated physical activity in 
houseflies by using differently sized housing containers and 
varying sex ratios. To enhance physical activity, populations of 
flies (4 males:l female) were placed in l-cubic-foot cages where 
flight was possible (HA populations); physical activity was 
minimized by confining single flies in a small bottle partitioned 
with a cardboard maze, where they were able to walk but were 
unable to fly (LA populations). The average and maximum life 
spans of the LA flies were about 2.5 times longer than in the HA 
populations (Fig. 4). 

Excision of wings increases the life span of male houseflies 
about 25%, which is significantly less than the life extension 
caused by individual confinement (Sohai and Buchan, 198Ia). 
Solitary confinement of flies is essential for reducing physical 
activity because males make persistent, homosexual, copulatory 
attempts on each other. Actual measurements of physical activity 
with radar-Doppler indicated that grouping of flies in one cage 
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Fig. 4. Survivorship eurves of housef1ies kept under eonditions 
of high aetivity (HA;100 f1ies/1-eubie-foot eage; 4 males: 
1 female) and low physiea1 aetivity (LA;one f1y/250 m1 
glass bottle). 

inereases f1ying and walking aetivity more than 4-fo1d, as eompared 
to the aggregate aetivity of the same flies eonfined sing1y in 
eages of the same size. Furthermore, 1ife spans of flies sing1y 
eonfined in 1-cubie-foot eages were longer than those kept as a 
group in a simi1ar sized eage, suggesting that solitary eonfinement 
of flies pro1ongs 1ife span. De-winged flies, individua11y eon
fined in via1s, 1ived 70-80% longer than de-winged flies kept as 
groups (Soha1 and Buehan, 1981a). One of the major questions 
eoneerning the relationship between metabolie rate and 1ife span 
is whether the individual differenees in 1ife spans, observed among 
eohorts, are re1ated to differenees in their physiea1 aetivity. 
The f1ying and walking aetivity of individual flies was measured 
and it appeared to be inversely related to the aehieved life spans 
(Soha1 and Buehan, 1981a). A1together, our resu1ts indieated that 
the 1ife span of housef1ies is longer under eonditions whieh reduee 
the level of physiea1 aetivity and metabolie rate. 

The life span of worker honeybees is modu1ated by physiea1 
aetivity re1ated to foraging. The average total distanee f10wn by 
foraging bees was reported to be fixed at around 240 km. Life 
span of the bees primari1y depended upon the time spent in the 
hive when they were inaetive. Longer 1ife spans in honeybees were 
assoeiated with longer periods of inaetivity (Neukireh, 1982). 

Trout and Kaplan (1970) 
physiea1 aetivity, metabolie 
of Drosophila me1anogaster. 

investigated the relationship between 
rate and longevity in "shaker" mutants 
This eondition resu1ts from a sex-
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linked, semidominant, neurologieal mutation eaused by ethyl 
methanesulphonate treatment of normal Canton-S males. In general, 
mutants whieh exhibit deereased life spans as weIl as metabolie 
potentials eannot validly be employed for aging studies or identi
fieation of longevity determinants beeause other inherited 
deleterious effeets, rather than aeeelerated aging, may be respon
sible for the shortened life span. The total amount of oxygen 
eonsumed by the shaker mutants and the normal eontrol was similar 
at approximately 6 mI/mg wet wt/life span. The inereased physieal 
aetivity of the shaker mutants direetly eorresponded to an inereased 
rate of metabolism and deereased life span, while the average life 
span of mutants and the eontrol was inversely proportional to the 
average metabolie rate. The authors inferred that total metabolie 
rate (basal and aetivity-related) is a major variable determining 
longevity in Drosophila. 

Physieal Aetivity in Homeotherms 

There appears to be a fundamental differenee in the response 
of poikilotherms and homeotherms to variation in physieal aetivity. 
Physieal aetivity in marnmals is weIl known to stimulate anabolie 
processes and a lack of aetivity results in museular and glandular 
atrophy. A eertain level of physieal aetivity is essential for 
the maintenanee of physiologieal fitness (Brunner and Jokl, 1970). 
On the other hand, in poikilotherms atrophy from disuse does not 
seem to oeeur. For example, flight museIes in wingless Drosophila 
mutants (Deak, 1976) or in de-winged Drosophila (SohaI, 1975) do 
not exhibit degenerative ehanges. We examined the relationship 
between physieal aetivity and subsequent flight ability (Ragland 
and Sohal, 1975). Older houseflies exhibiting little wing damage 
tend to lose flight ability one to three days prior to death. The 
flight ability of sedentary flies, confined for life in small vials, 
was compared with those kept in l-cubic-foot cages. Flight loss 
occurred earlier and with greater frequency in active flies as 
compared with the sedentary flies. Thus, high levels of physical 
activity were associated with an early physiological decline. 

Several studies have shown that voluntary exercise prolongs 
the life of laboratory rodents (Goodrick, 1980); however, there is 
no report documenting the effects of various levels of mild to 
strenuous chronic exercise on life span. A fundamental flaw in 
the design of marnmalian studies dealing with physical activity and 
life span is that comparisons of experimental animals are made 
with sedentary controls. Such studies can only demonstrate that 
lack of muscular activity is detrimental. It is possible that 
physical activity beyond a certain level may be deleterious, as 
indicated by the work of Davies et al. (1982). 
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Ionizing Radiations 

Exposure to ionizing radiation induees two eompletely opposite 
effeets on the life span of organisms. Whereas large doses deerease 
longevity, low doses tend to inerease life span (for review, see 
Dueoff, 1972; Saeher, 1977). Interestingly, deereased physieal 
aetivity has been frequently observed following irradiation (Allen 
and Sohal, 1982). We examined the relationship between radiation 
exposure, metabolie rate and life span by exposing adult male 
houseflies to 0, 20, 40 and 66 kR y-radiation under eonditions of 
either high or low physieal aetivity (Allen and Sohal, 1982). The 
mean longevity of high-aetivity males exposed to 20 and 40 kR 
signifieantly inereased, but lifespan deereased in high-aetivity 
males exposed to 66 kR, and in low-aetivity males at all doses. 
Metabolie rate as weIl as metabolie potential deereased in all 
groups in proportion to dose. Deereased metabolie potential in 
irradiated animals elearly indieates that there was irreversible 
damage; however, the reduetion in metabolie rate was apparently 
suffieient to eompensate for the life-shortening effeets of 
radiation. Thus, no reduetion in longevity was observed in high
aetivity flies at lower doses of radiation exposure. When plaeed 
under low aetivity eonditions, metabolie rate was nearly equal 
in all groups, and the deereased metabolie potential was refleeted 
by a deerease in life span proportional to dose. On the basis of 
these results, we rejeeted previous suggestions that radiation 
inereases life span beeause it induees eonservation of energy, kills 
harmful baeteria, or induees over-eompensatory repair meehanisms 
(Dueoff, 1972; Saeher, 1977). Instead, our results indieated that 
the life-lengthening effeets of low doses of radiation were a 
eonsequenee of redueed metabolie rate. 

Hibernation in Mammals 

Mammalian hibernators ean be eonsidered to eonstitute a 
physiological link between poikilotherms and homeotherms in their 
ability to maintain a stable metabolie rate. Lyman et a1. (1980) 
examined the relationship between hibernation and 10ngevity in 
Turkish hamsters that hibernated for 0 to 33% of their lives. 
Metabolie rate was 10wer in hibernators kept at SOC, than in eontro1s 
maintained at 22°C. In general, maximum 1ife span of hibernators 
was 10nger than non-hibernators, and animals that hibernated 10nger 
also lived longer. 

METABOLIC RATE AND FREE RADICALS 

Although the existenee of a relationship between metabolie rate 
and life span has been known for a long time and originally formed 
the basis of the "rate of living" theory, until reeently its 
signifieanee remained rather obseure. A relationship between oxygen 
utilization and free radieals was first suggested by Gersehman et al. 
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(1954), and a large body of evidence now exists to indicate that, 
under normal physiological conditions, oxygen consumption generates 
potential1y de1eterious free radicals and hydroperoxides. In the 
current view, the potentially toxic effects of oxygen are primarily 
due to the univalent reduction of oxygen (Fridovich, 1976). Whereas 
most of the oxygen consumed by cells is reduced tetravalently in 
mitochondria by the activity of cytochrome oxidase, a small amount 
is apparently reduced by single electron additions (Chance et al., 
1979; Halliwell, 1981). The latter type of respiration can be 
recognized by its resistance to cyanide. Univalent reduction of 
oxygen results, first, in the generation of the superoxide radical 
(Oi)' which is then dismutated to hydrogen peroxide (H202) by the 
enzyme superoxide dismutase (SOD). H202 is normally eliminated by 
the activities of catalase and peroxioases. Although 02 and H202 
are cytotoxic, the main agent of damage is believed to oe the 
hydroxyl radical (OH·), wh ich is apparent1y produced by the 
interaction between 0i and H202' catalysed by transition metals 
(02 + H202---> 02 + OH- + OH.). In addition to enzymes superoxide 
dismutase, catalase and peroxidases, whose combined functions tend 
to decrease the risk of OH' generation, cells also possess non
enzymatic defenses against free radicals. Glutathione, ß-carotene, 
a-tocopherol and ascorbate are the best known endogenous antioxi
dants (Forman and Fischer, 1981). 

Free radicals and hydroperoxides are produced within cells 
under normal physiological conditions. Despite the presence of 
enzymic and non-enzymic defenses against these intermediates of 
oxygen reduction, a small proportion is believed to escape quenching. 
This is indicated by the presence of small quantities of-partially 
reduced oxygen species in cells under steady-state conditions 
(Britton et a1., 1978; Chance et a1., 1979). There is amp1e 
evidence that the intermediates of oxygen reduction can cause 
damage to ce11u1ar constituents. For examp1e, f1uxes of experi
mentally generated 0; have been shown to cause lipid peroxidation, 
inactivation of enzymes, lysis of membranes and cleavage of DNA 
(Brawn and Fridovich, 1980). 

There is some evidence that enhanced metabolie rate increases 
the intrace11u1ar concentration of free radica1s which cause damage 
to biological organelles. Such free radical-induced damage may be 
a source of the gradual physiological attrition occurring with age, 
as originally suggested by Harman (1956). Davies et al. (1982) 
have reported a two- to three-fold increase in free radical (R') 
concentration in homogenates of museie and liver of rats exercised 
until exhaustion at submaximal work load intensity. A similar R' 
signal (g = 2.004) was detected in homogenates from vitamin E
deficient animals. Mitochondrial respiratory control values were 
lower in exhausted rats and in vitamin E-deficient rats than in 
controls. State 4 respiration was increased in exercised and 
vitamin E-deficient rats, while state 3 respiration appeared to be 
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unaffected, suggesting leakiness of mitochondria to protons. 
Concentrations of conjugated dienes and TBA-reactants were greatly 
increased in both vitamin E-deficient and exercised animals, 
indicating enhanced lipid peroxidation. 

METABOLIC RATE, LIPID PEROXIDATION AND AGING 

Lipofuscin 

One of the most ubiquitous, age-related changes in a variety 
of post-mitotic and slowly dividing cells is the cytoplasmic 
accumulation of fluorescent, granular structures, usually referred 
to as lipofuscin (Sohai, 1981b). In the current view, lipofuscin 
is believed to arise by a variety of processes such as autophago
cytosis, oxidation of lipids and co-polymerization of organic 
molecules. Areas of cytoplasm, segregated in autophagic vacuoles, 
fuse with primary lysosomes resulting in the degradation of the 
enclosed cellular components (DeDuve and Wattiaux, 1966). Membrane 
lipids are believed to und ergo progressive autoxidative changes 
resulting in the formation of pleiomorphic lipoidal structures 
(Elleder, 1981). Morphologically, lipofuscin granules can be 
considered to be secondary lysosomes containing peroxidated lipids 
and polymers of phospholipids. One of their main attributes is 
the emittance of orange-yellow fluorescence under UV light. The 
excitation maxima of the in situ and isolated lipofuscin granules 
ranges from 340 to 395 nm; however, several different emission 
maxima have also been reported, such as 450 nm, 540-580 nm and 
620 nm (see Elleder, 1981). 

Biochemical investigations of lipofuscin have centered on the 
nature and formation of the fluorescent material in lipofuscin 
granules (Mead, 1976; Tappei, 1975; 1980). Tappel has inferred 
that lipofuscin fluorophores form as an end-product of free 
radical-induced lipid peroxidation, so providing a link between 
oxygen consumption, free radicals, linofuscin and aging. A highly 
attractive feature of Tappel's hypothesis is that the chloroform
soluble fluorescent material (SFM) provides a marker for studying 
the involvement of free radicals and oxidative damage in the 
aging process. Indeed, SFM accumulates with age in a variety of 
tissues and organisms (Donato and Sohal, 1981). For the sake of 
clarity, the term "lipofuscin" will be applied here to the in situ, 
morphologically detectable, autofluorescent granules and the term 
"soluble fluorescent material (SFM)" will refer to the substance 
present in tissue extracts. 

Relationship Between Lipofuscin, Metabolic Rate and Aging 

Paradoxically, the ubiquity of lipofuscin originally led many 
gerontologists to dismiss it as being non-specific and irrelevant 
to the study of aging. However, a considerable body of evidence 
suggests that lipofuscin accumulation may be a by-product of 
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reaetions whieh playa eausa1 ro1e in the aging proeess (Soha1, 
1981a). Short-1ived mamma1ian speeies with high metabolie rate 
tend to aeeumu1ate 1ipofusein at a faster rate than 10nger-1ived 
speeies with 10wer metabolie rate. For examp1e, 1ipofusein 
aeeumu1ates in the hearts of dogs approximate1y 5.5 times faster 
than in humans, whieh rough1y eorresponds to the differenees in 
their 1ife spans (Munne1 and Getty, 1968). Friede (1962) eompared 
the distribution of oxidative enzymes with the relative amount of 
1ipofusein in 66 different nue1ei in the aged human brain. Nerve 
ee11s exhibiting high oxidative enzyme aetivity eontained more 
1ipofusein than nerve ee11s eharaeterized by 10w aetivity of 
oxidative enzymes. A fortuitous insight into the relationship 
between funetiona1 aetivity, oxidative enzyme aetivity and the 
amount of 1ipofusein was provided by studies on two persons who 
had lost an eye. Alternate 1ayers of the lateral genieu1ate 
showed a marked deerease in DNP-diaphorase aetivity and in the 
amount of 1ipofusein. Aeeording to the author, the presenee of 
"wear and tear" pigment appeared to be re1ated to the funetiona1 
"wear and tear" of a given region, as ref1eeted by the intensity 
of oxidative metabolism. 

The relationship between oxidative aetivity and deposition of 
1ipofusein is not universal. For examp1e, the f1ight muse1es of 
dipteran inseets have an extreme1y high rate of oxygen eonsumption 
but eontain no 1ipofusein granu1es. Further, deposition of 1ipo
fusein depends on dietary as we11 as innate faetors (Wo1man, 1981). 

The relationship between metabolie rate and 1ipofusein 
aeeumu1ation was first experimenta11y demonstrated in our 1aboratory 
(Soha1 and Donato, 1979; Soha1, 1981e). Average, as we11 as maximum, 
life spans of adult houseflies were prolonged approximately 2.5 
times by elimination of f1ying aetivity. The rate of 1ipofuscin 
deposition, measured in three different tissues by quantitative 
e1ectron mieroseopy, was faster in the short-1ived, high-activity 
flies as eompared to the 10ng-1ived, 10w-aetivity flies. However, 
the maximum level of 1ipofusein reaehed in the two groups was 
near1y equa1. 

Further evidenee supporting this relationship was reported by 
Papafrangos and Lyman (1982) in Turkish hamsters. As diseussed 
before, Lyman et a1. (1981) found that Turkish hamsters that spend 
part of their 1ives in the depressed metabolie state of hibernation 
have 23% langer average 1ife spans than non-hibernators. A eom
parison of 1ipofusein eontent in the brain and heart of hamsters 
that hibernated for 11-23% of their 1ives showed a slower rate of 
1ipofusein aeeumu1ation than in those whieh hibernated on1y 0-7% 
of their 1ives. These differenees between the hibernators and the 
non-hibernators beeame more marked with age, especia11y in the 
heart. A1though the rate of 1ipofusein deposition was not direet1y 
proportional to the alteration in 1ife spans, the total vo1ume of 
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1ipofuscin reached at the end of 1ife was simi1ar in the two groups. 
Thus, studies in both poiki1otherms and hibernating mamrna1s show 
that in certain tissues, 1ipofuscin deposition corresponds to 
alterations in metabolie rate and 1ife span. However, this re1a
tionship shou1d not be interpreted to imp1y that the two are 
causa11y re1ated. 

Soluble F1uorescent Material (SFM) 

The concentration of f1uorescent material in chloroform
methanol extracts of tissues exhibiting Schiff-base, f1uorescent 
charaeteristies has been shown to inerease with age in a variety 
of organisms (Donato and Soha1, 1981). Environmental eonditions 
such as ambient temperature and physieal activity, whieh enhanee 
metabolie rate, tend to inerease the rate of SFM aeeumulation. In 
mi1kweed bugs (McArthur and Soha1, 1982) and fruitf1ies (She1dah1 
and Tappe1, 1974), rates of SFM accumu1ation are fast er at higher 
than at lower ambient temperatures, and the maximum levels reached 
ear1ier in flies kept at higher temperatures. A comparison of 
housef1ies kept under conditions of high and low levels of physica1 
activity indicated that SFM accumu1ation was faster in the former 
than in the 1atter group, but the maximal level reached was simi1ar 
in both (Fig. 5; Soha1 and Donato, 1978). Individual flies which 
exhibited a greater tendency for spontaneous f1ight activity tended 
to have a shorter 1ife span and contained more SFM than the re1a
tive1y inaetive flies (Soha1 and Buchan, 1981b). Basson and 
co-workers (1982) also reported that the rate of SFM accumu1ation 
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Fig. 6. Age-associated changes in the concentration of TBA-reactants 
in whole body homogenates of milkweed bugs kept at 18°, 
28° and 30°C throughout life. 

is faster in rats undergoing treadmill physical training than in 
sedentary controls. 

Thiobarbituric Acid (TBA) Reactants 

One of the consequences of free radical interactions with 
cellular structures can be the peroxidation of polyunsaturated 
lipids, detectable by the evolution of alkanes, such as ethane and 
n-pentane, from the animal and by the production of TBA-reactive 
material (Tappei, 1980). However, Gutteridge (1982) has reported 
that in addition to lipid peroxidation, TBA-reactants or malon
dialdehyde-like substances can be produced as a result of free 
radical damage to organic molecules, such as amino acids, DNA and 
carbohydrates. In milkweed bugs (McArthur and Sohal, 1982) and 
houseflies (Sohai et al., 1981), the concentration of TBA-reactants 
increased with age at significantly faster rates in organisms 
raised at higher ambient temperatures (Fig. 6). Similarly, 
houseflies kept under conditions of high physical activity tended 
to contain a higher concentration of TBA-reactants than those kept 
under low activity conditions (Sohai et al., 1981). Increased 
metabolie rate may increase the susceptibility of tissues to 
peroxidative changes in vitro and may reflect in vivo damage. 

Effects of Age and Metabolie Rate on Alkane Production 

Alkane exhalation by organisms has been proposed as a sensitive 
indicator of in vivo lipid peroxidation (Riley et a1., 1974). 
Ethane and ~-pentane, which are scission products of w-3 and w-6 
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po1yunsaturated fatty acids respective1y, have been the most common 
indicators. An increase in alkane production has been reported in 
rats with age (Sagai and Ishinose, 1980), as we11 as in response to 
vitamin E deficiency (Tappe1, 1980). Di11ard et a1. (1978) reported 
increased levels of pentane exhalation by humans during pnysica1 
exertion. In the housef1y n-pentane production increases 1.7-fo1d 
during the average 1ife span (Soha1 et a1., in press). The amount 
of n-pentane generated by the flies in vivo was 2.7 times greater 
at 28°C than at 20°C (Figs. 7 and 8):-which c1ear1y demonstrates 
that an increase in metabo1ic rate causes an increase in the in vivo 
rate of lipid peroxidation. Furthermore, homogenates of houseflies 
aged at higher temperatures exhibit a greater susceptibility to 
undergo lipid peroxidation in response to t-butyl hydroperoxide
induced oxidative stress than those aged at a lower ambient 
temperature. Age-associated increases in the in vivo evolution 
of n-pentane and in response to t-butyl hydro?eroxide in vitro 
are-suggestive of the increased vulnerability of flies to free 
radical-induced damage, probably resulting from a decrease in the 
efficiency of endogenous antioxidants. Levels of antioxidants such 
as SOD, catalase, glutathione and vitamin E decline with age in the 
housef1y (Fig. 9; Soha1 et a1., 1984a). Levels of H202, aprecursor 
of the hydroxyl radica1 OH', increase with age as weIl as in 
response to an increase in the level of physica1 activity (Fig. 8; 
Soha1 et a1., 1984b). 
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Fig. 8. Pattern of age-associated changes in the concentration of 
various products of free radical reactions. Inorganic 
peroxides primarily consist of H202 ; GSSG, oxidized 
glutathione; n-pentane, TBA-reacfants and chloroform
soluble fluorescent material (SFM) are indicators of 
lipid peroxidation. 

ANTIOXIDANT DEFENSES AND AGING 

There are at least two lines of evidence suggesting that 
antioxidant defenses may be related to aging and to variation in 
species-specific longevity. We made a comprehensive analysis of 
age-re1ated changes in antioxidant defenses of a single species 
(Fig. 9; Sohal et al., 1984a). In the housefly, superoxide 
dismutase activity decreased during the last one-third of life; 
catalase activity steadi1y dec1ined with age to approximately half 
the former level. Glutathione (GSH) level sharnly declined in 
older flies, whereas oxidized glutathione increased steadily with 
age. The concentration of chloroform-soluble antioxidants sharply 
declined during the first part of life. The concentration of 
inorganic peroxides (H202) increased about 3-fold during the later 
part of life. In toto, results of this study indicated that 
enzymatic and non-enzymatic defenses against free radicals and 
hydroperoxides in the adult housefly tend to deteriorate with age. 

Cut1er (1984) made comparative studies of 1ife s~an potential 
(LSP, or age of oldest survivor), life span energy potential 
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(LEP, or metabolie potential) and antioxidant defenses in various 
mamrna1ian species. There was a 30-fo1d difference in LSP, whereas 
on1y 3 distinct c1asses of LEP were evident. Non-primate mamrna1s 
had an LEP of ab out 200 kca1/g/1ife span; non-human primates had 
an LEP of 458 kca1/g/1ife span, and humans, capuchin monkeys 
and 1emurs had an LEP of 781 kca1/g/1ife span. He hypothesized 
that rate of oxygen uti1ization was re1ated to aging, and anima1s 
with higher LEP values would be more resistant to the deleterious 
effects of oxygen uti1ization. Antioxidants such as SOD, uric acid, 
carotenoids and tocophero1s were positive1y correlated with LEP 
while ascorbate, glutathione, glutathione peroxidase and S-trans
ferases were negative1y correlated with LEP. Brain homogenates of 
organisms with a high LEP were more resistant to autoxidation than 
homogenates of organisms with a low LEP. Serum levels of TBA
reactants were inversely corre1ated with LEP. These results 
suggested that antioxidant defenses are corre1ated with LSP and 
LEP; neverthe1ess, such correlations cannot demonstrate a cause
and-effect relationship. 

Experimental studies on the relationship between antioxidants, 
oxidative stress and life span were made in the housefly in our 
laboratory (reviewed by Sohal, 1984b). Oxidative stress was 
induced by a variety of methods and putative levels of free radica1s 
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inereased by the administration of diamide, an -SH oxidizer. 
Antioxidant defenses were inhibited with diethyldithioearbamate 
(DDC; an SOD inhibitor) and 3-amino-l,2,4-triazole (3-AT; an 
inhibitor of eatalase). In addition, antioxidant defenses were 
augmented by the administration to the flies of aseorbate, a
toeopherol er ß-earotene. DDC administration eaused a signifieant 
deerease in SOD aetivity but failed to deerease longevity (SohaI 
et al., 1984b). Metabolie rate was deereased and the eoneentration 
of GSH was signifieantly elevated in DDC-treated flies. Total 
inhibition of eatalase with 3-AT had no effeet on the longevity of 
houseflies (Allen et al., 1983); aga in , the rate of oxygen utili
zation was greatly deereased and levels of GSH were augmented in 
treated flies. Diamide administration also indueed a deerease in 
the rate of oxygen eonsumption and in SOD aetivity whereas eatalase 
and GSH levels were inereased (Allen et al., 1984). Aseorbate 
intake deereased GSH eoneentration, vitamin E slightly deereased 
SOD aetivity while intake of ß-earotene had no effeet on any 
parameter. Life spans and metabolie rates were unaffeeted by 
vitamin E and ß-earotene; aseorbate did not appreeiably affeet 
the rate of oxygen utilization but eaused a signifieant deerease 
in longevity. Administration of a relatively low eoneentration 
of the above oxidants did not inerease the rates of age-assoeiated 
ehanges such as aeeumulations of SFM and TBA-reaetive material. 
Exposure to higher eoneentrations of oxidants eaused rapid mortal
ity. Long-term vitamin E defieieney also enhanees the aetivities 
of SOD, glutathione peroxidase and glutathione reduetase in the 
rat, apparently as a eompensatory response to oxidative stress 
(CutIer, 1984). In general, the results of these studies indieate 
that: (i) a eomplex balance exists between the produets of oxygen 
metabolism and antioxidant defenses, (ii) experimentally indueed 
imbalanees in antioxidant defenses provoke compensatory responses, 
(iii) houseflies adapt to mild oxidative stress by decreasing 
their metabolie rate and increasing GSH content, (iv) oxidative 
stress deereases metabolie potential even though life span may 
remain unaffeeted, and (v) augmentation of antioxidant defenses 
results in a compensatory decrease in a related or overlapping 
antioxidant meehanism. 

Attempts to determine if age-related ehanges oeeur in anti
oxidant effieieney have produeed varied results. Kellogg and 
Fridovieh (1976) measured total SOD aetivity in Sprague-Dawley 
rats at various ages and deteeted a slight age-dependent deerease 
in the liver but not in the brain. Conversely, Massie et al. 
(1979) reported a 36% deeline in total SOD activity in the brain 
of C57BL/6J mice between 50 and 900 days of age. Vanella et al., 
(1982) found that in the brain of male albino Wistar rats, 
eytosolie SOD aetivity deelined during the first 30 months of life, 
however, mitoehondrial SOD aetivity inereased at a proportional 
rate, so that the total SOD activity remained relatively stable. 
Catalase aetivity deereases in aging Drosophila (Nieolosi et al., 
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1973; Massie and Baird, 1976) and the housef1y (Soha1 et a1., 1984c). 
With few exceptions (Soha1 et a1., 1984a), no attempts have been 
made to determine whether the overall antioxidant protection in 
ce11s dec1ines with age. In order to determine whether or not a 
decrement occurs in the overall antioxidant efficiency of ce11s, 
it is imperative to obtain comprehensive information concerning 
the various over1apping defense mechanisms. In summary, it seems 
that a net balance exists between various antioxidant defenses 
imp1ying that steady state concentrations of free radica1s are 
maintained at an optimal constant level. According to Cut1er (1984) 
this steady-state concentration of active oxygen species is 
inverse1y re1ated to the maximal 1ife span of organisms. Decrease 
in the level of antioxidant defenses accompanied by manifestation 
of increased free radica1-induced reactions (as indicated by n
pentane production and the amount of TBA-reactants) in the house
f1y leads us to hypothesize that aging is associated with re1ative1y 
high concentrations of oxygen-free radica1s and hydroperoxides. 

FREE RADICALS, CELLULAR DIFFERENTIATION, DYSDIFFERENTIATION AND AGING 

A1though free radicals are constantly genera ted in cells and 
can cause molecular damage, it is unlikely that aging is solely due 
to the accumulation of physical damage. No single cellular alter
ation of sufficient magnitude so as to be incompatib1e with the 
continuation of 1ife has been found. A survey of age-associated 
changes clear1y suggests that aging is not entirely due to wear 
and tear of the structura1 components of cells. 

Cutler (1984) suggested that aging may be due to free radica1-
induced changes in the differentiated state of cells, whereby 
normally repressed genes become derepressed with increasing age. 
In his view, the optimal state of differentiation gradually 
degenerates into astate of dysdifferentiation as a resu1t of 
long-term exposure to free radica1s. It appears to us that the 
fundamental question regarding the relationship between differ
entiation and aging, concerns the nature of the factors which 
control repression and derepression of genes during developmental 
and in post-developmental states. We suggest that free radicals 
may be involved in the maintenance of differentiated state, and 
that alteration in the balance between free radical generation and 
antioxidant defenses may be a causal factor in dysdifferentiation. 
Our model concurs with that proposed by Cutler in that free 
radical-induced dysdifferentiation rather than molecular damage 
is a causal factor in the aging process. However, our model 
further proposes that free radica1s also playa ro1e in the main
tenance of differentiated state and that dysdifferentiation is due 
to an alteration in the free radica1 generation/antioxidant balance. 
On the basis of several 1ines of evidence, out1ined be10w, we 
postulate that free radica1s, resu1ting from a dec1ine in anti
oxidant defenses, lead to genic modifications responsible for the 
deleterious events occurring during aging. 
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Free Radicals and Differentiation 

A variety of fields and gradients are known to affect devel
opmental processes in multicellular organisms (Child, 1915; 
MacCabe and Parker, 1976). Many of the changes during embryonie 
development appear to correspond directly or indirectly to alter
ations in oxygen metabolism (Frieden, 1981). Child (1915) 
postulated that in regenerating organisms the regions of higher 
metabolie activity influenced the development of regions with 
lower metabolie activity. Differential vascularization, which 
presumably would lead to unequal oxygenation of tissues, is 
believed to influence developmental patterns in higher organisms 
(MacCabe and Parker, 1976; Osdoby and Caplan, 1979; Jariegiello 
and Caplan, 1983). Furthermore, phenotypic expression in cultured 
embryonie chick cells can be experimentally controlled by variations 
in oxygen tensions (Caplan and Koutroupas, 1973). 

Several lines of evidence indicate that free radicals may be 
involved in the process of cellular differentiation and derepression 
of genes. Polytene chromosomes of salivary glands in insects 
exhibit characteristic puffing patterns during development (reviewed 
by Zegarelli-Schmidt and Goodman, 1981). Uncouplers of mitochondrial 
respiration, such as dinitrophenol, menadione, oligomycin and anti
mycin A have been observed to induce chromosomal puffing (Leeders 
and Berendes, 1972; Rensing, 1973). 

Alterations in differentiated state are invariably accompanied 
by changes in the level of cellular free radical defenses. Most 
notably, cancer cells appear to exhibit a reduction in the activity 
of mitochondrial SOD (mangano-isozyme) (Dionisi et al., 1975; Bize 
et al., 1980; Ober1ey, 1983). In many cases, the activity of 
cytosolic SOD (Cu/Zn isozyme) is also greatly reduced (Sykes et al., 
1978). The rate of cell division, which is indicative of the 
extent of dedifferentiation, has been found to vary inversely with 
SOD activity; that is, the highest rates of cell division occur 
in cells with the lowest SOD activity (Barotoli et al., 1980; 
Bize et al., 1980). Other antioxidant enzymes in cancer cells also 
exhibit decreased activity (Sun and Cederbaum, 1980). Conversely, 
SOD activity increases during metamorphosis in insects (Fernandez
Souza and Michelson, 1976) and during differentiation of the 
cellular slime mold, Didymium iridius (Lott et al., 1981). 

We have observed an up to 46-fold increase in SOD activity 
during differentiation of the syncytial slime mold Physarum 
polycephalum. Treatments which alter the rate of differentiation 
have a corresponding effect on SOD activity (Fig. 10 and 11; 
Nations et al., 1984; Nations and Allen, 1984). Under identical 
culture conditions, strains of ?hysarum which do not differentiate, 
fail to exhibit an increase in SOD activity (Fig. 10; Nations and 
Allen, 1984). These data suggest that antioxidant defenses and 
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the level of free radicals are associated with the process of 
cellular differentiation. 

It is notable that rates of H2ü2 generation and lipid peroxi
dation are lower in cancer cells than in normal cells; the former 
is believed to be due to low SüD activity (Dionisi et al., 1975) 
and the latter to result from alterations in membrane composition 
of tumor cells (Bartoli and Galeotti, 1979; Bartoli et al., 1980). 
The rate of tumor growth has also been reported to be inversely 
related to lipid peroxidation (Bartoli and Galeotti, 1979), which 
is consistent with the observation that lipid peroxides inhibit 
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mitosis (Wilber et al., 1957). Lipid peroxidation and H202 increase 
during differentiation of Physarum. In regenerating rat liver, the 
level of lipid peroxides decreases during the mitotic phase of 
regeneration and increases during redifferentiation (Wolfson et al., 
1956). Results of these studies suggest that differentiation is 
associated with relatively high levels of free radicals and 
hydroperoxides. 

Increases in nuclear concentration of ions, such as K+, Na+ 
and Mg++, cause chromosomal puffing in insects (Kroeger and Muller, 
1973). Variations in GSH concentration can greatly affect the ion 
distribution in cells (JeweIl et al., 1982). GSH is also a modulator 
of cell redox state (Chance et al., 1982). A large change in intra
cellular GSH concentration may thus affect the distribution of 
charges in the cell, and will markedly affect the ratio of reducing 
to oxidizing equivalents. GSH concentration is frequently high in 
tumor cells (Meister. and Griffith, 1979); addition of GSH to tissue 
extracts gives a positive response to the Ames mutagenicity test 
(Glatt et al., 1983). GSH concentration decreases about 70% during 
differentiation in Physarum (Nations et al., 1984). The cause of 
this decrease is unknown but increased free radical production during 
differentiation may result in GSH oxidation and extrusion from 
cells. GSH is also known to affect enzyme activities by breaking 
disulfide bonds and by binding with proteins (Kosower and Kosower, 
1976). A comparison of GSH in larval and adult insects reveals a 
significantly lower GSH concentration in adults (Allen, unpublished). 
In vertebrates, GSH concentration has been observed to vary greatly 
during regeneration; GSH level is increased during the mitotic 
phase but declines during redifferentiation (see Balinsky, 1970 
for review). On the basis of the above-cited evidence, we hypo
thesize that differentiation is associated with high SOD activity 
and low GSH concentration. Further, differentiation and aging are 
characterized by relatively high levels of oxygen-derived free 
radicals and peroxides. 

Although free radical defenses may increase longevity by 
decreasing free radical damage, a more immediate function of cellular 
antioxidants is probably the maintenance of cellular redox state. 
The redox state of the cell is dependent on the ratio of oxidizing 
to reducing equivalents (Chance et al., 1979). In light of the 
involvement of DNA morphology in the expression of genes (DiBerardino 
et al., 1984),it would seem probable that gene expression is 
influenced by the redox state of the cell, as weIl as by the net 
ion balance in the cell, which is a function of the redox state 
(JeweIl et al., 1982). The influence of metabolie rate on life span, 
and the changes which occur in the free radical defenses during 
differentiation raise the possibility that adynamie equilibrium 
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exists between the rate of free radical generation, antioxidant 
defenses, cellular charge distribution and the expression of genes. 
We propose the hypothesis that differentiation, in part, results 
from the establishment of this equilibrium and that dysdifferentia
tion is due to the loss or modification of this equilibrium. Accor
ding to our model, antioxidant defenses modulate nuclearcytoplasmic 
interaction. High concentrations of oxygen-free radicals and 
peroxides are associated with differentiation and a decline in the 
level of antioxidants leads to genomic modifications responsible 
for aging. 

SUMMARY 

i. Metabolie rate is a major factor governing the rate of aging 
in both homeotherms and poikilotherms and is inversely re
lated to life span. 

ii. Homeotherms exhibit stable basal metabolie rates and species
specific life spans. Conversely, in poikilotherms, both basal 
methabolic rate and life span vary greatly. 

111. Metabolie potential (total energy consumed/g/life span) is 
a species-specific characteristic in Homoetherms and poikilo
therms. Length of life is dependent upon the rate at which 
this fixed metabolie potential is expended, that is, metabolie 
rate. 

iv. Oxygen-free radicals produced by metabolism can cause molecular 
damage. Accumulation of lipofuscin granules, Schiff-base-like, 
fluorescent material and thiobarbituric acid-reactants, as weIl 
as increased exhalation of pentane with age are indicative of 
free, radical-induced molecular damage. 

v. Metabolie rate influences the rate of age-related changes. 
vi. There is an overlapping compensatory balance between various 

components of the antioxidant defense system. 
vii. The total antioxidant capacity of cells tends to decline with 

age. 
V111. Adynamie equilibrium may exist between the rate of free 

radical generation and antioxidant levels. The establishment of 
theis equilibrium is associated with differentiation. It is 
hypothesized that loss of the equilibrium between free radical 
generation and antioxidant defenses results in dysdifferentia
tion, aging and cancer. 
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STATE OF KNOWLEDGE ON ACTION OF FOOD RESTRICTION AN!) AGING 

Edward Masoro 
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San Antonio, Texas 78284 

INTRODUCTION 

Approx:im.ately 50 years have passed since McCay and Cro\\ell 
(1934) published their findings that restriction of the amount of 
food consumed by rats resulted in some individuals reaching an 
extreme1y old age and a population of rats with a greater mean age 
at death than was the case for rats fed ad libitum. Tbis finding 
has often been repeated in mice and rats as well as in lower 
vertebrates and invertebrates (Barrows and Kokkonen, 1977). 
Although McCay and Crowell (1934) used severe food restriction 
which markedly slowed ske1etal growth and delayed sexual matura
tion, Berg and S:im.ms (1960) subsequently showed that moderate 
levels of restriction, not markedly influencing ske1etal growth or 
sexual maturation, were also effective. However, severe restric
tion increases life span more than moderate restriction (Masoro, 
1984b). Of all exper:im.ental manipulations so far studied, food 
restriction is by far the most effective in extending the life 
span of mammalian species (Sacher, 1977). 

In recent years, evidence has accumulated indicating that 
food restrietion not only extends life but must also retard one or 
more basic aging processes. The reasons for such a view are: 1) 
food restrietion extends life span; 2) food restrietion retards a 
spectrum of age-related deteriorations of the physiologie systems; 
and 3) food restriction delays the onset and/or slows the pro
gression of age-related diseases. The data in regard to each of 
these will be briefly reviewed before focusing on possible mecha
nisms by which food restrietion retards basic aging processes. 
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Surviva1 curve for ad 1ibitum fed (group A) and restricted 
(group R) rats. The solid 1ine refers to group A rats 
(n=115) and the broken 1ine to group R rats (n=115). For 
group A, the mean 1ength of 1ife ± SE is 701 ± 10 days, 
the median 1ength of 1ife is 714 days and the maximum 
1ength of 1ife is 963 days. For group R, the mean 1ength 
of 1ife ± SE is 986 ± 25 days, the median 1ength of 1ife 
is 1047 days and the maximum 1ength of 1ife is 1435 days. 
(From Yu et a1., 1982) 

Typica1 of the effects of food restriction on 10ngevity are 
the findings obtained with male Fischer 344 rats by Yu et a1. 
(1982), depicted in the surviva1 curves shown in Fig. 1. Each of 
tte curves was generated from the surviva1 characteristics of 115 
rats. The rats in group A were ad libitum fed and those in group R 
were restricted to 60% of the mean tood intake of the rats in group 
A from 6 weeks of age on. The surviva1 curve of the rats in group 
A was rat her rectangu1ar with few deaths occurring before 600 days 
of age and most dying between 600 and 800 days of age. The shape 
of this curve is what wou1d be expected for rats maintained in a 
barrier faci1ity free of pathogenic organisms and other environ
mental insults. The surviva1 curve of the rats in group R was 1ess 
rectangu1ar than, and shifted to the right of, the curve of the 
rats in group A. C1ear1y, food restriction markedly increased 
mean, median, and maximum length of 1ife. Indeed, when the one 
hundred and fifteenth rat in group A died, approximately 70% of the 
rats in group R were still alive. This should be contrasted to the 
influence of technology and medicine on 10ngevity of Americans 
during the past 100 years in which the survival curve has become 
more rectangular, resu1ting in an increase in mean length of 1ife 
(1ife expectancy) but no change in maximum 1ength of 1ife (1ife 
span) • 

Early studies (Barrows and Roeder, 1965) indicated that food 
restriction was only effective if initiated at or soon after weaning. 
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Recent1y, rowever, severa1 1aboratories (Ross, 1972; Stuchlikova 
et a1., 1975; Weindruch and Wa1ford, 1982; Cheney et a1., 1983; 
Goodrick et a1., 1983) have shown that food restrietion initiated 
in adult 1ife can increase the 1ength of 1ife. In arecent study 
by Yu et a1. (1984), the effects of food restrietion initiated soon 
after weaning were compared to restrietion initiated in young adult 
1ife (6 months of age), and restrietion 1imited to ear1y 1ife (6 
weeks to 6 months of age). The mean and median 1ength of 1ife were 
marked1y increased by food restrietion started soon after weaning, 
1ess marked1y increased by restrietion initiated in adult 1ife, and 
increased to a sma11 but significant extent by restrietion 1imited 
to ear1y 1ife. Striking1y, food restrietion initiated in young 
adult 1ife was as effective as that initiated soon after weaning in 
extending the 1ife span (maximum 1ength of 1ife) and the age of 
tenth percenti1e survivors. In contrast, the 1ife span and the age 
of the tenth percenti1e survivors were on1y increased to a sma11 
extent by food restrietion 1imited to ear1y 1ife. 

There have been some studies which indicate that protein re
striction is at least in part responsib1e for the effects of food 
restrietion (Leto et a1., 1976; Goodrick, 1978) whi1e other studies 
disagree with this (Ross and Bras, 1973; Nakagawa and Masano, 1971; 
Davis et a1., 1983). This discrepancy may re1ate to differences in 
food intake, since in the above studies either food intake was not 
measured, was not fu11y reported, or was reduced. Yu et a1. (1984) 
carried out a study in which ca10ric intake of 3d 1ibitum fed rats 
was not reduced but protein intake was restricted. They found that 
pro tein restrietion significant1y increased longevity but that the 
effect was sma11 compared to that obtained with the comparab1e 
level of protein restrietion occurring in food restrietion regbnens. 

PHYSIOLOGICAL DETERIORATION 

Many changes occur in physiological systems with advancing age 
(Masoro, 1976) and most of these changes appear to be of a deterio
rating nature. Many of these changes are either slowed in progres
sion or prevented by food restrietion (Masoro, 1984b). Moreover, 
food restrietion started in adult 1ife is as effeetive as restrie
tion started soon after weaning in modu1ating age-re1ated physio
logie ehanges. 

An examp1e of this is the findings of Masoro et a1. (1983) 
shown in Fig. 2, concerning the effects of food restrietion and 
protein restrietion in rats on age ehanges in serum cho1estero1 
concentration. In the rats of group 1, fed a 21% protein-eontain
ing but eho1estero1-free diet, ad 1ibitum, there was a marked rise 
in serum eho1estero1 eoneentration with age. A 60% restrietion of 
food intake from 6 weeks to 6 months of age (group 3) had 1itt1e 
effect on the age-re1ated rise in serum cho1estero1 eoneentration. 
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Inf1uence of diet and age on total serum cho1estero1 con
centration. Each data point represents the mean va1ue 
and SE for 10 rats, except for the 30 month old group 2 
rats, where there were 9. Measurements were made at 6, 
12, 18, 24, 27 and 30 months of age. Some da ta are 
disp1aced from these ages to maximize 1egibi1ity. (From 
Masoro et a1., 1983) 

However, food restrietion started soon after weaning (group 2) or 
in young adult 1ife (group 4), and continued throughout 1ife 
almost totally prevented this age-related increase. Restrietion 
of protein intake without restrietion of ca10ric intake (group 5) 
had on1y a sma11 effect on the age-re1ated increase in serum 
cho1estero1. 

Another examp1e is the effect on serum ca1citonin concentra
tion obtained on the same rats (Ka1u et a1., 1983). Again, in the 
ad 1ibitum fed rats (groups 1 and 5), there was a marked age
re1ated increase in serum ca1citonin concentration (Fig. 3). 
Restrietion of food intake from 6 weeks to 6 months of age (group 
3) had 1itt1e effect on this. However, 1ife10ng food restrietion 
starting soon after weaning (group 2) or in young adult 1ife (group 
4) marked1y reduced this increase with advancing age. 

These are not iso1ated examp1es. Food restrietion has been 
shown to retard or prevent the fo110wing age-re1ated changes: the 
10ss of responsiveness of target ce11s to hormones (Bertrand et 
a1., 1980b; Yu et a1., 1980); alterations in ske1eta1 musc1e 
structure and function (McCarter et a1., 1982); alterations in 
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vascu1ar smooth musc1e function (Her1ihy and Yu, 1980); 10ss of 
corpus striata1 dopamine receptors (Levin et a1., 1981); altered 
immune function (Weindruch et a1., 1979; Fernandes et a1., 1978); 
10ss of bone mass (Ka1u et a1., 1984). 

C1ear1y, the spectrum of age changes in physio1ogica1 activity 
inf1uenced by food restriction is broad. Such breadth imp1ies that 
basic aging processes are the site of action of food restriction. 
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AGE-RELATED DISEASE 

Food restriction either delays the onset or slows the progres
sion of most of the age-related diseases of rodents (Ross, 1976; 
Saxton and Kimball, 1941; Berg and Simms, 1961; Bras and Ross, 
1964; Yu et al., 1982). Recently, Yu et al. (1984) compared food 
restriction initiated after weaning with: 1) restriction limited 
to early life, 2) restriction initiated in young adult life, and 
3) restriction of protein but not calories, on the onset and 
progression of age-related disease in male Fischer 344 rats. 
Chronic nephropathy is a major age-related disease process in this 
strain of rat. Food restriction initiated soon after weaning, and 
restriction initiated in young adult life, so markedly slowed the 
progression of this disease process that almost none (less than 
3%) of the rats had a severity of lesion at death which causes 
clinical expression of this disease. This is to be compared to 
the group of rats allowed to eat ad libitum throughout life, in 
which 72% of the rats at death exhibited lesions causing clinical 
expression of renal disease. Food restriction limited to early 
life had little effect on the progression of chronic nephropathy. 
However, the restriction of protein but not calories did signifi
cantly slow the progression of chronic nephropathy, with only 37% 
of the rats at death exhibiting lesions causing clinical expres
sion of this disease process. Another significant age-related 
disease process in male Fischer 344 rats is cardiomyopathy. The 
dietary manipulations of Yu et al. (1984) modulated the progres
sion of cardiomyopathy in a fashion similar to that observed with 
chronic nephropathy. Food restriction initiated soon after 
weaning, and that started in young adult life significantly de
layed the occurrente of neoplastic disease, but food restriction 
limited to early life, and protein restriction without caloric 
restriction had no effect on the age of occurrence of tumors. 

Age-related disease is clearly another example of how broadly 
food restriction modulates age-associated events. This again 
points to the likelihood that food restrietion is retarding a 
primary aging process or processes. 

MECHANISM BY WHICH FOOD RESTRICTION RETARDS AGING 

Several serious proposals have been made in regard to the 
mechanism by which food restrietion retards the aging process and 
prolongs life. It is of value to critically review these at this 
point in the discussion. However, one of these, the modulation of 
hypothalamic-pituitary function as the primary action of food re
striction, will not be reviewed because it represents a major 
aspect of the paper in this volume by Merry and Holehan. 
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One of the first proposals on the mechanism of action of food 
restrietion was that it pro10ngs 1ife by de1aying maturation and by 
slowing and pro10nging growth. This view was based on the concept 
that aging is a post-maturationa1 and post-growth event. McCay and 
his co11eagues (McCay et a1., 1935) subscribed to this concept and 
fe1t that their findings supported it. Further support came from 
the study of Barrows and Roeder (1965) in which food restrietion 
of rats was found not be effective when initiated in adult 1ife. 
Other data that were in support of this hypothesis were the findings 
that in mice and rats the rate of growth corre1ates inverse1y 
(Goodrick, 1977; Goodrick, 1980) and the duration of growth corre-
1ates direct1y (Goodrick, 1980; Everett and Webb, 1957; Ross et 
a1., 1976) with the 1ength of 1ife. However, the recent studies 
(Ross, 1972; Stuchlikova et a1., 1975; Weindruch and Wa1ford, 1982; 
Cheney et a1., 1983) showing that food restrietion initiated in 
adult 1ife increased 1ife span do not support such a view. Prob
ab1y the strongest data against this hypothesis are the findings 
of Yu et a1. (1984) showing that food restrietion started in adult 
1ife was as effective as when started soon after weaning in regard 
to increasing 1ife span, de1aying physio10gica1 deterioration and 
modu1ating age-re1ated disease. In contrast, food restrietion 
1imited to ear1y 1ife had much 1ess effect on these characteristics 
of aging. 

The pub1ication of the Society of Actuaries (1960) showing a 
direct relationship between adiposity and morta1ity in humans 1ed 
to the hypothesis that food restrietion increased 10ngevity by 
decreasing body fat content. However, no experimental data have 
been reported in support of this view, and severa1 studies (Lesser 
et a1., 1973; Stuch1ikova et a1., 1975; Bertrand et al., 1980a; 
Harrison et al., 1984) have yie1ded data contrary to it. Harrison 
et al. (1984) showed that dietary restrietion of obese (ob/ob) mice 
resulted in an increase in longevity, with the length of life being 
greater than that of the ad libitum fed lean mice, even though the 
fat content of the restricted obese mice was much greater than that 
of the ad libitum fed 1ean mice. Bertrand et al. (1980a) reported 
nO corre1ation between fat mass and 10ngevity with ad libitum fed 
rats, and found a positive correlation in the ca se of rats on a 
life-prolonging food restrietion regimen. 

Sacher (1977) postulated that the marked extension in lon
gevity and retardation of the aging process by food restrietion in 
laboratory rodents resu1ted from the reduction in metabolie rate 
per unit of body mass. This concept was embraced by many and is in 
agreement with the general belief in medica1 circles that reducing 
diets lower the metabolie rate. Sacher supported this hypothesis 
by calcu1ations based on the pub1ished data of Ross (1969). In 
that study, five different dietary regimens were used, resulting in 
a spectrum of longevity characteristics. Sacher calculated that 
all groups, whatever the longevity, consumed close to 102 Kcal per 
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gram body weight per lifetime. Thus, the long lived groups must 
have bad a lower daily metabolie rate per gram body weight than 
those with shorter lives. Data obtained in our laboratory (Masoro 
et al., 1982) are not in agreement with this. In our study, rats 
fed a life-prolonging food restrietion regimen bad a greater daily 
eonsumption of ealories tban rats fed ad libitum. Moreover, the 
ealories eonsumed per gram body weight per lifetime inereased as 
the mean length of life was inereased by the various food restrie
tion regimens (Yu et al., 1984). However, food intake is a rather 
erude index of metabolie rate. We have, therefore, initiated a 
study in whieh oxygen eonsumption is being measured for 24-hour 
periods under housing and environmental eonditions nearly identieal 
to those eneountered during the daily life of the rat. As of this 
time, the metabolie rate bas been measured in 6-month-old ad 1ibitum 
fed rats, and in rats of the same age restrieted to 60% of the food 
intake from 6 weeks of age (i.e., a duration of 4~ months on the 
restrieted diet). The metabolie rate of the ad 1ibitum fed rats 
was found to be 136.4 ± 6.8 Keal per Kg 1ean body mass per day, and 
that of the rats fed the restrieted diet to be 142.5 ± 2.9 Kea1 per 
Kg lean body mass per day. Thus, it seems unlike1y that food 
restrietion prolongs life by redueing the metabolie rate per unit 
of body mass. 

Although all of the hypotheses that bave been seriously pro
posed appear to be wanting, the data amassed to this date do pro
vide a solid basis for developing a framework for future research. 
A general scheme (Fig. 4) for the action of food restrietion, 
reeently deseribed by Masoro (1984a), provides such a framework. 
This seheme proposes that the eoupling of food restrietion to the 
slowing of the aging proeess involves a speeifie metabolie meeha
nism or mechanisms. The retardation of physiologieal and immune 
deterioration, and of age-related diseases are viewed as seeondary 
events inevitably resulting from the slowing of the aging proeess. 
The inerease in life span is viewed as a tertiary event, a eonse
quenee of the retardation of the deterioration of the physiologie 
and immune systems and of age-related disease. Although the eoupling 
of food restrietion to the aging proeess by a metabolie meebanism 
is logieally satisfying, the speeifie nature of the eoupling meeha
nism is totally unknown. The slowing of the eellular metabolie 
rate is an obvious possibility but data from our laboratory make it 
unlikely. Other possibilities, based on eurrent theories of aging, 
are tbat food restrietion influenees either the rate of produetion 
or destruetion of free radieals, modifies the rate of turnover of 
maeromoleeules and related biologieal structures, or influenees the 
homeostatic eontrol of the concentrations of hormones and/or metabo
lites. This list could go on, but what is really needed at this 
time is further experimental work aimed at providing elues to the 
nature of the metabolie mechanism. 



KNOWLEDGE ON ACTION OF FOOD RESTRICTION 

Food 
Restrietion 

Acts by 
-------.'Metabo1ic 

Mechanisn 
tS10ws Aging Process 

1 
Effectors 

Inereased 44 ______________ (Physio10giea1 Systems, 
Life Span Immune System, Disease 

Processes) 

113 

Fig. 4. A general scheme for the action of food restrietion. 
(From Masoro, 1984a) 

CONCLUSIONS 

Food restrietion extends the 1ife span of rodents and de1ays 
or prevents a broad spectrum of age-re1ated deteriorations of the 
physio10giea1 systems and of age-re1ated disease. Thus, it is 
reasonab1e to cone1ude that food restrietion retards basic aging 
proeesses. However, the mechanisns by whieh food restrietion 
retards aging are not known. Avai1ab1e data and 10gic point to one 
or more specific metabolie proeesses as the means of coup1ing food 
restrietion to the basic aging processes. Attention of the ce11u1ar 
and mo1eeu1ar bio10gists shou1d be foeused on uncovering the nature 
of this eoup1ing, since know1edge in this area not on1y will provide 
an understanding of how food restriction inf1uences the aging pro
cess but also shou1d yie1d insight on the basic nature of aging 
itse1f. Moreover, know1edge in this area has a high probability of 
yie1ding practica1 interventions for the modulation of human aging. 
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INTRODUCTION (GENERAL CONCEPTS) 

Subsequent to the slow historical development of the use of 
controlled feeding to extend maximum lifespan in rodents, interest 
is now focussed on exploring the potential of this animal model to 
understand more fully the mechanisms of aging and the biochemical 
etiology of chronic age-related pathologies. The use of diet to 
extend lifespan has so far been restricted to rodent species within 
the Mammals, but confirmation of the reproducibility of this effect 
has been reported in spite of widely differing experimental designs 
(Merry and Rolehan, 1985a, 1985b). Controlled underfeeding such as 
to limit access to the normal diet so that the body weight of experi
mental animals is maintained at 50% of age-matched ad libitum fed 
rats is one of the simplest and most effective designs to delay the 
age at which the rate of mortality increases and results in a 36-66% 
extension of the maximum lifespan (Masoro et al., 1980; Merryand 
Rolehan, 1979, 1981). Although the immediate postweaning period is 
not the only phase of the lifespan susceptible to the effects of 
underfeeding, treatments which are continued for a longer fraction 
of the postweaning lifespan generally have a greater effect on ex
tending longevity. It is uncertain if the immediate postweaning 
period is more sensitive to the effects of underfeeding in terms of 
lifespan extension, but it is clear that nutrition intervention re
stricted to 49 days postweaning substantially reduces tumor incidence 
in later life (Ross and Bras, 1971). Refeeding previously dietary 
restricted rodents, particularly during the first year of life, tends 
to negate the advantages accrued by underfeeding in terms of lifespan 
extension, (Merry and Rolehan, 1985b). It is recognised that under
nutrition instigated within a few days of birth by forming large 
litters is detrimental to subsequent growth and development while 
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life expectancy and maximum lifespan are not increased (Widdowson 
and Kennedy, 1962). The authors are not aware of any study which 
systematically investigated the earliest age before weaning at which 
rodents will respond to undernutrition with extended lifespans. 

OPERATIVE EFFECT OF DIETARY RESTRICTION 

A study of a number of physiological and biochemical variables 
demonstrating significant age-related changes suggests that animals 
maintained on restricted feeding are retained in a physiologically 
younger condition than age-matched fully fed control rats and that 
the extension of lifespan is far greater than can be explained by 
delaying the onset of age-related pathologies (Moment, 1982; Bert
rand,1983). The mechanism or operative effect of dietary restric
tion is unknown but the early work of McCay et al. (1939) showed 
that retarding maturation for as long as 1000 days by underfeeding 
would extend lifespan. An inverse correlation existed between the 
length of retarded growth and the period of life remaining after 
maturation subsequent to accelerated growth following addition of 
carbohydrate and fat to the calorie deficient diet. Thus the period 
of life remaining after maturation became progressively less as the 
length of the retarded development increased. The retention of the 
immature state for prolonged per iods and the study of Mulinos and 
Pomerantz (1940) in which they induced a pseudo-hypophysectomy con
dition by chronic malnutrition has led several authors to suggest 
that restricted feeding operates through the pituitary as a dietary 
hypophysectomy (Samuels, 1946; Comfort, 1979; Moment, 1982). 

It is possible to mimic certain aspects of the dietary restrict
ed rat by hypophysectomy linked to hormone replacement therapy during 
early postweaning life (Everitt, 1976, 1982). Hypophysectomised rats 
show reduced incidence of pathologieallesions, retarded collagen 
cross-linkage, depressed heart rate, haemoglobin, white cell count 
and creatinine excretion. When compared with intact anima1s hypo
physectomised rats have a shortened 1ifespan. Cortisone rep1acement 
therapy will significant1y improve survival so that mean 1ife duration 
does not differ significantly from intact contro1s and Everitt (1976) 
has suggested that the retarded aging in the food restricted animal 
may be due to the diminished secretion of pituitary hormones. 

A number of authors have reviewed the role of hormones in both 
development and aging (Everitt, 1976; Co1e et al., 1982; Vernadakis 
and Timiras, 1982) whi1e Denckla (1981) and Rege1son (1983) have 
suggested that hypophysectomy linked with hormonal maintenance will 
result in a significant revers al of age-related pathology and induce 
a broad base physiological rejuvenation in aged mice and rats. Evi
dence for the de1ay or reversa1 of aging by hypophysectomy has been 
reviewed by Everitt (1976), Denck1a (1981), Cut1er (1981), Co1e et 
a1., (1982), Regelson (1983). While the rate of change of many bio-
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markers of aging can be reduced by hypophysectomy (see Regelson, 
1983) the effect of hypophysectomy on survival rates is much more 
controversial. Everitt (1976, 1980, 1981) does not find increased 
survival of hypophysectomised rats with hormone support and Harrison 
et al. (1982) reported shortened survival times for hypophysectomised 
mice despite an apparent increase in motor activity and youthful 
appearance. It is still to be resolved what role the reduced food 
intake has in delaying aging in hypophysectomised rats. Everitt 
(1976) has shown that hypophysectomy decreases body weight in rats 
through appetite depression and this may weIl represent an alterna
tive means of chronic dietary restriction with the hormonal changes 
being secondary to the reduced food intake. 

ENDOCRINE RESPONSES TO CHRONIC UNDERNUTRITION 

Reproduction in the Male 

Reduced food intake in adult male rats has been reported to 
result in decreased secretion of anterior pituitary hormones accom
panied by a reduction in weight and function of target organs 
(Campbell et al., 1977). Such studies have employed severe food re
striction with complete food withdrawal for 7 days followed by 25% 
of ad libitum consumption. The detrimental effect of underfeeding 
on reproductive function in adult male rats is weIl documented 
(Grewal et al., 1971). 

The effect of moderate food restriction implemented immediately 
at weaning on sexual maturation, fertility and serum hormone profiles 
in male rats was reported by Merry and Ho1ehan (1981). Growth rate 
was restricted from 21 days to 50% that recorded for ad libitum fed 
animals. Maximum 1ifespan was increased from 1056 days in fully fed 
rats to 1500 days in rats on restricted feeding. There was a sig
nificant delay (p<0.005) in sexual maturation with 30% of underfed 
animals siring litters between 63 and 84 days compared to 90% in the 
contro1 group. At all other ages assessed no significant difference 
in ferti1ity was evident between groups with fertility reaching 90% 
in the dietary restricted anima1s by 107 days. At two years fertility 
had declined to 30-50% in both groups of anima1s. Growth of the 
testis was not retarded to the same degree as other organs and by one 
year of age no difference in testis weight could be demonstrated 
between groups (Fig. 1), although the ratio of testis weight to body 
mass was significant1y higher throughout life in underfed rats. 

Rats dietary restricted from 21 days showed both a delay of 20 
days in the timing of the puberta1 peak of serum testosterone and a 
marked suppression of the peak height (Fig. 2). At 100 days a marked 
fall in serum testosterone levels was recorded both in fully fed and 
dietary restricted rats but in contrast to ad libitum fed animals no 
age-related fall in testosterone levels was observed in the restricted 
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Fig. 1. Testis weight with age in fu11y fed and dietary restricted 
(DR) rats. 

group. In contrast to the report of How1and (1975) on adult rats 
restricted to 50% feed, such restrietion in prepuberta1 postweaning 
rats resu1ts in a precipitous fall in FSH levels by 30-40 days 
(Fig. 3). Stewart et a1. (1975) found that immature rats on a 50% 
restricted diet bad decreased serum FSH levels which they presumed 
was the resu1t of a depletion of FSH-RH (Negro-Vi1ar et a1., 1971). 

There is considerab1e dis agreement between pub1ished data of 
serum LH va1ues during deve10pment in the rat. The profile reported 
by Merry and Ho1ehan (1981) is in agreement with the report of 
Piacsek and Goodspeed (1978) and Saksena and Lau (1979), (Fig. 3). 
The wide f1uctuations in serum LH observed during deve10pment which 
were reported by Piacsek and Goodspeed (1978) and Mackinnon et al. 
(1978) were not observed in ad libitum fed male rats housed 4 to a 
cage, (Fig. 3). Restricted feeding resu1ts in very high and unstable 
prepubertal LH values and these may result from the severe stress 
imposed by underfeeding (Fig. 3) (D8hler et al., 1977). The slightly 
delayed puberty observed in the dietary restricted male rat wou1d 
appear to result from the 10wered serum FSH and an inability of the 
testes to respond to the e1evated serum LH. This wou1d appear to be 
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in agreement with the hypothesis expressed by Ode11 et a1. (1974) 
that sexual maturation is, at least part1y, the resu1t of FSH in
duced testicu1ar sensitivity to LH. 

Reproduction in the Fema1e 

Carr et a1. (1949) studied the increase in both total and repro
ductive 1ifespan in chronic ca10rie-restricted mice. On a diet con
taining half the ca10ries of a standard mouse diet, C3H fema1es, 
which are norma11y sterile at 11-12 months of age, were still fertile 
at 21 months when returned to ad 1ibitum feeding but were unab1e to 
maintain their 1itters to weaning. Simi1ar resu1ts were recorded 
for the Astrain of mice by Ball et a1. (1947) whi1e Berg and Simms 
(1960) assessed ferti1ity between 730 and 790 days in 24 rats re
turned to ad 1ibitum feeding after restriction to 67% normal food 
intake. In this study 67% of the anima1s were fertile but the 
1itters were sma11 and the weaning quotient was low. Long-Evans 
rats in which growth had been suspended for 2 years by maintenance 
on a tryptophan-deficient diet were ab1e to reproduce at 17-33 months 
of age when growth was resumed after returning to ad 1ibitum feeding 
(Sega11 and Timiras, 1975; Sega11 et a1. 1983). In fema1e Sprague
Daw1ey rats fed a restricted diet from weaning to maintain growth 
rate at 50% that of fu11y fed contro1s, 10ngevity was increased by 
36% (Merry and Ho1ehan, 1979). Vaginal opening and first estrus 
were observed in 75% of the contro1 anima1s between the ages of 38 
and 42 days whi1e restricted feeding extended and de1ayed the age 
range for sexual maturation from 63 to as 1ate as 227 days. After 
the first estrus greater than 70% of the contro1 and experimental 
anima1s demonstrated anormal five day estrous cyc1e. In fu11y fed 
rats there was a significant increase in cyc1e 1ength with increas
ing age but no such increase in 1ength of the cyc1e was observed in 
dietary restricted rats even though normal estrous cyc1es were main
tained to a much greater age (Tab1e 1). Underfeeding resu1ted in a 
much 1ater onset of the age re1ated irregu1arities of the estrous 
cyc1e. After 200 days estrous cyc1es in fu11y fed rats became 
irregu1ar, the most common abnorma1ity being an extension of the 
period of cornification (persistent estrus or stage 1) with an in
creased frequency of recurrent pseudopregnancy (stage 2) occurring 
in the second year of 1ife (Tab1e 1). It is c1ear that the obser
vations of vaginal cyto10gy indicate a slowing down in the rate of 
reproductive ageing in the dietary restricted rat. As the irregu-
1arities in estrous cyc1icity have been attributed to changes in 
ovarian endocrine secretion and reduced capacity of the hypotha1amic
pituitary system to respond to gonada1 hormone feedback it wou1d 
appear that these factors remain undisturbed in restricted rats for 
a 10nger period (Lu, 1983). 

In the studies reported by Merry and Ho1ehan (1979); Merry, 
Ho1ehan and Phi11ips (1985), and Ho1ehan (1984) rats retained on a 
restricted diet throughout postweaning 1ife were fertile, bearing 
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Tab1e 1. Effect of diet on age-re1ated changes in vaginal cyto10gy 

Age No. Cyc1e Length 
(days) Rats ± S.E. (days) % fema1es 

Cycling Stage 1 Stage 2 Stage 3 

Fulll fed 

100 - 120 50 4.7 ± 0.1 94 4 2 0 
148 - 168 50 4.8 ± 0.1 78 18 4 0 
180 - 200 176 5.0 ± 0.1 74 25 1 0 
320 - 340 38 5.1 ± 0.2 55 32 13 0 
390 - 410 122 5.8 ± 0.2 38 46 16 0 
540 - 560 90 * 13 17 27 43 

Dietary 
restricted 

180 - 200 150 5.1 ± 0.1 76 0 0 0 
240 - 260 150 4.8 ± 0.1 69 21 10 0 
500 - 520 60 5.0 ± 0.1 67 23 10 0 
650 - 670 60 4.9 ± 0.1 65 20 15 0 
730 - 750 39 5.1 ± 0.1 61 13 18 8 

* Cycles too irregu1ar to determine 

multiple live 1itters to an age far exceeding that of the ful1y fed 
contro1 fema1es (Fig. 4). Control anima1s show a rapid dec1ine in 
fertility from 270 days and were infertile by 500 days while in the 
dietary restricted females maximum fertility was achieved by 500 days. 
Fully fed animals on repeated breeding showed a decline in litter 
size with age which was not apparent in the multiple litters recorded 
for dietary restricted rats. However, returning the restricted 
mothers to fu1l feeding reinitiated the age-re1ated decline in litter 
size in subsequent pregnancies whi1e cessation of breeding occurred 
at an ear1ier age in dietary restricted rats returned to fu1l feeding. 

A comparison of the serum hormone profiles for LH, FSH, proges
terone and estradiol-17ß from weaning to puberty was made in fu11y 
fed and dietary restricted rats (Holehan, 1984). No significant 
effect of diet on prepubertal serum LH levels was observed, however 
in agreement with the findings of Merry and Ho1ehan (1981) for the 
male dietary restricted rat FSH levels were significantly decreased. 
Underfeeding resulted in a 2-3 fo1d elevation of circulating 
estradiol-17ß and a decrease in serum pro~esterone. Due to the 
presence of an estrogen binding protein (a-~etoprotein) not all 



124 B. J. MERRY AND A. M. HOLEHAN 

Fully Fed Dletary R •• trlcted 
175 Days 

% 

r= 

:l59DaYS 
6 f~O 4 • 

2 50 

o 

250Days 

% % 

F ~: 
12]456 

]25 Days 400 Days 

% % 

r= f: 
12]45678 12] 12]4 

Litter number 

Fig. 4. Breeding performance in contro1 and dietary restricted 
female rats. 

circulating estradiol-17ß is biologically active. The biological 
activity of estradiol-17ß increases prior to puberty as that frac
tion bound by a-fetoprotein falls and it has been suggested by 
Andrews and Ojeda (1977) that this probab1y accounts for the decrease 
in serum FSH at this time as a resu1t of the feedback action on the 
hypothalamus. It is unc1ear at present whether the decreased circu-
1ating levels of FSH resu1t from a negative feedback induced by the 
e1evated estradiol-17ß or a direct resu1t of underfeeding on gonado
trophin release. 

Recent work from this Institute (Ho1ehan and Ocana Gi1, 1985) 
has investigated the ability of the prepuberta1 ovary from the 
dietary restricted rat to respond to hormonal regimes designed to 
induce superovulation and e1evated progesterone in fu11y fed anima1s. 
This study was designed to reso1ve whether the lowered serum proges
terone recorded in prepuberta1 dietary restricted rats was the resu1t 
of underfeeding 1imiting precursor avai1abi1ity or whether there was 
a lack of pituitary hormone stimulation. Circu1ating progesterone 
was e1evated in dietary restricted anima1s in response to PMSG/HCG 
(pregnant mare serum gonadotrop in/human choriogonadotropin) priming 
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at all ag es tested, and from 25-35 days, where a comparison could be 
made with the prepubertal fully fed animals, there was no significant 
difference between dietary groups. When the elevation in serum 
progesterone is expressed as a percentage increase over basal levels, 
maximum response occurred at 28 days in fully fed animals and 35 days 
in underfed females (Fig. 5) after which age there was a significant 
decline in the superovulatory response of dietary restricted rats. 
In contrast to the observations on serum progesterone there were 
significantly fewer ova recovered from the fallopian tubes in super
ovulated dietary restricted rats compared to their fully fed counter
parts. 

In a study to investigate hormonal profiles of the estrous 
cycle, restricted animals were chosen at an age when more than 95% 
bad reached puberty. At this age (180-200 days) 74-78% of rats in 
both groups were demonstrating normal estrous cycles of a regular 
duration, as assessed by vaginal cytology, but in the fully fed group 
17-25% of females demonstrated constant estrus vaginal smears and 
1-5% recurrent pseudopregnancy. The hormonal profile for LH, FSH, 
progesterone and estradiol-17ß was assessed across the five day 
cycle at 3 hourly intervals. Significantly higher levels of serum 
FSH were observed in dietary restricted rats associated with an 
early release of the preovulatory peak of LH which occurred approx
imately 6i hours earlier on the afternoon of proestrus (Fig. 6). 
The overall profile of estradiol-17ß across the estrous cycle was 
similar to that observed in fully fed animals (Fig. 6) but the total 
amount of the hormone released in dietary restricted females was only 
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46% of that observed in the control animals with the rise in estra
diol-17ß occurring 6 hours later in the cycle. 

A study was initiated to investigate the altered steroidogenic 
pathways in the ovary which resulted in the decreased circulating 
progesterone and estradiol-17ß seen in the dietary restricted rats. 
Individual follicles were removed from mature cycling control and 
underfed females and were incubated in 0.5ml medium 199 for 4 hours 
at 37°C under an atmosphere of 95% 02 / 5% C02 to measure release of 
estradiol-17ß and progesterone. Follicles were also incubated with 
50ng/ml testosterone or 20~g/ml ovine LH according to the method of 
Uilenbroek et al. (1981) to enhance steroid synthesis. In ovarian 
follicles from both dietary restricted and fully fed rats incubation 
with testosterone significantly increased the release of estradiol
l7ß throughout all stages of the cycle. Maximum sensitivity to en
hanced estradiol-17ß release was observed in fully fed and dietary 
restricted rats during proestrus. While no significant difference 
was observed in individual follicular response from dietary groups 
to enhanced estradiol-17ß release in response to testosterone stim
ulation asignificantly greater release of estradiol-17ß was observed 
in response to LH from follicles of underfed rats. No significant 
difference was observed between fully fed and dietary restricted 
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rats in the response of proestrus follicles to release elevated 
amounts of progesterone in response to LH. It is unclear as to why 
follicles from dietary restricted animals at proestrus should show 
greater sensitivity to LH in terms of estradiol-17ß release. 

Parathyroid Hormone 

Maintaining rats on 60% of the average food intake of fully fed 
animals, which increased mean lifespan from 701 to 1057 days, was 
associated with delayed skeletal maturation as indicated by the 
longer time taken to reach plateau levels for bone length, weight, 
density and calcium content (Kalu et al., 1984). The food restriction 
completely prevented the senile bone loss that occurred in ad libitum 
fed rats. The marked terminal increase in immunoreactive serum PTH 
was completely suppressed by food restriction indicating that the 
bone loss experienced by the ad libitum fed rats at advanced age was 
most likely due to increased bone resorbtion secondary to terminal 
hyperparathyroidism and that food restriction attenuated the increase 
in circulating PTH. Although the mechanism by which food restriction 
prevented hyperparathyroidism in aged F344 rats is unknown, Kalu et 
al. (1984) suggest an association with the depressed incidence of 
renallesions resulting from chronic underfeeding. 

Calcitonin 

A dramatic decrease in the age-associated increase in circulat
ing and thyroid calcitonin levels was reported by Kalu et al. (1983) 
for male rats restricted to 60% normal food intake levels from 6 
weeks of life. The thyroid concentration of calcitonin appeared to 
determine the basal level of circulating calcitonin, demonstrating 
a positive correlation with serum calcitonin levels. Only a weak 
correlation between serum calcium and serum calcitonin could be dem
onstrated. Whilst again the mechanism of action of food restriction 
to decrease calcitonin levels is unknown, Kalu et al.(1983) propose 
that in F344 rats the decrease in serum calcitonin i8 most likely 
related to the simultaneous decrease in the thyroidal pool of calci
tonin and that their findings are in accord with other observations 
that food restriction maintains physiological processes at more youth
ful levels. 

ACTH and Corticosterone 

Everitt (1976) and Nikitin (1979) have reported elevated serum 
ACTH and corticosterone in underfed rats, at least during the early 
stages of undernutrition. Several workers report hypertrophy of the 
adrenal cortex during caloric restriction (Chowers et al., 1969; 
Bouille and Assenmacher, 1970) with elevated plasma corticosterone 
(Boulouard, 1963) associated with a significant rise in the corti
cotropin releasing factor content of the median eminence (Chowers 
et al., 1969). Prolonged starvation may be associated with depressed 
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adrenocortica1 function (Boui11e and Assenmacher, 1970). 

Adrenocortica1 function was reinvestigated in rats maintained 
on a dietary regimen known to significant1y increase 1ifespan. 
Underfeeding reduced total adrenal size and the rapid increase in 
adrenal mass observed in the second year of 1ife in fu11y fed anima1s 
was not observed (Fig. 7). When adrenal weight is expressed per unit 
body mass (Fig. 7) a significant1y higher ratio is observed in the 
dietary restricted rat indicating that as recorded for the testis, 
growth of the adrenal was 1ess affected by underfeeding than ske1eta1 
and musc1e growth. 

Fu11y fed, dietary restricted and dietary restricted rats re
turned to fu11 feeding seven days prior to ki11ing were exposed to 
an environmental stress known to e1evate corticosterone (removal 
from the animal house to the 1aboratory environment). Plasma corti
costerone was measured in groups of anima1s ranging from 28 to 756 
days of age (Fig. 8). Seven days of restricted feeding did not sig
nificant1y impede the stress response of male rats as shown by the 
ability to e1evate circu1ating corticosterone but by 35 days (14 days 
of restricted feeding), anima1s fai1ed to respond to the stress with 
e1evated plasma corticosterone. Refeeding seven days prior to ki1-
1ing at 35 days part1y returned the ability to e1evate plasma corti
costerone. During the first year of 1ife the response of fu11y fed 
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rats to the stress increased, as shown by the rise in plasma corti
costerone, but after one year of life no effect of diet on depress
ing the stress response of corticosterone could be observed. During 
the first year of life refeeding for seven days prior to measuring 
circulating corticosterone enhanced the plasma levels of this steroid 
(Fig. 8). These observations would support the view that chronic 
undetfeeding from weaning at 21 days will initia11y inhibit the ele
vation of corticosterone in response to stress but this facility is 
gradually recovered during the first year of life. The failure to 
respond to stress in young dietary restricted rats may originate at 
the hypothalamic/pituitary level. Pituitary and circulating ACTH 
(and hypothalamic releasing factors) have not been measured in diet
ary restricted rats, however it is possible to demonstrate an ele
vation in plasma corticosterone in response to ACTH in young cons
cious free-moving animals with indwelling cannulae (Fig. 9). This 
observation would indicate that it is a failure to elevate plasma 
ACTH rat her than end-organ insensitivity induced by underfeeding 
that is the cause of the lack of response to the environment al stress. 

Thyroxine and Triiodothyronine 

1nanition or low pro tein diets have been observed to markedly 
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Fig. 9. Plasma corticosterone response to infusion of synthetic 
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male rats. 

depress pituitary-thyroid activity in adult rats. In the study of 
Campbell et al. (1977) with acutely starved adult male rats, serum 
LH and TSH were more severely depressed than other anterior pituitary 
hormones suggesting a greater sensitivity to underfeeding. Total 
caloric restriction can significantly reduce circulating levels of 
thyroxine and triiodothyronine in a matter of a few days. Less 
severe dietary restriction implemented at 21 days which is known to 
extend maximum longevity in male Sprague-Dawley rats (Merry and 
Holehan, 1981) is associated with depressed levels of circulating T4 
(Fig. 10) although individual animal response is variable. Depressed 
T4 levels are observed within the first 7 days of restricted feeding 
and as late as 457 days significantly lower circulating T4 levels are 
recorded in dietary restricted rats. Seven days of refeeding was 
sufficient to res tore T4 circulating levels to or above control 
values (Fig. 10). 

Within 3 to 4 days of restricted feeding, circulating T3 levels 
were severely depressed to approximately 40% of values in ad libitum 
fed rats. The peak of plasma T3 recorded at puberty in fully fed 
rats was still observed in the dietary restricted animals (Fig. 11) 
although a delay of 10-20 days was observed in the timing of the peak 
in agreement with the data for serum testosterone. During the first 
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year of life the circulating T3 levels continued to be depressed 
(Fig. 11). Despite the fact that under most circumstances T4 appears 
to be the principal secretory product of the thyroid gland, current 
evidence suggests that T4 derives most of its hormonal potency from 
its conversion to T3 in the peripheral tissues. Thyroxine does exert 
thyroid hormone effects independent of its conversion to T3, but the 
intrinsic hormonal effects of T4 probably contribute only a small 
proportion (10-15%) of the overall thyroidal status of the target 
tissues (Oppenheimer and Dillman, 1978). It would therefore appear 
that a chronic dietary restriction regimen effective in prolonging 
lifespan·has a greater effect on the peripheral conversion of T4 to 
T3 than at the central neuroendocrine level to moderate the release 
of TSH and T4. 

Growth Hormone 

Everitt and Porter (1976) have commented that the effects of 
food restriction on GH secretion in the rat depend on the duration 
of restriction. Starvation for 2 to 5 days in the rat elevates 
circulating GH levels which is similar to the human response to fast
ing (Pimstone et al., 1968), but chronic undernutrition continued 
for 7 days or longer results in adepression of both pituitary and 
plasma GH levels (Sorrentino et al., 1971). In the rat, growth hor
mone is characterised by an endogenous ultradian rhythm with major 
episodes of GH secretion occurring at approximately 3.3 hr. inter
vals throughout a 24 hr. period with GH concentrations reaching 400-
800 ng/ml during a secretory burst and a fall to undetectable levels 
«1 ng/ml) during the nadir (Tannenbaum et al., 1978). 

Central nervous system control of growth hormone secretion is 
achieved by the interaction of hypotha1amic growth hormone re1easing 
factor, GRF and a GH release inhibiting factor, somatostatin. In 
response to prolonged food deprivation Tannenbaum et al. (1977) re
ported a marked suppression in the growth hormone secretory episodes 
which they subsequent1y attributed to somatostatin inhibition of 
growth hormone release. Growth hormone levels were re-examined in 
the dietary restricted rat model described ear1ier (Merry and Ho1e
han, 1981). Free-moving conscious rats with indwe11ing atria1 can
nu1ae were monitored every 20 minutes for immunoreactive rGH (Fig. 
12). Considerable individual anima1 variation was evident in both 
fu11y fed and dietary restricted rats of 120-148 days of age in both 
the timing of rGH peaks and the absolute frequency of their release. 
Pre1iminary data wou1d suggest that the frequency of release of rGH 
is unaffected at 120-148 days by chronic underfeeding but a restric
tion in peak duration is apparent. Further studies are required over 
a wide age range to verify this point. The individual u1tradian 
rhythms of GH release in rats ca11s into quest ion conc1usions drawn 
from single estimations of growth hormone, the va1ues of which are 
then presented as a mean with a variance estimate. 
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Fig. 12. Plasma GH in free-moving conscious rats with indwe11ing 
at rial cannu1ae. 

Hr&za and Fabry (1957) adapted rats to 6 weeks intermittent 
feeding to reduce growth rate. It was possib1e to prolong the 
period of growth subsequent to refeeding by the administration of 
growth hormone and without exogenous growth hormone realimented rats 
failed to achieve the maximum body weight observed in control animals. 
This failure to recover to full weight after only 6 weeks underfeeding 
is in contrast to the findings reported from other studies on the 
effect of refeeding (Stuch1ikova et a1., 1975). 

Decreased circulating levels of GH have been shown not to be 
primarily the cause of restricted growth in underfed rats. The 
growth rate of 140 day old fully fed and dietary restricted male rats 
was monitored over a three week period in animals injected with 500~g 
ovine GH per day or with saline vehicle. The mean difference in 
growth rate over this period for animals receiving ovine GH compared 
to saline is shown for the two dietary groups (Fig. 13). A steady 
and enhanced gain in body mass was evident in GH injected fully fed 
rats but no such accelerated growth was observed in underfed animals 
during 18 days of GH administration. Subsequent to this time a mar
ginal increase in growth rate was seen over the saline injected ani
mals. 

It has been postulated that many of the growth promoting actions 
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Growth rates for male fully fed and dietary restricted 
(DR) rats injected with 500~g ovine GH/day compared with 
saline injected controls as baseline. 

of GH are media ted by the family of peptides known under the generic 
title of somatomedin. Several somatomedins have been identified as 
insulin-like growth factors and there appears to be a relation be
tween insulin-like growth factors and nutritional status. Tannen
baum et ale (1983) suggest that this family of peptides which are 
depressed in undernutrition playa role in the maintenance of body 
weight and nutritional homeostasis at the CNS level. 

The control of synthesis and release of pituitary growth hormone 
in underfed rats is further complicated by the synergistic induction 
of growth hormone biosynthesis by glucocorticoids and thyroid hor
mones, operating by hormonal stimulation of growth hormone mRNA 
levels in the pituitary (Rosenfeld et al., 1983). The induction of 
both mRNA and nuclear precursors suggests that glucocorticoids act 
by increasing the rate of transcription of the growth hormone gene. 

Insulin and Glucagon 

The age-related increase in serum insulin is eliminated by diet
ary restriction. However only at one year of age was serum glucose 
concentration reduced in food restricted rats in the study of Reaven 
and Reaven (1981). In an in vitro investigation of iso1ated pancreatic 
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is1ets it was shown that the ability of is1ets to respond to glucose 
by secreting insulin dec1ined with age and this 10ss of glucose re
sponsiveness was not affected by food restriction. Examination of 
is1et morpho10gy revea1ed a histo10gica1 appearance characteristic 
of a chrono10gica11y younger anima1 in the dietary restricted rats. 
One explanation for the apparent contradiction in these data was 
proposed by Reaven and Reaven (1981) who suggested that food restric
tion reduced the functiona1 demand on the is1ets and this de1ayed 
the morpho10gica1 deterioration in comparison with ad 1ibitum fed 
anima1s. 

Bertrand et a1. (1980) and Voss (1982) have investigated the 
mechanism under1ying the effect of age and food restriction on the 
1ipo1ytic response of adipocytes to glucagon. Adeny1ate cyc1ase and 
phosphodiesterase activities of ce11 fractions and the glucagon bind
ing by adipocytes between 6 and 15 weeks of age were studied in 
fu11y fed and dietary restricted rats (Voss, 1982). It was conc1uded 
that the 10ss in the glucagon promoted 1ipo1ytic response of adipo
cytes that occurs with age but is prevented by food restriction 
(Bertrand et a1., 1980) is primari1y the resu1t of a 10ss of hormone 
binding or a dissociation of this event from adeny1ate cyc1ase acti
vation. 

DiGiro1amo et a1. (1984) attempted to dissect the inf1uence of 
age versus adiposity on fat ce11 metabo1ism and responsiveness to 
insulin and epinephrine in rats subjected to variable degrees of 
chronic food restriction. Male Wistar rats were fed at 3 months of 
age either ad 1ibitum or restricted ambunts (75 or 50% ad 1ibitum) 
and were ki11ed at 3,6,12,18,24 months of age. It was observed that 
the basal glucose conversion in fat ce11s to fatty acids dec1ined 
rapid1y with age and remained 10w in both ad 1ibitum and restricted 
rats. Underfeeding reduced basal glyceride synthesis but preserved 
the relative response to insulin which slow1y declined with age, 
however chronic dietary restriction tota11y prevented the dec1ine in 
1ipo1ytic response observed with age in fu11y fed anima1s. In con
trast the age re1ated effect of insulin on fat ce11s was not affected 
by nutritiona1 status. 

CONCLUSIONS 

The comp1ex events required for deve10pment and for the main
tenance of homeostasis in mamma1s require an intricate contro1 of 
specific gene expression. This function is 1arge1y subserved by the 
neuroendocrine system and it has been proposed by Sega11 (1979) that 
the process of senescence, simi1ar to deve10pment, growth and matu
ration, may be under neural and endocrine contro1. Basic to this 
argument is the postulate that the neuroendocrine axis which is 
centra1 to other ontogenetic processes. also p1ays a basic ro1e in 
induction of senescent changes. 
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The maintenance of Long-Evans female rats on a diet deficient 
in tryptophan has been reported to postpone the age at which tumors 
appear and to delay the aging of some homeostatic processes (Segall, 
1979; Segall and Timiras, 1976). The use of tryptophan deficient 
diets has been shown to mimic many of the features observed in the 
caloric restriction studies. It has been found that both tryptophan 
deficient and the caloric restricted diets can alter the concentration 
of cerebral monoamines (Segall, 1979). The ability of certain neu
rons to synthesise and release neurotransmitters is dependent on the 
concentration of serum amines and on the composition of the diet. 
It has been reported by Fernstrom (1977) that brain serotonin is 
subject not only to the concentration of unbound tryptophan in serum, 
but also to the concentration of several other large neutral amino 
acids that share the same transport system at the blood-brain barrieL 
Similarly the synthesis of acetylcholine is accelerated by increasing 
the level in the brain of its precursor choline and the synthesis 
and release of dopamine and norepinephrine are also influenced by 
the levels of their dietary precursor, the amino acid tyrosine. 

Everitt (1976), Segall (1979) and Moment (1982) have suggested 
that restricted feeding may operate through a dietary hypophysectomy 
whereby the pituitary gland remains dormant for long periods of time. 
The interpretation of the data presented above as indicative of a 
hypophysectomised state is in the authors' view too simplistic. 
The concept that decrements in nervous and endocrine function are 
implicated in the aging process has led to the development of several 
neuroendocrine theories of aging (for review see Timiras, 1983). 
The operative effect of dietary restriction may weIl be a complex 
central neuroendocrine response media ted by monoamine neuro
transmitters in the hypothalamus but it is still unclear how centra1 
are the endocrine changes reported to the effect on longevity. 
Chronic underfeeding significantly reduces pro tein and nucleic acid 
synthesis and it is still to be resolved whether such tissue re
sponses are dependent on the hormonal status of the dietary restrict
ed rat. 
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AGE DEPENDENT CHANGES IN MITOCHONDRIA 

J.E. Fleming, J. ~iquel and K.G. Bensch 

Linus Pauling Institute of Science and Medicine 
Palo Alto, CA 94306 

Recent work from our laboratory has provided evidence which 
suggests that mitochondrial disorganization may be an important 
aspect of age relaten changes of fixed postmitotic cells such as 
those found in the adult insect Drosophila melanogaster (Miguel 
et al., 1979; Fleming et al., 1982). For example, increased 
mitochondrial respiration in insects exposed to moderately high 
temperature results in both higher rates of lipopigment 
accumulation and life shortening (Miquel et al., 1976). Moreover, 
adult Drosophila showing lower respiration rates because of ex
posure to the mitochondrial DNA-intercalating dye ethidium bromide 
in their diet during development live longer than controls raised 
on normal medium (Fleming et al., 1981). Also, there is an inverse 
correlation between oxygen consumption and life s~an in flies 
treated with high levels of dietary antioxidants tMiquel et al., 
1982). More recently, we have confirmed this inverse relationship 
for several strains of Drosophila raised under identical con
ditions (Miquel et al., 1983). Collectively, the above results 
which are shown in Fig. 1 provide strong support for the concept 
that respiration rate is a critical determinant of the lifespan in 
this organism. It is remarkable that a statistically significant 
correlation exists for experiments performed at different times 
with flies raised under various conditions. 

We have previously suggested that the mitochondria of post
mitotic cells, both from insects and mammals, may be the "Achilles 
heel" of the aging cell because of damage induced by free radicals 
originating in the organelles as a byproduct of the reduction of 
oxygen during respiration (Miquel et al., 1980; Fleming et al., 
1982). The logic behind this concept stems from the above 
observations relating respiration rate with lifespan and the fact 
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Fig. 1. Relationship between oxygen consumption and mean 
lifespan in populations of Drosophila melanogaster (Ore 
R strain). Data have been combined from references 
(Miquel et al., 1976; Fleming et al., 1981; Miquel et 
al., 1982; Miquel et al., 1983). 

that most of the oxygen consumed b.1 an aerobic eukaryotic cell is 
reduced in the mitochondrial electron transport chain (Miquel et 
al., 1980; Harman, 1972). Furthermore, damaging free radials have 
been demonstrated to arise as metabolites of 02 during this 
process (Nohl and Hegner, 1978). In view of this, it is tempting 
to implicate the mitochondria as the primary target of free 
radical-mediated damage in aging cells (Harman, 1972). Fig. 2 
provides a schematic view illustrating the central role of 
mitochondria in the metabolism of a typical eukaryotic cello 
Unrepaired damage to mitochondria could be expected to jeopardize 
cell survival b.1 lowering the available pool of ATP necessary for 
energy-dependent reactions. 

Support for the involvement of mitochondria in senescence 
starts with the finding that normal aging is accompanied by 
mitochondrial alteration and loss, and by lipid peroxidation of 
mitochondrial membranes (Miquel et al., 1978; Miquel et al., 
1979). Several studies have shown that aging in insects results in 
a decrease in the number of flight museIe mitochondria and in an 
enlargement of the senescent organelles (Miquel et al., 1980). 
Moreover, morphometric techniques have shown that significant 
changes occur in the size and structure of mitochondria from aging 
Drosophila (Anton-Erxleban et al., 1983). This observation is also 
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Fig. 2. Schematic diagram illustrating the central role played 
by the mitochondria in cellular metabolism. ATP, 
adenosine triphosphate; ADP, adenosine diphosphate; P, 
inorganic phosphate. Redrawn from Lehninger (1965). 
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supported by the work of Turturro and Shafiq (1979) who have 
investigated, the effects of aging on house fly flight museIe using 
quantitative electron microscopy. Their analysis showed a loss of 
about 50% of the stacked arrays of mitochondrial cristae and a 
disruption of cristal packing with expansion of the intracristal 
space. We have also observed similar structural changes in the 
flight museIe mitochondria from old fruit flies (Mique1 et a1., 
1980; F1eming et a1., 1981),(see Fig. 3). 

The accumu1ation of age pigment (lipofuscin) has been 
observed in the oenocytes, digestive apparatus and brain of aging 
Drosoph Hia (He man et a1., 1971; Mique1, 1971; Miquel et al., 
1972). Similar increases in age pigment have also been noted in 
house flies (Soha1, 1970). The ro1e of age pigment is of 
particular interest since several reports link the origin of this 
f1uorescent compound to a process 'of mi tochondria1 degeneration 
both in insects and mammals (Mique1 et a1., 1980; Mique1 et a1., 
1978; Mique1 et a1., 1979; Anton--Erxleban et al., 1983; Glees et 
a1., 1974). Moreover, the rate of increase in lipofuscin is re
duced in aging flies fed dietary antioxidants (unpub1ished 
observations) • 

That aging results in a loss of mitochondria is also 
supported by biochemical studies showing a decrease in the total 
amount of mitochondria1 DNA present in whole lysates of old fruit 
flies (Massie et al., 1975) and livers of senecent rats (Stocco 



146 J . E. FLEMING ET AL. 

Fig. 3. High magnification of the flight muscle of an 84 day 
old fruit fly reared at 21 oe. Arrows show the slight 
disruption in the packing of the cristae. (From Miquel 
et al, 1980) 

and Hutson, 1978). Further, numerous studies have revealed an 
age-related decline in the activity of key enzymes involved with 
respiration and energy production in insect flight muscle, 
(Rockstein and Miquel, 1973; Baker, 1976; Sohal, 1976; Stoffolano, 
1976). 

It is interesting that we have found that certain 
mitochondrial enzymes such as NADH cytochrome c reductase do not 
show significant differences with age when measured per mg 
mitochondrial (mt) protein. However, when assayed on aper fly 
basis, significant differences become apparent. On the other 
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hand, some enzymes, e.g. cytochrome oxidase, actually decrease 
per mi tochondria wi th age (Fig 4). Apparen tly, such data indicate 
that mitochondria from old cells work as weIl as those from young 
cells in some respects and that decreases in many enzymes merely 
reflect the numerical loss of mitochondria as a function of age. 
Our recent data on protein synthesis in mitochondria isolated from 
old flies suggests that they are deficient in this capacity, a 
finding which correlates with the loss of efficiency of old 
mitochondria in synthesizing ATP (Vann and Webster, 1977). This 
observation has been supported by data from several studies in 
both mammals and insects (Baily and Webster, 1984; Marcus et al., 
1982; Marcus et al., 1982). 

Overall, these results imply that mitochondria from aged 
cells sustain signficant disruption in only a few key functions 
and that much of their activity is preserved. In view of this, we 
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Fig. 4. Cytochrome oxidase activity of isolated mitochondria 
from two age groups of adult Drosophila melanogaster 
raised at 24°C. Young and senescent flies were 7 days 
old and 45 days old respectively. Mitochondria were 
isolated on a linear metrizamide gradient. 
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have addressed the question of differential ehanges in aged 
mitoehondria by quantitative two-dimensiona1 ga1 e1ectrophoresis. 
This approach was designed to provide information on age-dependent 
ehanges in individual proteins. 

Previ ously , aging studies invo1ving mt-proteins have either 
utilized assays of speeifie enzymes or have emp10yed radioaetive 
tracer teehniques to study synthesis or turnover of mt-polypep
tides (Mareus et al., 1982; Mareus et al., 1982; Menzies and Gold, 
1911). Unfortunate1y, enzyme assays eannot determine whether 
altered aetivity is the result of damaged moleeules, fewer 
molecules, or ehanges in the amount of "inhibitors" present in old 
tissue. Also, synthesis and turnover studies do not provide 
information relating to changes in individual proteins. 
Furthermore, isolation procedures usually result in the loss of 
more fragile mitoehondria in old preparations. 

In view of these methodologieallimitations, we have 
developed a novel teehnique for identifying and analyzing 
mitochondrial proteins of whole cells on two-dimensional gels 
without the need of isolating the organelle (Fleming et al., 
1984). This method reduees the chance that 10ss of damaged 
mitochondria from senescent cells in the isolation process will 
distort the final results. Furthermore, we can quantify the 
individual mitochondrial proteins by computer-assisted 
microdensitomet~ of the gel pattern, thus obtaining data on the 
turnover of individual polypeptides. 

Another problem with many aging studies is that the examined 
system contained both dividing and non-dividing cells or cells 
grown in cu1ture. The observation that true senescence may on1y 
proceed in differentiated, fixed post-mitotic ce11s probably makes 
the tissue culture model inappropriate for aging research (Miquel 
et al., 1919; Bozeuck, 1912). We therefore employed Drosophila 
melanogaster for this particular analysis because the adult insect 
is comprised entirely of nondividing somatic cells (Bozcuck, 
1912). It ean be assumed that seneseence at the molecular level in 
Drosophila closely resembles that in mammalian post-mitotic cells 
such as neurons or eardiae museIe cells. Essentially, our 
analysis of age-related changes in Drosophila mitochondrial 
proteins by quantitative two-dimensional eleetrophoresis yielded 
three interesting findings (Fig. 5). First, we found no 
qualitative changes in mt-proteins between young and old flies (no 
differences in isoelectric point or moleeular weight). Seeond, 
the total amount of label incorporated into mitoehondria from 
senescent flies was only 65% of that occuring in young organisms. 
Finally, we found that two proteins were upregulated in the old 
flies relative to the young flies. 

The autoradiograms reveal that no changes in moleeular weight 
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Fig. 5. Representative two-dimensional autoradiograms of whole 
cell proteins from adult male Drosophila melanogaster 
(Ore R strain) raised at 25°C. A, 6-day old and B, 
38-day old adult at beginning of labeling period. The 
mean lifespan for this population was 32.5 days. 
Circles indicate the positions of the mitochondrial 
proteins (Fleming et al., 1984). Spots # 29 and # 37 are 
the two proteins which are upregulated in the old group. 
Proteins designated # 2 and # 14 contained the least 
radioactivity in the old group. C, cytochrome oxidase; 
S, superoxide dismutase; M, protein synthesized by the 
mitochondria1 genome (F1eming et al., 1984). Flies were 
labeled continuously for 6 days with 35S-me thionine 
(New England Nuc1ear NEG 009H, 1057 Ci!nmole) and 
homogenized according to Parker et al.(1975). The 
two-dimensional gel electrophoretic technique was 
performed as described by O'Farrell (1975) with the aid 
of the Anderson Iso Dalt System (Anderson and Anderson, 
1978). The iso1electric focusing dimension was carried 
out with the method employed by Stephensen et al. 
(1980). Ten gels were prepared for each group. 

or in electric charge of any singular mitochondrial protein exist 
between young and old flies (Fig. 5). This observation suggests 
that the fidelity of synthesis of mt-proteins is conserved 
throughout the cell's lifetime. Analyses utilizing isoelectric 
focusing, which is capable of distinguishing a single charge 
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change in a protein, have not revealed any alterations with age in 
any mitochondrial polypeptides (Fig 5). However, this technique 
is not capable of detecting an amino acid substitution with 
another amino acid of equal charge. 

In contrast, we did find quanti.tative changes in the gel 
patterns with respect to age. Previous studies have shown that 
the rate of protein synthesis declines wi th agein Drosophila 
melanogaster (Baily and Webster, 1984; Webster et al., 1979; 
Richardson, Birchenall and Sparks 1983; Rothstein, 1983). Our 
studies extend these observations to the turnover of mt-polypep
tides. Previously, Menzies and Gold (1971), had shown that the 
turnover rate of mt-proteins does not change with age in rats. 
However, studies using labeled compounds can only provide an 
average of all proteins involved. Thus, the question as to 
whether a decreased rate might be uniform for all polypeptides or 
whether there is a heterogeneity in this process has not been 
addressed. 

Our data indicate that individual proteins vary in the extent 
of decreased incorporation of (35S)-methionine. To test for 
quantitative differences in the label content of individual 
mt-polypeptides from young and old flies, we analyzed the same 43 
polypeptides in ten gels from both age groups. Computer-assisted 
microdensltometry was used to determine how much of each 
polypeptide was present in each gel. Ve then applied Student's 
t-test to the resulting two distributions (young vs. old) for each 
of the 43 mitochondrial polypeptides. 

These results indicate that all but two mt-polypeptides are 
significantly reduced in turnover rate in old flies (see Fig. 5). 
It is important to point out that this study cannot distinguish 
between decreased synthesis rates and increased degradation rates. 
However, the suggestion that decreased label content in the old 
group results from increased degradation rates is not likely 
because several studies suggest that both synthesis and 
degradation (turnover rates) are slowed with age (Rothstein, 
1981 ). 

Because labeling was carried out continuously for six days 
the autoradiograms generated were representative of the turnover 
of these proteins. Our data showing a decreased label content of 
most of the mt-proteins in senescent flies can therefore best be 
explained by a general decrease in the turnover of these 
polypeptides. 

The mean uptake of label into mitochondria from old organisms 
is 65% of that in young as determined by measuring total 
radioactivity in isolated preparations. However, our initial 
quantitative data suggest that this reduction may be distributed 
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heterogenously among the subset of mitochondrial polypeptides. 
Thus, one mt-protein from old insects may be reduced to 10%, 
another to 80% of the same protein in a young fly. Further work 
with a larger number of gels and several age groups will be 
required in order to confirm these observations. 
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These findings imply that the age-related changes in the 
turnover apply to certain enzymes whilst others do not change. 
Such results support the previously discussed findings which 
suggest that old mitochondria may be deficient in certain 
functions and not in others. Thus, the two polypeptides which 
show highly significant decreases (to less than 20% of their 
counterpart in young flies) may be enzymes which playa critical 
role in the demise of aged mitochondria. Fig. 5 shows the results 
of this experiment and the location of the two polypeptides which 
are dramatically decreased in senescence. The protein labeled C 
indicates the position of cytochrome oxidase as determined by 
comigration analysis. Its turnover also appears to be reduced 
significantly more than that of most of the remaining mt-proteins. 

The consequences of an age-related decrease in protein 
turnover rates have been addressed by Rothstein and coworkers 
(1983). They argue that if the total number of polypeptides 
remains constant with age, then an enzyme which has a reduced 
turnover would remain longer in the cell before it is replaced. 
Furthermore, if such an enzyme were susceptible to subtle 
alterations that would render it less efficient, e.g. 
denaturation, the functional capacity of the mitochondria would be 
reduced because of a greater proportion of "old" enzymes. This 
would explain the decrease in enzyme activity observed with 
cytochrome oxidase (Fig. 4). Also noted in Fig.5 is a polypeptide 
synthesized by the mitochondrial genome (see Fleming et al., 
1984). It is interesting that the turnover of this particular 
protein is conserved with age. In this regard, we also noted that 
superoxide dismutase shows no change in turnover in old flies. In 
addition, we found two polypeptides (# 29 & # 37) that are 
upregulated to levels greater than twice their conterparts in 
young Drosophila. Possibly, these polypeptides are upregulated in 
response to deficiences in other mt-enzymes, or through the 
decrease in the synthesis of key regulator proteins involved in 
the control of expression of # 29 and # 37. 

Previous work from our laboratory has already shown that # 29 
is most likely to be an outer membrane polypeptide (Fleming et 
al., 1984). The likelihood that this protein participates in the 
transfer of components into the mitochondria prompted us to 
determine whether old mitochondria are altered in their ability to 
transport cytoplasmically synthesized precursor proteins. Fig. 6 
shows the results of such an experiment. Basically, we have taken 
advantage of the fact that mt-protein transport, which is energy 
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Two dimensional autoradiogram of a young fly treated 
with nonactin prior to labeling with (35S) methionine. 
Circles indicate the positions of the two 
cytoplasmically synthesized mitochondrial precursors 
that are absent on similar patterns from old flies 
(insert). The two dimensional gel technique was 
performed as described in figure 5 except the 
isoelectric focusing dimension was carried out with a 
narrower pH range. 

depend ent, can effectively be blocked by various inhibitors 
(Tzagoloff, 1982). In effect inhibitors such as nonactin collapse 
the vectorial translocation of mt-precursors of cytoplasmic origin 
(Fleming et al., 1984). Thus, when a cell is radio-labeled in the 
presence of nonactin, the precursor(s) which is translated on 
cytoplasmic ribosomes appears as a "new" polypeptide on the 2D gel 
pattern since many of such precursors are orignally synthesized as 
higher MW proteins (Fleming et al., 1984; Tzagoloff, 1982; Schatz 
and Butow, 1983; Parker et al., 1981). It is quite remarkable that 
the two precursor proteins noted in Fig. 6 appear on autoradio
grams from young flies treated with nonactin, but that they do not 
appear on similar patterns from old flies. Possibly, these 
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precursors are not being synthesized or synthesized in very low 
amounts in old flies. However, this does not seem likely, since 
we have not observed the absence of any mature mitochondrial 
proteins in old organisms. A more attractive explanation for 
these missing precursore is that they are rapidly degraded by 
aspecific proteases in the cytoplasm. Such a mechanism implies 
the lack of a mitochondrially-controlled feedback mechanism that 
prevents the degradation of the precureors in old flies (Fleming 
et al., 1984). Finally, these results may reflect the increaee in 
rate of transport of these precursors. Such data are consistent 
with our finding of an increase in the turnover rate of certain 
outer membrane proteins. 

Taken as a whole, these recentlY obtained da ta suggeet that 
epecific molecular changes in mitochondria may contribute to the 
finite lifespan of fixed postmitotic cells. We euepect that there 
could be specific mitochondrial enzymes Whoee activity are 
especially critical for the maintenance of cell viability. 
Further characterization and identification of euch proteine ie 
expected to provide a better understanding of the mitochondrial 
role in senescence. 
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INTRODUCTORY REMARKS--WITH CONSIDERATION OF A T-CELL 

MODEL FOR AGING IN CELLULAR PROTEINS 

Takashi Makinodan, Timothy C. Fong, Tsutomu Inamizu, and 
Mei-Ping Chang 

Geriatrie Research, Edueation and Clinieal Center 
VA Medieal Center West Los Angeles, CA 90073, and 
Department of Medieine, UCLA, Los Angeles, CA 90024 

In 1947, Henshaw, Riley, and Stapleton first proposed that 
aging ean be eaused by alterations in DNA. Unfortunately, they were 
a deeade ahead of their time, for it was not until the early 60's 
that attempts were made to resolve the extent to whieh eellular 
pro teins are vulnerable to aging, and the genetie bases for the 
ehanges. One of the driving forees behind this surge of aetivity 
was Orgel (1963), who proposed that errors in transeription and 
translation ean bring about seneseenee through a progressive aeeu
mulation of errors in the protein-synthesizing maehinery. Although 
most investigators foeused their efforts at the transeriptional and 
translational levels, a few also eonsidered the effeets of aging at 
the post-translational level, espeeially after Robinson et ale 
(1970) observed that deamidation of asparagine and glutamine ean 
eause eonformational ehanges in proteins. Suffiee to say, the 
efforts of the 60's and 70's elearly doeumented that aging at the 
eellular protein level is eomplex and heterogenous, and therefore 
eould be polymorphie at the genetie level. 

With reeent advanees in DNA and peptide teehnologies, eoinei
ding with an inerease in finaneial support for research on aging, 
there appears to be a new surge of interest in the influenee of age 
on eellular proteins. Thus, the four model systems on aging in 
eellular proteins to be diseussed at this session are very timely. 
The first speaker, Dr. A.S. Sun of the Mt. Sinai Medieal Center of 
New York, will diseuss how an enzyme, 5'nueleotidase, eould playa 
major modulating role in the proliferation of normal eells as 
individuals age. The seeond speaker, Dr. A. Sehwartz of Temple 
University, will diseuss how dehydroepiandrosterone, an adrenal 
steroid and inhibitor of NADPH, eould modulate the rate of aging and 

157 



158 T. MAKINODAN ET AL. 

Tab1e 1. Effect of thiols (5 x 10-SM) on the production of 
1L-2 by human periphera1 1ymphocytes (1 x 106 /m1)a 

Thiols 

Rat 1L-2 (Reference) 
2-Mercaptoethano1 
a-Thiog1ycerco1 
2-Mercaptoethy1amine 
Dithiothreito1 
G1utathione (reduced) 
None 

Relative levels of 1L-2 (%) 

100 
94 
97 
71 
32 
30 
30 

aCu1tures were stimu1ated with PRA (2.5 ~g/m1) in the presence of 
the indicated thiol for 24 hr at 37°C in humidified 5% COz 
incubator. The supernatants were co11ected and assayed for 1L-2 
using an 1L-2 dependent indicator CTLL-2 ce11 1ine. The reference 
rat 1L-2 was produced in the presence of 2-mercaptoethano1. After 
Fong and.Makinodan (1985, in press). 

cancer deve10pment in various tissues. The third speaker, Dr. M. 
Rothstein of the State University of New York at Buffa10, will 
discuss the mo1ecu1ar basis of age-re1ated changes in rat enzymes 
with emphasis on changes which occur post-trans1ationa11y. The 
fourth and final speaker, Dr. J.R. Wi11iams of Johns Hopkins, will 
discuss the use of DNA-damaging agents as probes to assess how aging 
affects the temp1ate function of DNA, which can lead to alterations 
in ce11u1ar proteins. 

Before introducing the speakers, we wish to comment on the T 
ce11 model for aging of ce11u1ar proteins. The T ce11 model is 
attractive because T ce11-dependent immunologie activities are 
vulnerable to aging both in vivo and in vitro and because age
re1ated altered immunologie activitieS-o~e11s are associated 
with altered metabolie activities and morpho1ogica1 properties 
(Makinodan, 1983). Moreover, recent advances in T ce11 cu1ture and 
cloning techniques a110w us to ana1yze their metabolie and genetic 
properties (A1bertini et a1., 1982). We decided, therefore, to 
focus our effort on reso1ving the mo1ecu1ar/genetic basis for the 
inabi1ity of regu1atory T ce11s of old individua1s to produce 
adequate amounts of inter1eukin(IL)-2 (Gi11is et a1., 1981; Mi11er 
and Stutman, 1981; Thoman and Weig1e, 1981; Chang et a1., 1982a; 
Gi1man et a1., 1982; Joncourt et a1., 1982), a growth factor 
essential for antigen/mitogen stimu1ated T ce11s to expand c1ona11y 
(Morgan and Ruscetti, 1976; Gi11is and Smith, 1977). 

In one series of studies, a variety of su1fhydryl compounds 
(thiols) were screened in an attempt to understand why thiols, such 
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Fig. 1. Effect of various concentrations of 2-mercaptoethanol on 
the 1L-2 activity of the supernatant of cultures in which 
human peripheral mononuclear cells (1 x lOG/mI) were 
stimulated with PRA (2.5 ~g/ml) in the absence of a thiol. 

as 2-mercaptoethanol, potentiate the production of biologically 
active 1L-2 in vitro by mouse T cells (Chang et al., 1982) and by 
human T cellSiat low cell densities « 1 x 106 cells/ml) in the 
absence of feeder cells (Fong and Maklnodan, 1985). The results of 
one representative experiment are summarized in Table 1. 1t would 
appear that, at a concentration of 5 x 10-SM, thiols with the 
ability to rapidly penetrate cells are effective potentiators and 
that the mechanism of action may not be related to their reducing 
potentials. Of course, further studies are required to identify the 
specific intracellular target(s) of the thiols. To determine 
whether 2-mercaptoethanol is also effective at the post-secretion 
pro tein product level, supernatants of cultures (1 x 106 cells/ml) 
stimulated in the absence of 2-mercaptoethanol were treated with 
varying concentrations of 2-mercaptoethanol and assessed for 1L-2 
activity (Fong and Makinodan, 1985, in press). Fig. 1, which 
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summarizes the results of one experiment, shows that increasing 
levels of IL-2 are detected in supernatants treated with increasing 
amounts of 2-mercaptoethanol (2 x 10-7 to 2 x 10-SM). This would 
suggest that the IL-2 moleeule itself is also a target of 
2-mercaptoethanol. 

These preliminary findings are encouraging, for they indicate 
that 2-mercaptoethanol and related compounds can be used as 
effective probes to identify the specific site(s) of the IL-2 
synthesizing machinery of T cells which are vulnerable to aging. 

The focus of another series of studies has been on the influ
ence of age on DNA stability in T cells as it relates to their immu
nologie activities. We began by assessing the influence of age on 
the frequency of 6-thioguanine resistant cells (6-TGr ) in clones of T 
cells that are deficient in hypoxanthine guanosine phosphoribosyl 
transferase in mice. Our preliminary results indlcate that the 
frequency of 6-TGr T cells increases with age at a rate of 0.2 cells 
per 106 T cells per month, or about 20 cells per mouse per month 
(Inamizu and Makinodan, 1984). Interestingly, the rate of increase 

r in the frequency of 6-TG T cells with age in mice is of the same 
order of magnitude as that in humans (Vijayalaxmi and Evans, 1984) 
when the rate is normalized to mean life span units; that is, 30 
months equal one mean life span for mice and 70 years equal one mean 
life span for humans. Thus, the rate was 2 cells per 106 T cells 
per one mean li fe span in mice and 7 cells per 106 T cells per one 
mean li fe span in humans. This would suggest that the increase in 
the frequency of 6-TGr T cells with age is related to the metabolie 
rate rather than to chronological age. Studies are in progress to 
determine whether the frequency of 6-TGr T cells is related to the 
ability of T cells to produce IL-2 or proliferation in response to 
mitogenic stimulation (Inamizu and Makinodan, 1985; Chang and 
Makinodan, 1985). Finally, having received the IL-2 gene from Dr. 
Tadatsugu Taniguchi of Japan, we are now in the process of preparing 
the necessary probes, to assess the possible age-related changes in 
the IL-2 producing machinery of the regulatory T cells. 

Based on our preliminary findings and on the availability of 
appropriate genetic and chemical probes, we are cautiously 
optimistic that the T cell model will playa prominent role in 
obtaining new information on aging in cellular proteins--comparable 
to the other model systems to be discussed in this session. 
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INTRODUCTION 

The concept of using neoplastic cells as a control to study 
cellular aging has been generally accepted and become very popular 
in recent years. Using this approach to study the change of 
5'-nucleotidase during the aging of normal cells in vitro has led 
us to a number of consistent findings, including the discovery of 
an inhibitor for 5'-nucleotidase (Sun et al., 1975; Sun, et al., 
1979; Sun, et al., 1982; Sun, et al., 1983, Lee, et al., 1985). 
In this article we review our study of using neoplastic cells as a 
control to study 5'-nucleotidase and its inhibitor in cellular 
aging and the previous work of others on 5'-nucleotidase related 
to cancer and cell proliferation. The criteria for using cancer 
cells as a control to study cellular aging are defined. A 
hypothesis is proposed on the biochemical role of 5'-nucleotidase 
and its inhibitor in the control of the proliferation and aging of 
normal cells and the lack of this control in neoplastic cells. 

AGING AND CANCER 

Aging and cancer are two extremely complicated problems. 
Different types of cells and organs may age at different rates and 
even through different mechanisms. The ward cancer actually 
denotes many different diseases. Moreover, many properties of 
normal cells overlap those of cancer cells. Thus the charac
teristics of neoplastic cells that can be used as a control to 
study cellular aging must be defined specifically to avoid 
confusion. For our study of 5'-nucleotidase in cellular aging the 
characteristic used is the unlimited lifespan of the neoplastic 
cells versus the limited lifespan of normal cells in the identical 
environment. 

163 



164 A. S. SUN AND J. F. HOLLAND 

One app-arent aging phenomenon is the atrophy of various organs 
as we get old. Atrophy is due to the loss (because of death) of 
functional cells in these organs, together with an inability to 
regenerate new cells for their replacement. Many age-related 
diseases are caused by cellular death and sublethai changes in the 
remaining functional cells of these organs. Shnilar phenomena have 
also been observed when normal cells are cultured in vitro. Young 
normal cells can regenerate rapidly in vitro but their rate of 
proliferation gradually slows down and finally they lose their 
ability to proliferate (Hayflick & Moorhead, 1961). Thus cellular 
aging is defined as a gradual loss of the cell's ability to proli
ferate. Normal cells have a limited lifespan in vitro, but they 
can be transformed by exogenous viruses and chemicals from a nor
mal diploid karyotype to cancer-like heteroploid cells (Weinberg, 
1983; Pitot, 1979). In an environment identical to that when nor
mal cells have a finite lifespan these transformed cells as weIl 
as cells originating from malignant cancers can proliferate inde
finitely, and thus they are considered immortal. Although the 
environment of cells in vivo is more complicated than in vitro, 
the gradual death of normal functional cells in vivo increases 
with the age of the animal. In the identical animal, however, 
cancer cells, such as transplantable malignant tumors, can 
proliferate indefinitely. Therefore, the mechanisms that control 
the aging of normal cells in vivo and in vitro should be absent in 
irumortal neoplastic cells. 

CRITERIA FOR USING NEOPLASTIC CELLS AS A CONTROL TO STUDY CELLULAR 
AGING 

There are many different kinds of cancers. Thus cancer cells 
cannot be indiscriminately used as a control to study cellular 
aging. For example, many cancer-like transformed cells, such as 
Rous sarcoma virus-transformed chick embryo fibroblasts, have a 
finite lifespan in vitro*. Although these cells can produce Rous 
sarcoma virus and are morphologically distinguished from normal 
chick embryo fibroblasts (Ponten, 1970), they cannot be used as a 
control to study cellular aging. On the other hand, many trans
formed cells possess some of the characteristics of normal cells 
but nonetheless, have an unlimited lifespan. For example, Swiss 
albino mouse embryo fibroblasts have a predominantly diploid 
karyotype at first but, after a crisis period with very little 
cell proliferation, change to an immortal heteroploid cell line 

* RATZ-1 is the only Rous sarcoma virus-transformed cell line that 
has an unlimited lifespan in vitro (Dinowitz, 1977). These cells 
maintain the chromosomal characteristics of chick cells and 
produce Rous sarcoma virus. It is speculated that Rous sarcoma 
virus used to infect the cells might also contain Rous sarcoma
associated viruses (Dinowitz, 1984). 
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without exogenous virus infection, known as the 3T3 cell line 
(Todaro and Green, 1963). These heteroploid 3T3 cells maintain 
some characteristics of normal cells, such as contact inhibition, 
but also have an unlimited lifespan; thus they have been used as 
a control to study cellular aging (Sun, et al., 1979). 

Normal organs and tissues are drastically different from each 
other physiologically. Neoplastic cells originating from different 
tissues must therefore be compared with their normal counterpart. 
Rowever, when a biochemical parameter is evaluated as a function 
of the age of normal cells, we originally compare mother with 
daughter cells, the only difference among these cells being their 
in vitro age. When neoplastic cel1s are used as a control to 
study cellular aging, the biochemical parameter should be examined 
in the same manner. The change of a biochemical parameter as a 
function of the in vitro age of neoplastic cells could thus be 
compared with that of normal cells even though they are of 
different origins. A biochemical parameter in neoplastic cells 
that is not evaluated in the same mother-daughter cells as a 
function of in vitro age, cannot be used as a control to study 
cellular aging. 

A LARGE INCREASE IN 5'-NUCLEOTIDASE ACTIVITY WITR AGING IN VITRO 

5'-Nucleotidase is an ectoenzyme found both in plasma membranes 
(the enzyme faces extracellularly) and in the membranes (the 
enzyme faces the cytoplasm) of many subcellular organelles of nor
mal cells (Edelson and Cohn, 1976; Edwards, et al. 1982; Farquhar, 
et al., 1974; Little and Widnell, 1975; Stanley and Luzio, 1979a; 
Stanley, et al., 1979b; Stanley, et at., 1980; Trams and Lauter, 
1974; Widnell and Little, 1977; Widnell, et al., 1982). It is 
specific for hydrolyzing 5'-nucleoside monophosphates. In 1975 we 
found that 5'-nucleotidase in normal human embryonic lung fibro
blasts, WI-38, increased 10-fold from rapidly proliferating young 
stage to nonproliferating senescent stage (Sun, et a1. 1975; Tab1e 
I). If a phenomenon is closely associated with cellular aging in 
vitro, it should be present in all cell lines having a limited 
lifespan in vitro but absent in all cell lines having an unlimited 
lifespan. Thus we explored this hypothesis further using two 
additional normal cell lines and three immortal transformed cell 
lines. In another line of human embryonic lung fibroblasts, 
IMR-90 cells, and in chick embryo fibroblasts 5'-nucleotidase 
specific activity increased 6-fold and 20-fold respectively with 
increasing age of the cells in vitro (increasing accumulated 
population doubling) (Sun, et al. 1975 and 1979; Table I). In 
SV-40 virus-transformed WI-38 cells, VA-13 cells, which have an 
unlimited lifespan in vitro (Girardi, et al., 1966), 5'-nucleoti
dase did not increase with increasing in vitro age (Sun et al., 
1979; Table I). No activity was detectable in the two transformed 
immortal mouse embryo fibroblast cell lines, 3T3 and SV-3T3 cells 
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(Sun, et al., 1979; Table I). The validity of these observations 
had thus been tested with three normal and three transformed cell 
lines, including three species (human, mouse, and chick). 

A LARGE INCREASE IN 5'-NUCLEOTIDASE ACTIVITY WITR AGING IN VIVO 

Aging of normal cells in vitro has not been tested vigorously to 
show whether it truly represents aging of normal cells in vivo. 
It is generally assumed, however, that if a phenomenon is truly 
associated with cellular aging, it should be observed with aging 
of normal cells both in vitro and in vivo. In an unrelated study, 
Rodan et al. observed that 5'-nucleotidase activity increased 
5-fold from a proliferative (young) to a hypertrophying (old and 
non-proliferative) state during the maturation of chick epiphyseal 
cartilage (Rodan, et al., 1977). Goldberg and Belfield (1974) have 
also shown that 5'-nucleotidase in human ribs and shaft of femur 
increases 4-fold from children to adults. Thus the increase of 
5'-nucleotidase activity in normal cells in vivo was observed in 
two different tissues of two different species. Although we have 
not tested whether the large increase in 5'-nucleotidase specific 
activity with aging in vitro is also associated with aging in 
vivo, these data suggest that such an increase in 5'-nucleotidase 
activity may also be a characteristic of aging of normal cells in 
vivo. 

TRE INVERSE RELATION BETWEEN 5'-NUCLEOTIDASE ACTIVITY AND TRE RATE 
OF CELL PROLIFERATION, POSSIBLY ANORMAL CELLULAR FUNCTION 

Cellular aging in vitro could also be considered as a phenome
non manifested by a gradual loss of the cell's ability to prolife
rate. Therefore, our finding of a gradual but large increase in 
5'-nucleotidase activity from young to senescent normal cells 
could also be interpreted as an inverse relation between the 
5'-nucleotidase activity and proliferative ability. In a study of 
rat liver regeneration, Fritzson reported that cytoplasmic 
5'-nucleotidase activity showed cyclic variations, that were 
inversely related to the rate of cell proliferation (Fritzson, 
1967). This observation was independently confirmed by Arima et 
al. (1972). Furthermore, many reports indicate that 5'-nucleoti
dase is markedly reduced in proliferating normal and tumor cells, 
such as proliferating liver tissue (Fritzon, 1967; Arima, et al., 
1972),leukemic cells (Kramers, et al., 1976; Lopes, et al., 1973; 
Reaman, et al., 1979), rat liver and various hepatomas (Arima, et 
a1., 1972; Bukovsky and Roth, 1964; de Lamirande, et a1. , 1958; 
Fiala, et al., 1959; Fiala et al., 1962; Fritzson, 1967; Goodlad, 
et al., 1982; Rardonk and Koudstaal, 1968). Therefore, this 
inverse relation observed by us with aging of normal cells in 
vitro also occurs in various types of cells both in vitro and in 
vivo. These data also suggest that the inverse relation between 
5'-nucleotidase activity and the rate of cell proliferation could 
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be anormal biochemical function related to the regulation of cell 
proliferation. 

UNDETECTABLE s'-NUCLEOTIDASE ACTIVITY IN LEUKEMIC CELLS IN VITRO 
AND IN VIVO 

Although we have observed that the large increase in specific 
activity of s'-nucleotidase was absent in immortal cancer-like 
transformed cells, VA-13, 3T3 and SV3T3, these cells were not 
truly cancer cells (Sun, et al. 1979). Furthermore, s'-nucleoti
dase activity was not even detectable in 3T3 and SV3T3 cells (Sun, 
et al., 1979). It was of interest to know whether these obser
vations could also be found in cancer cells. Subsequently 
s'-nucleotidase activity was found also to be undetectable in four 
cell lines subcultivated from human acute lymphoblastic leukemia 
(MOLT 3, B8s, RPMI 8402, and RPMI 8422), four from human Burkitt's 
lymphoma (DAUDI, B46B, HRIK, and DND 39A), one from cells of 
blastic crisis of chronic myelocytic leukemia (NALM-1), and two 
from virus-transformed lymphoid cells from normal donors (B4ll-4 
and RPMI 1788). These data are shown in Table I. All these cell 
lines have been subcultivated continuously for more than five 
years in our laboratory. Since no decline in their rate of proli
feration has been observed they are considered permanent cell 
lines having an infinite lifespan in vitro (Ohnuma, et al., 1977; 
Sun, et al., 1983; Lee, et al., 1985). Our findings are consis
tent with the finding of Lopez et al. (1973), Kramers et al. 
(1976), and Reaman et al. (1979), who reported that s'-nucleoti
dase act1v1ty in lymphocytes freshly isolated from leukemic 
patients was undetectable or much lower than that from normal 
donors. s'-Nucleotidase activity was undetectable in two other 
permanent cell lines, L929 and Chinese hamster embryo fibroblasts 
(Trams and Lauter, 1974; Peterson and Biedler, 1978). Thus our 
observation of the undetectable s'-nucleotidase activity in 
rapidly proliferating neoplastic cells has been independently 
found by others (Kramers, et al., 1976; Lopes, et al., 1973; 
Peterson and Biedler, 1978; Reaman, et al., 1979; Trams and 
Lauter, 1974). 

A NEWLY IDENTIFIED PROTEIN MOLECULE IN HUMAN LEUKEMIC CELLS THAT 
INHIBITS s'-NUCLEOTIDASE 

The undetectability of s'-nucleotidase in leukemic cells could 
be due to the absence of the enzyme, the presence of an inhibitor 
that prevents s'-nucleotidase from working, or the rate of 
anabolism of s'-nucleoside monophosphates exceeding the rate of 
catabolism by s'-nucleotidase. These possibilities can be distin
guished by mixing the homogenate of normal cells, which contains 
s'-nucleotidase activity, with that of neoplastic cells, which has 
no detectable s'-nucleotidase .activity. If the s'-nucleotidase 
activity in the homogenate of normal cells is undetectable in this 
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Table 1 5'-Nucleotidase Activity During Cellular Aging in vitro 
and the Undetectable Activity in Human Leukemic Ce1ls* 

Ce 11 
Strain 

CEF 

WI-38 

IMR-90 

VA-13 

3T3 

SV3T3 

RPMI 
8422 

RPMI 
8402 

Molt 3 

B85 

NALM-l 

DND39A 

B46M 

DAUDI 

HRIK 

B411-4 

RPMI 
1788 

Life-
sJ2an(P) 

28 + 5 

50 + 10 

50 + 10 

Unlimited 

Unlimited 

Unlimited 

Unlimited 

Unlimited 

Unlimited 

Unlimited 

Unlimited 

Unlimited 

Unlimited 

Unlimited 

Unlimited 

Unlimited 

Unlimited 

5'-Nucleotidase Activity 
(nmoies per min per mg protein) 
PI P20 P30 P60 P280 

Above 
P350 

1.5-2.0 30-35 (senescent) 

a50-100 a450-550 (senescent) 

b100-200 b900- 1 ,000 (senescent) 

a90-200 a90-200 

Undetectable 

Undetectable 

Undetectable 

Undetectable 

Undetectable 

Undetectable 

Undetectable 

Undetectable 

Undetectable 

Undetectable 

Undetectable 

Undetectable 

Undetectable 

*The data are summarized from Sun et al. (1975, 1979, and 1982). 
Lifespan(P): accumulated population doubling. a) measured with 
Tris-HCl, 50 mM at pH 7.4. b) measured with Tris-Maleate, 50 mM 
at pH 8.5. 
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Fig. 1. Inhibition of 5'-nuc1eotidase activity by the homogenate 
of RPMI 8402 ce11s 

The contro1 contains IMR-90 ce11 homogenate, 0.032 mg 
protein/m1 having a 5'-nuc1eotidase specific activity of 
106.2 + 3.5/nmo1es/min/mg protein. Except for the 
controIs, all samp1es contained RPMI 8402 ce11 homogenate 
(0.13 mg protein/m1) in various vo1umes, as indicated on 
the abscissa. The 5'-nuc1eotidase activity of the contro1 
and of the samp1es containing the admixed homogenates was 
defined as 5NT(IMR-90) and 5NT(IMR-90 + RPMI 8402) 
respective1y. The percent inhibition shown on the 
ordinate was defined as: 

[1 - 5NT(IMR-90 + RPMI 8402) : 5NT(IMR-90)] x 100% 

mixed homogenate, the 1atter two exp1anations become possib1e. 

As shown in Figure 1, 5'-nuc1eotidase activity in the homoge
nate of IMR-90 ce11s is inhibited by increasing the amounts of 
human 1eukemic RPMI 8402 ce11 homogenate in the samp1e; more than 
90% of the 5'-nuc1eotidase activity can be inhibited. One unit 
of inhibition is defined as the 50% inhibition of 5'-nuc1eotidase 
activity under the same experimental conditions. The specific 
inhibiting activity is defined as units of inhibition per mg of 
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leukemic protein. Further studies showed that homogenates of 
various leukemic cell lines and of fresh leukemic cells all 
inhibited 5'-nucleotidase activity (Table 2). Approximately-97% 
of the inhibiting activity was found in the supernatant fraction 
of RPMI 8402 cells (Table 3). The inhibiting activity increased 
slightly after the supernatant was heated at 56°C for 30 min or 
treated with RNase and DNase (Table 4). However, it was inacti
vated after digestion by papain or heating at 100°C (Table 4). 
These data suggest that the inhibiting activity could be due to a 
protein in the leukemic cells. This protein could be a non
specific protease that could inactivate 5'-nucleotidase and other 
enzymes as weIl. However, the heated (56°C) supernatant fraction 
(containing the inhibitor) of RPMI 8402 cells did not inactivate 
alkaline, neutral, and acid phosphatases, cytochrome c oxidase, 
and N-acetyl-p-glucosaminidase in IMR-90 cell homogenate (Table 5 
and 6). Neither did prolonged preincubation increase the percent 
of inhibition of 5'-nucleotidase by the heated supernatant (Table 

Table 2 Inhibition of 5'-Nucleotidase Activity in the Homogenate 
of Normal Cells by the Homogenate of Leukemic Cells 

Source of Inhibitory Extract 
Cell Line ~O.r~iag=in=-____________ __ 

RPMI 8402 
MOLT 3 
RFMI 8422 
NALM-1 

DAUDI 
HRIK 
DND-39 
Lymphocytes 

Lymphoblastic leukemia 
Lymphoblastic leukemia 
Lymphoblastic leukemia 
Blastic phase of chronic 
myelocytic leukemia 
Burkitt lymphoma 
Burkitt lymphoma 
Burkitt lymphoma 
Sezary circulating 
T-cell lymphoma 

Specific Inhibiting 
Activity (Units/mg) 

664.0 + 33.1 
720.0 :; 35.6 
11.5:; 1.0 

36.1 + 3.9 
16.4:; 1.3 
53.8:; 2.1 
24.0:; 0.7 

53.1 + 5.7 

Table 3 Distribution of Inhibiting Activity for 5'-Nucleotidase 
in Subcellular Fractions of RPMI 8402 Cells 

Subcellular 
Fraction 
Homogenate 
Nuclear 
Plasma Membranes 
Microsomal 
Supernatant 

specific Inhibiting Activity 
(Units/mg protein) 

858.3 + 44.3 
148.8:; 12.6 
135.3:; 11.8 
110.8:; 10.7 

2,573.8 :!: 256.0 

Recovery 
(Percent) 
100.0 

0.45 + 0.58 
1.14 :; 0.06 
1.55 :; 0.45 

96.63 :; 1.54 
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Table 4 

Treatment 

Heat at 56°C 
Heat at 100°C 
RNase A 

DNase II 

Papain 

Treatment of Supernatant Fraction of RPMI 8402 With 
Various Conditions 

Time of 
treatment 
(hours) 

0.5 
0.5 
5 

17 
5 

17 
1 
4 

Specific Inhibiting Activity 
(Units/mg protein) 
Control Treated 

458.9 + 31.3 
387.8 -:; 9.0 
364.1 -:; 32.3 
461.6 -:; 26.6 
366.3 -:; 17.7 
295.1 -:; 15.6 
248.0 -:; 5.0 
277.7 -:; 3.1 

563.2 + 69.5 
o 

487.6 + 38.9 
507.5 + 24.1 
652.6 -:; 67.6 
438.3 -:; 51.0 

37.1 -:; 0.9 
29.5 -:; 2.7 

Table 5 Effect of Supernatant of RPMI 8402 Cells on Alkaline 
Phosphatase Activity 

Rate of Reaction (nmoles/minute) Ratio 
IMR-90 Cell Supernatant Admixture 
Homogenate of RPMI 8402 (C) 

(A) (B) (C) (A)+(B) 

0.101 + 0.007 0.026 + 0.003 o . 128 + 0.008 1.008 
same as above 0.051 -:; 0.003 0.148 -:; 0.002 0.974 
same as above 0.102 -:; 0.001 0.183 -:; 0.001 0.902 
same as above 0.271 -:; 0.014 0.345 -:; 0.015 0.928 
same as above 0.545 -:; 0.013 0.624 "+ 0.009 0.966 
same as above 1.161 -:; 0.007 1.182 -:; 0.001 0.936 

Average: 0.952 
+ 0.038 

The sample containing IMR-90 cell homogenate alone (0.036 mg 
protein per sampie) had a rate of reaction of 0.101 + 0.007 nmoles 
per min (Column A). Values in column (B) are rate of reaction of 
sample containing only supernatant of RPMI 8402 cells at 5.5, 11, 
22, 55, 110, and 220 mg of protein per sampie respectively. 
Values in column (C) are the rate of the reaction of the ·samples 
containing the admixture of the IMR-90 cell homogenate and super
natant of RPMI 8402 cells of the same protein concentrations. 
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Table 6 Effect of Heated Supernatant of RPMI 8402 Cells on 
Activities of Various Enzymes 

Enzyme 

5'-Nucleotidase 
Alkaline 
Phosphatase 
Acid 
Phosphatase 
Neutral 
Phosphatase 
N-Acetyl-ß
glucosaminidase 
Cytochrome C 
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1.037 + 0.005 0.967 + 0.037 0.985 + 0.028 

0.998 + 0.010 0.973 + 0.034 0.994 + 0.048 

1. 061 + 0.025 1.033 + 0.01l 1.123 + 0.014 

1.056 + 0.017 1.022 + 0.022 1.040 + 0.030 

1.047 + 0.042 1.076 + 0.016 1.100 + 0.141 
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Fig 2. Determination of Molecular Weight of the Inhibitor for 
5'-Nucleotidase with Sephadex G-I00 Chromatography 
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6). Using a Sephadex G-100 gel filtration and sedimentation cen
trifugation in a sucrose gradient, the molecular weight of this 
inhibitor of 5'-nucleotidase was found to be 35,000 as campared 
with other proteins of known molecular weight (Fig 2). 

5'-NUCLEOTIDASE INHIBITOR IN NON-HEMATOPOIETIC MOUSE EHRLICH 
ASCITES CARCINOMA CELLS 

The inhibiting activity for 5'-nucleotidase was found in all 
the human leukemic cells tested (Table 2) and the inhibitor for 
5'-nucleotidase was identified in one of these leukemic cell 
lines, RPMI 8402 cells (Sun, et al., 1983). Whether the inhibitor 
was specifically associated with hematopoietic neoplasms or could 
also be found in other types of cancers was of major interest. 
Therefore, a different type of neoplastic cell fram a different 
species was studied, namely, mouse Ehrlich ascites carcinama 
cells. Subsequently an inhibitor for 5'-nucleotidase was 
identified in this non-hematopoietic cell line (Lee, et al., 
1985). Similiar to the findings for human 5'-nucleotidase inhibi
tor, 95% of the mouse inhibitor was in the supernatant fraction 
with a molecular weight of 35,000. The inhibitor was also rela
tively heat-stable (56°C for 30 min) , insensitive to digestion by 
RNase and DNase, but destroyed by heating at 90°C and digestion by 
proteinase K. It was also found that the mouse inhibitor could 
inhibit human 5'-nucleotidase and that it was not a nonspecific 
protease. 

In a study of a 6-mercaptopurine resistant subline of Ehrlich 
ascites carcinoma cells, Paterson and Hori found that the activity 
of 5'-nucleotidase of the admixture of nuclear, mitochondrial, and 
supernatant fractions was only 50% of the sum of the 5'-nucleoti
dase activities of the fractions measured separately (Paterson and 
Hori, 1962). Similarly the 5'-nucleotidase activity of the admix
ture of mitochondrial and supernatant fractions as well as of the 
nuclear and supernatant fractions was much lower than the sum of 
their individual activities. However, when the nuclear and mito
chondrial fractions were mixed, the 5'-nucleotidase activity of 
the admixture was equivalent to the sum of the activities of these 
fractions. Therefore, these authors suggested that an inhibitor 
for 5'-nucleotidase could be present in the supernatant fraction 
of these cells. They measured 5'-nucleotidase activity by esti
mating the inorganic phosphate hydrolyzed fram 5'-AMP. However, 
in our study (Lee, et al., 1985) 5'-nucleotidase activity was 
measured by estimating the (3H)-labelled adenosine released fram 
the substrate. Although the inhibitor was not extensively iden-
tified in the study of Paters on and Hori, the presence of an 
inhibitor for 5'-nucleotidase in the supernatant fraction of 
Ehrlich ascites carcinama cells was independently established by 
their work and by ours. 
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PRESENCE OF BOTH 5'-NUCLEOTIDASE AND ITS INHIBITOR IN THE SAME 
NEOPLASTIC CELLS: A MODIFICATION OF THE PREVIOUS CONCEPT ON THE 
CATABOLISM OF THE INTRACELLULAR 5'-NUCLEOSIDE MONOPHOSPHATES 

Prior to the knowledge of the inhibitor for 5'-nucleotidase, 
the catabolism of 5'-nucleoside monophosphates to 5'-nucleosides 
was thought to be controlled primarily by the enzyme. Since the 
inhibitor prevents 5'-nucleotidase from working, this concept 
should be modified if both 5'-nucleotidase and its inh}bitor or 
just one of them is present in the same cells. In our study of 
Ehrlich ascites carcinoma cells, 5'-nucleotidase was lowand 
sometimes negligible (small mean + large standard deviations). 
The subcellular distribution of 5'~nucleotidase was 1,667 + 36% in 
plasma membranes and 405 + 25% in microsomal fraction, assuming 
the total but small 5'-nucleotidase activity detected in the homo
genate to be 100% (Table 7). 

Table 7 Distribution of 5'-Nucleotidase and Its Inhibiting 
Activity In Mouse Ehrlich Ascites Carcinoma Cells 

5'-Nucleotidase Activitx: Inhibiting Activitx: 
Specific Specific 

Subcellular Activity Recovery Activity Recovery 
Fraction (nmoles/min/mg) (Percent) (Units/mg) (Percent) 

Homogenate 0.11 + 0.04 100 49 + 4 100.0 

Nuclear 0 0 11 + 1 6.0 + 0.2 

Plasma 
membranes 19.64 + 0.43 1,667 .!. 36 0 0 

Microsoma1 3.98 + 0.74 405 + 25 0 0 

Supernatant 0 0 l39 + 17 122.3 + 7.0 

5'-Nucleotidase is active intracellu1arly and extrace1lularly 
and has been considered to be the major enzyme controlling the 
catabolism of 5'-nucleotides. Our study shows that both the 
enzyme and its inhibitor are present in the same neoplastic cells. 
This modi fies the previous concept on the catabolism of 5'-nucleo
tides. It is possible that both 5'-nucleotidase and its inhibitor 
work in a cooperative way to contro1 the intracellu1ar level of 
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5'-nuc1eotide pools. Further study is needed to define how and to 
what degree the enzyme and its inhibitor interact to determine the 
level of intrace11u1ar 5'-nuc1eoside monophosphates. 

INTRACELLULAR AND EXTRACELLULAR 5'-NUCLEOTIDASE ACTIVITY 

5'-nuc1eotidase is active both intrace11u1ar1y and extrace11u-
1ar1y. Using ~,p-methy1ene adenosine diphosphate to inhibit 
ecto-5'-nuc1eotidase, Edwards et a1. conc1uded that intrace11u1ar 
purine metabo1ism is most 1ike1y regu1ated by cytop1asmic 
5'-nuc1eotidase (Edwards, et a1., 1982). Widne11 and Litt1e 
(1977) and Stan1ey et a1. (1979b) showed that in rat hepatocytes 
30% of the enzyme activity was distributed in the cytop1asm on the 
cytop1asmic side of the Go1gi apparatus, endop1asmic reticu1um, 
lysosomes, microsomes and mitochondria. Farquhar et a1. (1974) 
observed 5'-nuc1eotidase on the inside of secretion vacuo1es from 
the Go1gi apparatus; this was independent1y confirmed (Widne11 and 
Litt1e, 1977). Ede1son and Cohen (1976), Stan1ey et a1. (1979a, 
1979b, and 1980), and Widne11 et a1. (1982) demonstrated that up 
to 60% of 5'-nuc1eotidase activity took p1ace intrace11u1ar1y, and 
that there was a continua1 and rapid exchange of 5'-nuc1eotidase 
between the ce11 surface and cytop1asmic side of the membranes of 
subce11u1ar organelles. Thus there is a general consensus that 
5'-nuc1eotidase p1ays an active ro1e in the intrace11u1ar catabo-
1ism of 5'-nuc1eotides. 

TRE EFFECT OF 5'-NUCLEOTIDASE AND ITS INHIBITOR ON INTRACELLULAR 
NUCLEOTIDES, RNA, DNA AND CELL PROLIFERATION: A HYPOTHESIS TO BE 
TESTED 

5'-Nuc1eotidase has been considered to be the major enzyme 
controlling the catabo1ism of 5'-nuc1eotides (Fritzson, 1978; 
Henderson and Paterson, 1973). Using histochemica1 methods and 
autoradiography, Hardonk and Koudstaa1 found no incorporation of 
(3H)-thymidine into normal and tumorous cells that showed high 
5'-nuc1eotidase activity. However, abundant incorporation was 
detected when 5'-nuc1eotidase was absent or low (Hardonk and 
Koudstaa1, 1968). Thus they suggested that this enzyme was main1y 
invo1ved in the catabo1ism of nuc1eotides, which can affect the 
rate of DNA synthesis indirect1y. In a study of regenerating 
liver, Fritzson (1967) found that the dephosphorylation of 
ribonuc1eotides was 1arge1y due to cytop1asmic 5'-nuc1eotidase, 
which showed a cyc1ic variation inverse1y proportional to the rate 
of ce11 proliferation; this view was further e1ucidated (Fritzson, 
1978). Simi1ar conc1usions were also reached by Arima, et a1. who 
observed that the incorporation of nuc1eosides into 5'-nuc1eoside 
monophosphates was inverse1y re1ated to the 5'-nuc1eotidase 
activity (Arima, et a1., 1972). Our study further suggests that 
both 5'-nuc1eotidase and its inhibitor may work in a cooperative 
way in the contro1 of their common proximate substrates, name1y, 
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intracellular 5'-nucleoside monophosphates. In the presence of 
its inhibitor in cancer cells 5'-nucleotidase may not bring about 
the catabolism of 5'-nucleoside monophosphate, thus facilitating 
the anabolism of nucleosides into nucleotides, RNA, and DNA, a 
necessary event for cell proliferation. 

HYPOTHESIS TRAT TRE INHIBITOR FOR 5'-NUCLEOTIDASE IS AN ONCOGENE 
PRODUCT 

Many oncogenes, proteins coded from these oncogenes, and the 
biochemical functions of these proteins have been identified 
(Bishop, 1982; Erikson and Erikson, 1980; Padhy, et al., 1982; 
Weinberg, 1983). Although the biochemical role of many of the 
oncogene proteins has not been weIl understood, it has been 
thought to concern the continuous and indefinite proliferation of 
cancer cells (Erikson and Erikson, 1980; Padhy, et al., 1982). 

In our previous studies an inhibitor for 5'-nucleotidase was 
identified in both hematopoeitic and non-hematopoeitic neoplastic 
cells (Sun, et al., 1983). The inhibiting activity for 5'-nucleo
tidase was also detected in all eight different leukemic cell 
lines tested thus far (Table 2), suggesting the possible presence 
of the inhibitor in all Umnortal neoplastic cells. Thus we pro
posed that this inhibitor mayaiso play a role in the continuous 
and indefinite proliferation of cancer cel1s (Sun et al., 1983). 
Since the inhibitor is produced predominantly in cancer cells, it 
could also be one of the oncogene proteins-- a hypothesis to be 
tested. 

TRE EFFECT OF ADENOSINE DEAMINASE 

Recently Dornand et al. (1984) reported that they were able to 
reproduce all our data on 5'-nucleotidase inhibitor. They further 
found that adenosine deaminase interferes with the method of 
Avruch and Wallach (1970) for assaying 5'-nucleotidase and thus 
challenged the presence of 5'-nucleotidase inhibitor. However, 
using two different colorimetric methods and one isotope labelied 
method (5'-AMP32 as the substrate), which are not influenced by 
adenosine deaminase, we again demonstrated the presence of the 
5'-nucleotidase inhibitor in both fresh and cultured leukemic 
cells (Sun and Holland, 1985). The inability of Dornand et al. to 
detect the '5'-nucleotidase inhibitor was found to be due to a 
methodological flaw in their experiments (Sun and Holland, 1985). 

THE RELATION OF OUR STUDY TO OTRER ASPECTS OF AGING AND CANCER 

No one expects that one mechanism can explain every aspect of 
the complicated phenomena of both cancer and cellular aging. It is 
known that many nucleotide anabolic enzymes, such as UDP kinase, 
adenylosuccinate synthetase, and adenylosuccinase, increase, while 
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many other enzymes, including xanthine oxidase, dihydrouridine 
dehydrogenase, mono amine oxidase, cytochrome c oxidase, catalase, 
urate oxidase, L-a-hydroxy oxidase, decrease in cancer cells as 
compared with their normal counterparts (Sun, et al., 1980; Sun, 
et al., 1981; Weber, 1978). It is also known that many anabolie 
reactions, such as the rate of protein synthesis, are lower in 
senescent than in young tissues <Coniglio, et al., 1979; 
Blazejowski and Webster, 1983; Hardwick, et al., 1981). These 
changes might all be important for explaining one of the many 
specific aspects of cancer and aging. The implications of our 
study of 5'-nucleotidase and its inhibitor may shed light on one 
specific aspect of the complicated phenomena of aging and cancer. 
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INTRODUCTION 

Mammalian species vary tremendously in their rates of aging. 
The maximal life-span of the smaller rodents (mouse, rat, and 
hamster) is about 3.5 years, whereas for the human it is over 110 
years (Altman and Dittmer, 1964). It is probable that the bio log
ical processes responsible for aging are fundamentally similar in 
different mammalian species, but that they occur at different 
rates. 

One of the classical theories to ac count for aging is that 
this biological process results from the progressive accumulation 
of somatic mutations (Szilard, 1959; Failla, 1960; Hart et al., 
1975). If the rate of development of mutations among different 
mammalian species correlated with the potential life-span of each 
species, this would indeed strengthen a mutational hypothesis. 

One source of mutagenic activity results from specific meta
bolic oxidative reactions in mammalian cells requiring the enzyme 
co-factor nicotinamide adenine dinucleotide phosphate, reduced 
form (NADPH). Two enzyme systems carrying out such reactions are 
the microsomal mixed-function oxidase, which metabolizes many 
different types of chemical carcinogens into reactive mutagens 
(Miller, 1970), and a superoxide anion (02-)-generating oxidase 
found in high levels in stimulated granulocytes (Lew et al., 1981; 
Babior, 1982). The metabolie products of both of these enzymes 
play an important role in chemieally induced tumors: the inter
action of the reactive produets of the mixed-function oxidase with 
specifie macromoleeules is critieal to the process of initiation 
(Miller, 1978), and the 02- and subsequent oxygen metabolites 
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produced by the granulocyte oxidase are believed to contribute to 
the 12-0-tetradecanoylphorbol-13-acetate (TPA) promotion of tumor 
development (Goldstein et al., 1981; Emerit and Cerutti, 1983; 
Weitberg et al., 1983). In addition 02- and subsequent oxygen 
metabolites generated by the granulocyte oxidase mayaiso be a 
source of immune complex-mediated tissue damage in various auto
immune diseases (Johnson and Ward, 1981; McCormick et al., 1981; 
Shingu et al., 1983). 

The hypothesis is presented here that mutagenic metabolites 
formed from NADPH-dependent oxidases contribute to spontaneous 
cancer development and aging, and that the adrenal steroid, 
dehydroepiandrosterone (DHEA), retards cancer development and 
delays aging by inhibiting these oxidases through a lowering of 
the NADPH cellular pool. Caloric restriction mayaiso retard 
cancer development and the rate of aging through an alteration 
of the NADPH cellu1ar pool. 

MAXIMAL LIFE-SPAN AND METABOLISM OF CHEMICAL CARCINOGENS INTO 
REACTIVE MUTAGENS 

The microsomal mixed-function oxidase system is a multi
component, membrane-bound electron transport system which catalyzes 
the oxidative metabolism of a variety of endogenous and exogenous 
substances, including fatty acids, steroids, drugs, and chemical 
carcinogens (Gillette, 1966; Lu and Coon, 1968; Miller, 1970). 
This system is composed of NADPH cytochrome c reductase, 
cytochrome P-450, and phosphatidyl choline (Lu et a1., 1969; 
Stroebel et al., 1970). 

Most chemical carcinogens require metabolic transformation 
to chemically reactive molecules in the tissues of animals to 
which they are administered (Miller, 1970). The majority of these 
transformation products are inactive, water-soluble substances 
which are excreted by the organism, but a small percentage are 
chemically reactive mutagens which produce changes leading to 
neoplasia. 

Using a cell-mediated assay to measure the metabolism of 
7,12-dimethylbenz(a)anthracene (DMBA) into a mutagenic product, 
Huberman and Sachs-(1974) found that mouse, rat, and hamster 
diploid fibroblasts actively converted DMBA into a mutagen, 
whereas human diploid fibroblasts were inactive. Employing this 
cell-mediated assay with cultured fibroblasts from six mammalian 
species of widely differing life-spans, we found an inverse 
correlation between maximal life-span and capacity to convert 
DMBA into a mutagenic metabolite (Schwartz, 1975) (Fig. 1). 
Further studies demonstrated an inverse correlation between poten
tial life-span and the rate at which cultured fibroblasts bound 
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Fig. 1. Capacity of cultured fibroblasts from various mammalian 
species to metabolize DMBA into a mutagenic product. 
X-irradiated feeder fibroblasts from different species were 
co-cultivated with V79 cells and incubated with varying 
molar concentrations of DMBA for 24 hours. Following 
this the V79 cells were collected and the number of 
8-azaguanine resistant mutant cells per 105 viable cells 
was determined. (By permission (Schwartz, 1975).) 

3H-DMBA to their DNA (Schwartz and Moore, 1977) and metabolized 
the polycyclic hydrocarbon into water-soluble metabolites (Moore 
and Schwartz, 1978). 

The above studies demonstrating an inverse correlation 
between potential life-span and capacity to convert one class of 
pre-mutagen into mutagenic and carcinogenic metabolites suggest 
that the enzymatic formation of such reactive substances may 
contribute to spontaneous cancer development and to aging. 

DEHYDROEPIANDROSTERONE 

Dehydroepiandrosterone and DHEA-sulfate are abundantly pro
duced adrenal steroids in the human with no apparent biological 
function (Vande Wiele and Lieberman, 1960). DHEA is a potent 
non-competitive inhibitor of mammalian glucose-6-phosphate 
dehydrogenase (G6PDH), the first enzyme in the pentose-phosphate 
shunt, which is the main generator of extra-mitochondrial NADPH 
(Marks and Banks, 1960; Oertel and Rebelein, 1969). 

DHEA protects cultured rat liver epithelial-like cells and 
hamster embryonic fibroblasts against DMBA- and aflatoxin Bl-
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induced cytotoxicity and transformation, and inhibits the rate of 
metabolism of 3H-DMBA into water-soluble products (Schwartz and 
Perantoni, 1975). Very probably DHEA protects cultured cells 
against these carcinogens by reducing NADPH production, that, in 
turn, inhibits their metabolie activation. 

In 1977 Yen et al. reported that long-term treatment of AVY/a 
(obese) or a/a (non-obese) mice with DHEA reduced weight gain 
without suppressing appetite. There was no apparent toxicity 
following long-term treatment, and the anti-obesity action was 
reversible upon withdrawal of the drug. Yen et al. (1977) 
suggested that the anti-obesity action of DHEA resulted from an 
inhibition of lipogenesis as a consequence of the DHEA inhibition 
of G6PDH and reduction in NADPH production. 

My laboratory (Schwartz et al., 1981) and others (Tagliaferro 
and Davis, 1983; Cleary et a1., 1984b) have confirmed the anti
obesity action of DHEA in other strains of mice and rats. The 
steroid has also been reported to have anti-diabetic action in 
both the streptozotocin induced insulin-dependent and the gene
tically determined non-insulin dependent diabetes in the mouse 
(Coleman et al., 1982). Although treatment of some strains of 
mice and rats with DHEA does reduce food intake, pair-feeding 
experiments indicate that the reduction in food consumption al~ne 
cannot account for the anti-obesity effect of the steroid (Nyce et 
al., 1984; Weindruch et al., 1984). 

The precise mechanism by which DHEA treatment inhibits weight 
gain is not clear. Recent evidence suggests that the anti
obesity effect is not simply due to a reduction in the rate of 
lipogenesis as a result of G6PDH inhibition (Coleman et al., 1982; 
Cleary et al., 1984b). Treatment with the steroid decreases the 
efficiency of food utilization, possibly by enhancing energy 
expenditure through the stimulation of futile cycles, metabolie 
cycles which produce a net dephosphorylation of ATP (Cleary et 
al., 1984a; Cleary et al., 1984b). 

FOOD RESTRICTION AND DHEA 

Reducing the food intake of laboratory rodents is the only 
regimen that extends the mean and maximal life-span and delays the 
rate of development of biomarkers of aging (McCay et al., 1935; 
Harrison et al., 1978; Yu et al., 1982; Weindruch and Walford, 
1983). Underfeeding also inhibits the development of both spon
taneous and chemically induced tumors in many different organs 
(Tannenbaum and Silverstone, 1953). 

Both the anti-obesity action of DHEA as weIl as its capacity 
to protect cultured cells against chemical carcinogens led us to 
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Fig. 2. Inhibition of spontaneous breast cancer development in 
C3H-AVY/A mice by long-term treatment with DHEA. C3H
AVY/A mice were intubated p.o. thrice weekly with 450 
mg/kg of DHEA in sesame oil or with sesame oil alone. 
Mice were palpated weekly for the presence of breast 
tumors, and each tumor was recorded at the time of first 
palpation. The cumulative breast cancer incidence over a 
9-month period is shown, with each point representing a 
single mouse with a tumor. By 9 months of age, 14/26 
control mice and 0/24 DHEA-treated mice had developed 
tumors. However, after one year some of the DHEA-treated 
mice developed tumors. (By permission (Schwartz, 1979).) 

undertake experiments to determine if treatment with the steroid 
would inhibit tumor development in vivo. We did indeed find that 
long-term treatment of C3H-AVY/A~obese) and C3H-A/A (non-obese) 
mice with DHEA inhibited the rate of appearance of spontaneous 
breast cancer (Fig. 2) (Schwartz, 1979; Schwartz et a1., 1981). 
Subsequent1y we found that DHEA treatment inhibited the develop
ment of DMBA- and urethan-induced 1ung adenomas in the A/J mouse 
(Schwartz and Tannen, 1981) and 1,2-dimethy1hydrazine-induced 
colon adenomas and adenocarcinomas in the Balb/c mouse (Nyce et 
a1. , 1984). 

Topical application of DHEA retards the rate of development 
of DMBA-initiated and TPA-promoted skin papillomas at both the 
initiation and promotion stages (Pashko et al., 1984b) and also 
inhibits DMBA-induced skin papillomas and carcinomas in the 
complete model for carcinogenesis (Pashko et al., 1984a). Applica
tion of DHEA topically at doses which retard skin tumor formation 
does not inhibit weight gain and indicates that the prophylactic 
effect of DHEA may be mediated by both a direct action of the 
steroid on cells as weIl as by its anti-obesity effect. 
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The anti-tumor-initiating and anti-promoting-activity of DHEA 
may result from an inhibition of G6PDH and consequent depression 
of NADPH-dependent oxidase activity. Topical skin application 
(Pashko et al., 1984b) or oral treatment (Pashko and Schwartz, 
1983) of mice with DHEA inhibits the rate of binding of 3H-DMBA to 
skin DNA, very probab1y by decreasing the NADPH ce11u1ar pool and 
diminishing the activity of the mixed-function oxidase. Likewise, 
DHEA treatment blocks the TPA stimulation of 02- by human granulo
cytes in vitro (Whitcomb and Schwartz, 1985). 16aBr-epiandrosterone, 
a more-active inhibitor 'of G6PDH than DHEA, is also more active in 
reducing 02- production, again suggesting that a reduction in the 
NADPH cellular pool by these steroids reduces oxidase activity. 

Food restriction depresses G6PDH activity in liver and adi
pose tissue in the rat and human (Freedland, 1967; Timmers and 
Knittle, 1982). Underfeeding the mouse resulted in a reduced 
capacity to bind 3H-DMBA to skin DNA, mimicking the effect of DHEA 
treatment (Pashko and Schwartz, 1983). 

G6PDH DEFICIENCY 

G6PDH deficiency is a sex-linked hereditary defect occurring 
with high frequency in certain populations. Among the most preva
lent deficiency mutants are the Mediterranean variant, found pri
marily among Sephardic Jews, Greeks, and Sardinians, and G6PDH A-, 
common in Negro populations. Another variant, G6PDH A, with 
abnormal electrophoretic properties but near normal enzyme activ
ity, is also common in Negroes (Beutler, 1971). 

Feo et al. (1984) recently reported that cultured fibroblasts 
from individuals with the Mediterranean variant of G6PDH defi
ciency are less sensitive to the cytotoxic and transforming 
effects of benzo(a)pyrene (BP) and are less efficient in metabo
lizing 3H-BP to water-soluble products than are fibroblasts from 
normal individuals. Treatment of normal fibroblasts with DHEA 
mimicked the effect of the G6PDH deficiency. The authors also 
reported a marked deficiency in pentose-phosphate shunt activity 
and a lowering of the NADPH/NADP ratio in the G6PDH deficient 
fibroblasts. 

Beaconsfield et al. (1965) first proposed that the lowered 
cancer rates in Israelis of North African or Asian origin compared 
to those of Western European or American origin might be due to 
the higher frequency of G6PDH deficiency in the former popula
tions. Three retrospective epidemiologic studies have found a 
lowered frequency of G6PDH deficiency in cancer patients than 
in control populations in both Negroes (Naik and Anderson, 
1970; Mbensa et a1., 1978) and in Sardinians (Sulis, 1972). 
Interesting1y Long et al. (1967) reported a lowered incidence of 
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coronary artery disease in American Negroes with the A- and A 
variants of G6PDH compared to a group with normal G6PDH. While 
additional work is clearly needed to establish a causal rela
tionship between the incidence of G6PDH deficiency and tumor 
development, the above studies suggest an inverse correlation and 
are consistent with the hypothesis that a reduction in the NADPH 
pool size may protect against cancer development. 

AUTO IMMUNE DEVELOPMENT 

Studies in my laboratory have shown that DHEA treatment inhi
bits the rate of development of a Coomb's positive hemolytic 
anemia in the NZB mouse (Tannen and Schwartz, 1982), and Lucas et 
al. (1984) have found that DHEA treatment significantly extends 
the life-span of the NZB/NZW F1 hybrid, which is prone to a lupus 
erythematosus-like disease. Recent evidence suggests that 02- and 
subsequent oxygen metabolites produced by stimulated white blood 
cells may be a source of immune complex mediated tissue damage in 
various autoimmune diseases (Johnson and Ward, 1981; McCormick et 
al., 1981; Shingu et al., 1983). The DHEA inhibition of 02-
formation by TPA stimulated granulocytes (Whitcomb and Schwartz, 
1985) may in part explain the ability of this steroid to ame
liorate the development of autoimmune processes in the NZB and 
NZB/NZW F1 mouse. 

Although DHEA treatment inhibited the rate of development of 
the Coomb's positive anemia in the NZB strain, it did not signifi
cantly prolong life-span. Autopsy data revealed a high incidence 
of pituitary tumors in the DHEA treated mice. Pituitary tumors 
are produced in many strains of female rodents by chronic es trogen 
treatment. DHEA is readily metabolized into estrogens and is 
uterotrophic (stimulates uterine growth) in the sexually immature 
rat (Knudsen and Mahesh, 1975). This estrogenic effect of DHEA 
could seriously limit its potential use as a drug in humans. In 
collaboration with John Williams of the Chemistry Department, 
Temple University, we have prepared the synthetic steroid 
3ß-methylandrost-5-en-17-one (DE-7) (Pashko et al., 1984b). The 
replacement of the 3ß-hydroxy group with the 3ß-methyl group in 
DE-7 should prevent conversion to androstenedione, an intermediate 
on the pathway to estrone. DE-7 was indeed without activity in 
the rat uterotrophic test at dosages at which DHEA was highly 
active (Pashko et al., 1984b). On oral administration, the 
synthetic steroid is about three times as active as DHEA as an 
anti-obesity and anti-diabetic agent in the mouse and is also more 
active in inhibiting skin papilloma (Pashko et al., 1984b) and 
carcinoma (Pashko et al., 1984a) formation when applied topically. 
Steroids such as DE-7, which lack the estrogenic side-effect of 
DHEA but which retain its other biological activities, may find 
application as an anti-obesity, anti-diabetic, and cancer 
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preventive drug in humans. It is not improbable that such a drug 
will also inhibit the development of autoimmune processes and 
retard the appearance of biomarkers of aging. 
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The ear1iest experiments dea1ing with the effect of aging on 
enzymes consisted of simple comparisons of activity in crude homo
genates from various young and old tissues. In general, the 
resu1ts from different 1aboratories through the 1950's and 1960's 
cou1d not profitab1y be compared because they were carried out 
with crude preparations, a variety of assays and undoubted1y 
there were differences between the old anima1s raised in different 
1aboratories. Most of the reported changes in activity were 
re1ative1y sma11, few being more than 30%. Some resu1ts were 
even contradictory - a few enzyme activities were reported both 
to increase and decrease. However, even if the ear1y work had 
been carried out in more sophisticated fashion, it is doubtfu1 
that any insight into aging phenomena wou1d have resu1ted. In 
fact, more recent work with carefu11y matched anima1s which 
measured a spectrum of enzymes from various tissues fai1ed to 
show any consistent behavior which cou1d be interpreted as 
being a mark of the aging process (Lindena et a1, 1980). There 
does appear to be a genera1ized dec1ine in the enzymes involved 
in fatty acid oxidation and the tricarboxy1ic acid cyc1e in 
soleus musc1e and diaphragm in 24 compared with 6 month old 
rats and a decline in the former parameter in heart (Hansford and 
Castro, 1982) 

The Error Catastrophe hypothesis, first proposed in 1963 
(Orgel, 1963) and modified in 1970 (Orgel, 1970), generated 
considerab1e research which sought to demonstrate age-re1ated 
alterations in protein structure. The hypothesis proposed that 
errors in the protein synthesizing machinery wou1d resu1t in 
errors in proteins. If these proteins, in turn, became part of 
the protein synthesizing system, even more errors wou1d be 
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generated. Above a certain level, errors wou1d thus be amp1ified 
unti1 a "catastrophe" occurred. It was in search of such error
laden proteins that Gershon and Gershon (1970), found evidence 
that in homogenates of aged Turbatrix aceti, a sma11 free-1iving 
nematode, isocitrate lyase had altered properties. This con
c1usion was subsequent1y confirmed by studies with the pure 
enzyme iso1ated from young and old T. aceti (Reiss and Rothstein, 
1975; Reiss and Rothstein, 1974). In the next ten years, 
evidence for the existence of additional altered enzymes was 
reported in rats, mice and human embryo-derived 1ate-passage 
ce11s in cu1ture as we11 as in nematodes. 

Three alterations in enzymes from old organisms were generally 
tested for: a change in sensitivity to heat, a 10ss of specific 
activity and an altered response to antiserum prepared to young 
enzyme. Whereas all of these criteria are appropriate for pure 
enzymes, the first two procedures are questionab1e when used with 
crude homogenates. For examp1e, differing amounts of protein in 
the young and old samp1es or the presence of proteases cou1d 
affect heat-sensitivity. Indeed, one can see examp1es in which 
the same enzyme in different crude preparations of the same 
tissue or in different tissues does not yie1d the same 10ss of 
activity over time when heated at a given temperature. Specific 
activity is 1ikewise an inadequate criterion, as the amount of 
protein in old homogenates may differ. Moreover, there may be 
1ess, though perfect1y normal enzyme present in old homogenates, 
thus making it appear that the old enzyme in question has a 
10wer specific activity. For these reasons, Tab1e I 1ists on1y 
altered enzymes which have been obtained in the pure state. 
Except as noted, the old enzymes were tested by all three 
procedures - specific activity, heat-sensitivity and immuno10gi
ca1 response. The 10wer specific activity of old enzymes, 
where it occurred, was observed even in crude homogenates. On1y 
nematode phosphog1ycerate kinase (PGK) showed no difference in 
heat-sensitivity. Immunotitration, even in crude homogenates, 
gives the same titer (pI of antiserum/unit of activity) whether 
the enzyme in question is pure or not (Sharma et a1., 1976; 
Sharma et a1., 1980). 

In general, there are a number of differences between young 
and old enzymes which appear to be common. There is typica11y 
an altered sensitivity to heat, the old enzyme usua11y, but not 
a1ways, being more sensitive; there is usua11y a 10ss of 
specific activity in the old enzyme; there are spectra1 dif
ferences and an altered response to immunotitration. On the 
other hand, there is no significant change in Michaelis constant 
(Km), response to inhibitors, mo1ecu1ar weight or C-termina1 
residues - that is, there are no cuts in the old proteins. 
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As various altered enzymes were being identified, it became 
c1ear that many enzymes do not become altered with age. Pure 
triosephosphate isomerase in nematodes (Gupta and Rothstein, 
(1976a), eno1ase in rat musc1e and 1iver (Rothstein, et a1., 1980), 
tyrosine aminotransferase in rat 1iver (Szajnert and Schapira, 
1983), and aldolase in mouse liver (Burrows and Davison, 1980; 
Pete11 and Lebherz, 1979) were purified and found to be unchanged 
with age. Moreover, a considerab1e number of other enzymes in 
various tissues and organelles were shown by immunotitration, 
not to become altered with age (Rubinson et a1., 1976). 

Tab1e I. Pure Altered Enzymes 

. Enzyme 

Phosphog1ycerate 
kinasea 
Isocitrate lyase 

Aldolase 

Eno1ase 

Superoxide 
dismutaseb 
Phosphog1ycerate 
kinase 
Phosphog1ycerate 
kinase 
Phosphog1ycerate 
kinase 
Maltasec 

3-Phosphog1ycerate 
dehydrogenasea 
NADPH-Cyt c 
(p-450) reductase 

Source 

T. aceti 
11 ---li 

11 11 

11 11 

rat 1iver 

rat musc1e 

rat 1iver 

rat brain 
rat kidney 

rat musc1e 

rat 1iver 

a Immunotitration not performed. 

Specific Activity 
of old enzyme 
% of young va1ue Reference 

50 
25 

53 

58 

41 

100 

100 

100 
70 

61 

56 

Gupta & 
Rothstein, 1976b 
Reiss & Rothstein, 
1975 
Reznick & 
Gershon, 1977 
Sharma et a1., 
1976 
Reiss & 
Gershon, 1976 
Sharma et a1., 
1980 
Hiremath & 
Rothstein, 1982a 
Sharma & 
Rothstein, 1984 
Reiss & 
Sacktor, 1982 

Gafni, 1981 
Schmucker & 
Wang, 1983 

b Reported by others not to be altered with age. 
c Heat-sensitivity not determined. 

Two enzymes have been the subject of conf1icting reports as 
to whether or not they become altered in old anima1s. Aldolase 
was first reported to be altered in homogenates of old mouse 
1iver (Gershon and Gershon, 1973). Subsequent1y, Reznick et a1., 
(1981) reconfirmed the original claim that the enzyme was 
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altered. The authors attributed the differences to the presence 
of proteo1ytic enzymes in the preparations used by Pete11 and 
Lebherz (1979). Indeed, in rabbit 1iver, the enzyme can be 
inactivated by removal of C-termina1 residues by a 1ysosoma1 
enzyme (Pontremo1i et a1., 1982). The modified mo1ecu1e cross
reacts with antiserum prepared to the normal enzyme. Moreover, 
the modified enzyme does not bind to phosphoce11u10se which may 
perhaps account for the putative 10ss of "altered" enzyme 
referred to above. It is not c1ear whether these recent reports 
account fu11y for the contradictory findings concerning aldolase 
in old rodents. Another enzyme for which there is contradictory 
evidence is superoxide dismutase which was reported to be 
altered in old rat 1iver (Reiss and Gershon, 1976). However, 
other investigators have found no age-re1ated differences 
(Burrows and Davison, 1980). The discrepant resu1ts have not 
been reso1ved. 

The search for altered enzymes obtained its impetus from 
the Error Catastrophe hypothesis. However, it soon became 
apparent that multiple errors (sequence changes) were an 
unsatisfactory explanation for the existence of such enzymes. 
The major 1ines of evidence are that isoe1ectric focusing has 
demonstrated that there is no change of charge in old enzymes 
sucn as nematode eno1ase (Sharma et a1., 1976) and aldolase 
(Goren et a1., 1977), rat musc1e PGK (Sharma et a1., 1980), rat 
1iver PGK (Hiremath and Rothstein, 1982a), and rat 1iver super
oxide dismutase (Goren et a1., 1977). The technique can readi1y 
show the 10ss or addition of a single amide group and indeed, 
r.as been so used for PGK itse1f. A human mutant of the enzyme 
substitutes Asp ~ Asn and the two pro teins are c1ear1y 
separab1e (Fujii et a1., 1980). Thus, any sequence change 
(errors) in altered enzymes wou1d have to invo1ve an exchange of 
equa11y charged amino acids, basic for basic, acidic for acidic 
and neutral for neutral, or some equiva1ent combination. It is 
hard to be1ieve that catastrophic errors cou1d fall within such 
a limitation. A further problem is that if the protein 
synthesizing machinery caused fau1ty transcription or trans
lation, all proteins produced wou1d incorporate errors. Yet, 
as indicated above, many (probab1y most) proteins remain 
una1tered with age. One might argue that error-1aden proteins 
are present in old tissues, but are lost during purification of 
old enzymes. However, this is high1y un1ike1y as immunotitration 
of old rat musc1e PGK in crude homogenates and in the pure 
state was shown to yie1d the same va1ue per unit of activity. 
The same was true of nematode eno1ase. Therefore there are 
either no altered mo1ecu1es present (cross-reacting material) in 
old crude homogenates, or if they exist, they ar~ altered so 
much so as not to react with the antiserum. If there were a 
spectrum of error-1aden proteins present, sure1y some of them 
wou1d react with the po1yc10na1 antibodies present in the test 
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antiserum, thus lowering the specific activity (units of activity! 
p1 of serum) of the enzyme being tested. It is of interest that 
there is one examp1e of an old enzyme which is not detected by 
young antiserum. Aldolase in aged rat 1ens contains an inactive 
form of the enzyme which can be detected on1y with an antiserum 
prepared against aldolase which has been denatured by boi1ing in 
the presence of SDS and mercaptoethano1 (Dovrat and Gershon, 
1983). One shou1d bear in mind that the aged 1ens does not 
synthesize new protein, so that there can be no "errors." In 
the case of old rat kidney maltase, an inactive form of the 
enzyme was differentiated from the active form by use of mono
c10na1 antibodies (Reiss and Sacktor, 1983). In old anima1s, 
the maltase consists of active (normal) and inactive forms which 
co-purify to yie1d "old" enzyme. The inactive mo1ecu1es, in 
this case, cross-react with antiserum prepared to young enzyme, 
thus 10wering the specific activity. 

It is quite c1ear that an error catastrophe does not app1y to 
altered enzymes. The 1ike1ihood of even sma11 errors in sequence 
is also sma11. The above arguments vis-a-vis change in charge 
or errors in transcription or translation app1y not on1y to an 
error catastrophe, but equa11y to single errors. In fact, it is 
high1y un1ike1y that any cova1ent modification occurs. For 
examp1e, if there is no change in ionic charge, then deamidation, 
phosphory1ation, acety1ation and sulfation are ru1ed out. Methy1-
ation, SH oxidation and su1foxide formation have also been exc1uded. 
On the basis of the information avai1ab1e, Rothstein and co
workers proposed that old enzymes resu1t from conformationa1 
modification without cova1ent changes (Reiss and Rothstein, 1974; 
Rothstein, 1975; Rothstein, 1977). Unequivoca1 evidence for 
this thesis was provided when it was shown that young and old 
nematode eno1ase, respective1y, after unfolding in solutions of 
guanidine Hel, refo1ded to an identica1 product as determined by 
spectra1, irnmuno1ogica1 and kinetic tests (Sharma and Rothstein, 
1980). The refo1ded enoiase was simiiar but not identica1 in 
these respects to the native oid enzyme. Identica1 structures 
wouid not be obtained from refo1ded young and oid enzymes if the 
original difference in the two forms was due to a difference 
in sequence or to a covaient modification. 

If altered enzymes are indeed conformationa1 isozymes, how 
are they formed? It was proposed that if protein turnover slows 
with age, then the "dwe11 time" of enzyme mo1ecu1es in the ce11 
wou1d be increased and they wou1d have time to become subt1y 
denatured (altered) (Reiss and Rothstein, 1974; Rothstein, 1975; 
Rothstein, 1977). Moreover, under such conditions, the altered 
mo1ecu1es wou1d accumu1ate rather than be rep1aced. Of course, 
certain enzymes might become altered in such a manner that they 
had no activity and cou1d not be recognized by the antiserum 
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prepared to the normal (young) enzyme. This situation would 
perhaps apply to triosephosphate isomerase in old nematodes 
(Gupta and Rothstein, 1976a) in wh ich there is only half as much 
enzyme as in young organisms, but that half is perfectly normal. 
It mayaIso apply to old human aldolase which is normal but 
present in lowered amounts (Steinhagen-Thiessen and Hilz, 1976). 
The idea that slowed protein synthesis is involved in the 
formation of altered enzymes is supported by the fact that it 
slows dramatically with age in T. aceti: proteins have a half
life of 10 hours at two days of-age, increasing to over 10 days 
at 28 days of age (Sharma et al., 1979). The results are 
similar whether for total soluble proteins or the single protein, 
enolase. In mammals, the case is less weIl detailed, but what 
information is available indicates a slowed turnover in aged 
rat heart (Crie et al., 1981) and mouse liver (Lavie et al., 1981). 
Turnover of aldolase is also reported to slow in old mice 
(Reznick et al., 1981). 

Whatever the mechanism, an important question is whether or 
not altered enzymes in mammals follow the pattern of change 
demonstrated for nematode enolase. Are they simply conformational 
isozymes or are covalent changes involved in their formation? 

To answer this question, studies of muscle PGK in young and 
old rats were undertaken (Sharma et al., 1980). After purifi
cation to homogeneity, the old enzyme showed an altered heat 
sensitivity (it was more stable), an altered response to young 
antiserum, greater stability to storage, and altered spectral 
properties. One difference from the usual characteristics of 
old enzymes was that specific activity was unchanged. As 
expected, there was no difference in Km or in the C-terminal amino 
acid. Young and old forms of PGK were also obtained from rat 
liver (Hiremath and Rothstein, 1982a). Surprisingly, both liver 
enzymes differed from their muscle counterparts in several 
characteristics. The liver enzymes had a higher specific 
activity, a lower isoelectric point, greater heat lability and 
differing immune response. The C-terminal residue, leucine, 
was the same as for the muscle enzyme, but the experimental 
results indicate that there may be differences three or four 
amino acids into the chain. Nonetheless the fact that PGK 
consists of a single chain and thus has no isozymes in the usual 
sense, would suggest that in liver, it is synthesized as muscle 
enzyme and then modified - say by a deamidation, to the liver 
form. In fact, recent results have failed to show differences in 
sequence (Hardt and Rothstein, unpublished). Sets of peptides 
generated by treatment of the liver and muscle enzymes with various 
proteases (trypsin, chymotrypsin and Staphylococcus aureus protease) 
showed no discernable differences after high pressure liquid 
chromatography (HPLC). Thus, it appears that liver and muscle 
PGK differ rat her subtly as one might predict from the fact 
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that they are close enough in structure to respond to 
antisera produced to either enzyme. If 1iver and musc1e PGK 
indeed come from separate genes, it is particular1y interesting 
that both tissues generate young and old forms of the enzyme. 
Pure PGK from brain is muscle type and also has young and old 
forms (Sharma and Rothstein, 1984). 
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The finding that a1tered PGK is present in old liver, muscle 
and brain was presaged by titration of crude homogenates of 
these tissues with "young" muscle antiserum (Sharma et al., 1980). 
The resu1ts from heart and 1ung preparations were not clear in 
this respect; the titer of the old tissues was increased, but 
only slightly. 

In order to ascertain whether or not old muscle PGK was 
simply altered in conformation, unfolding-refolding experiments 
were carried out in analogy to the work with nematode enolase. 
Surprisingly, the refolding kinetics for the two forms of PGK 
were quite different. Moreover, the refolded young and old 
enzymes were not identical to each other nor to their respective 
native forms (Sharma and Rothstein, unpublished). It thus 
appeared that the enzyme differed either by a sequence change 
or because of some covalent modification. The Iatter process 
seemed an unlikely one, based upon the lack of change observed 
after isoelectric focusing and the fact that common covalent 
changes such as methylation, SR oxidation or sulfoxide formation 
do not occur in old PGK. The evidence, then, suggested that 
there is an altered sequence in old muscle PGK. 

In an attempt to detect such a sequence change, young and 
old PGK were carboxymethylated and digested with three proteolytic 
enzymes - trypsin, chymotrypsin and protease from~. aureus. 
The resulting young vs. old sets of peptides derived from 
digestion with each protease were analysed by RPLC. No 
qualitative or quantitative differences were found in the 
respective young-old pairs. In fact, the traces from young and 
old digests were literally superimposable (Rardt and Rothstein, 
unpublished). Thus, insofar as could be determined by these 
experiments, there are no sequence changes in old muscle PGK. If 
these results are correct, why did young and old PGK show dif
ferences in the refolding experiments? One may postulate that 
the enzymes were not completely unfolded in 2M guanidine and the 
degree of structure remaining in one or the other mandated a 
different refolding pathway. The only other reasonable explan
ation for the anomalous results would be that there is a change 
in sequence undetectable by the RPLC procedures, but which 
nonetheless changes enzyme properties and refolding characteristics. 

The idea that the age-related alteration of rat muscle PGK 
is due to conformational change without covalent modification, 



200 M. ROTHSTEIN 

finds support from other investigations, though none of the 
evidence rea11y proves the case. For examp1e, experiments which 
may be interpreted as showing that conformational changes occur 
were carried out by iso1ating pure PGK from regenerating liver 
in old rats (Hiremath and Rothstein, 1982b). For the first three 
days, the newly regenerated tissue produced young PGK. Between 
four and five days, the enzyme showed some characteristics of 
old PGK. By nine days, the enzyme had become old as judged by 
all three criteria utilized (heat sensitivity, stability, 
immunotitration). These results may be interpreted to mean 
that the newly formed liver produces young PGK which, because 
turnover is reported1y slowed in regenerating liver (Scornik, 
1972) remains in the tissue without being rep1aced. The enzyme 
would thus gradually change in conformation and become "old." 
This situation represents the slowed turnover model presented 
above. The same rationale wou1d hold if liver PGK is first 
produced as muscle type and subsequently modified to 1iver type 
by a process such as deamidation. On the other hand, one cou1d 
argue that the new liver cel1s start producing young PGK but 
eventua11y recognize that they are rea1ly "old" cel1s and begin 
producing old enzyme. Thus, these experiments do not tru1y 
distinguish between the idea of a post-synthetic conformationa1 
change and the expression of a separate gene for old PGK. 

There is other support for the idea of conformationally altered 
enzymes in rodents. For example, when rat muscle 3-phosphogly
ceraldehyde dehydrogenase is treated with iodine, one of the 
cysteine residues, cysteine - 149, is oxidized. Subsequent 
reduction with mercaptoethanol leads to recovery of a form of the 
enzyme with properties simi1ar to those of old 3-phosphog1yceral
dehyde dehydrogenase (Gafni, 1983). Thus, the change must be 
due to conformationa1 changes. The fact that old rat kidney 
maltase consists of normal and inactive mo1ecu1es also supports 
the idea that the latter are conformational1y altered; peptide 
maps show no differences in sequence between young, old and 
inactive maltase. 

It should be noted that there are other mechanisms besides 
conformationa1 modification by which altered enzymes may arise. 
For example, certain proteins undergo deamidation in old lens 
(Cramps et a1., 1978) and triosephosphate isomerase, in particu1ar, 
loses amide groups from asparagine residues in severa1 human 
tissues (Yuan et a1., 1981). In tissues such as lens and red 
cells, enzymes must exist for periods of re1atively long duration 
without resynthesis; in other tissues, deamidation may reflect 
the marking of certain enzymes for subsequent proteolysis. In 
any case, the altered enzymes in senescent animals are not 
deamidation products. 
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The recent discovery of an oxidase system in 1iver micro
somes (Fucci et a1., 1983; Levine, 1983) which inactivates a 
number of enzymes suggests that this process may p1ay a ro1e in 
the formation of altered enzymes. It is possib1e that such a 
system differentia11y attacks certain enzymes (for examp1e, 
PGK) in old anima1s, thus changing their conformation. In such 
a case, damaged old PGK wou1d not refo1d to the same product as 
undamaged young PGK. On the other hand, one may specu1ate that 
it is the change of conformation in certain old enzymes which 
makes them subject to attack by the oxidase. It is yet to be 
ascertained how this system works and if it is tru1y invo1ved 
in the formation of altered enzymes. 
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It is not unreasonab1e to be1ieve that most altered mammalian 
enzymes resu1t from conformationa1 modification, whereas PGK, 
which has a single peptide chain is an exception, being altered 
in old anima1s because of a change in gene expression. Supporting 
this idea is the report of Miche1son et a1. (1983) which provides 
evidence from cloning experiments that in humans, PGK is 
represented by a sma11 fami1y of genes. At the present time, one 
cannot choose with certainty the mechanism by which this enzyme 
is altered in old anima1s - by conformationa1 change or by a 
change in gene expression. By weight of evidence and by ano1ogy, 
the former concept wou1d seem to be heavi1y favored. 
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INTRODUCTION 

Deterioration in the fidelity of the informational content of 
cells in the aging animal has remained an attractive hypothesis 
for the mechanism of somatic aging. It is attractive to the 
degree that it offers a plausible, single etiology for a 
multifaceted process; a process that is expressed in different 
ways in several tissues of an aged individual. Conceptually, 
there is no quest ion that a deterioration in DNA informational 
fidelity could cause a global deterioration in cellular function, 
independent of the specific differentiated state of a particular 
cell type. We have reviewed the deterioration of chromatin/DNA 
structure in aging mammals (Williams and Dearfield, 1981;1982) 
and have reported that there is considerable evidence that 
several aspects of deterioration do occur. The question remains 
whether such changes are precedents, concomitants or sequelae of 
the aging process. 

To answer this quest ion or to seek another possible etiology 
of aging, scientists have adopted several strategies: 

1) Identification of agents that accelerate the aging 
process. The rationale for such studies lies in the possible 
similarity of molecular damage produced by such agents compared 
to the damage produced by the aging process. X-irradiation is 
the best studied example of such agents. 
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2) Identification of agents that extend the lifespan, using 
the inverse of the above rationale. Dietary restriction is the 
best example of successful studies of this sorte 

3) Identification of differences in the molecular state in 
cells of young and old animals in order to deduce the etiology 
based on observed differences, or to apply the same rationale 
studying individual animals throughout their lifespan. 

4) Comparison of molecular states between animal variants in 
the same species that age at rates different than normal members 
of the species. This has included the study of human syndromes 
such as Progeria and Werner's syndrome. 

5) Study of the differences between multiple species of 
mammals that produce a spectrum of mammalian lifespans. 

Our laboratory has studied aging through several of these 
approaches, concentrating on the comparison of the response to 
DNA-damaging agents of short-lived species (rodents) and 
longer-lived species (human beings). This approach proves 
partially successful. We have expanded the description of the 
kinetics of DNA repair in rodents and in human beings, and have 
documented an accumulation of unrepaired lesions at higher rates 
in the chromatin-masked regions of the genome in short-lived 
rodents (Williams, 1983). It seems clear, based on our studies 
and the literature, that until now there has been no DNA-damaging 
agent that elicits a qualitatively different response in rodent 
cells than in human cells as general classes of cells. Certainly 
there are numerous examples of cell lines and strains that 
possess genetic defici~ncies occurring naturally or by induction, 
but these have been demonstrated in both rodent and in human 
cells. We are now investigating another biological response that 
differs between human and rode nt cells: the toxic response of 
cells to the photoaddition of 8-methoxypsoralen by irradiation 
with near ultraviolet light (UVA, 365 nm). This treatment is now 
by convention referred to as PUVA treatment. We suggest that the 
unique nature of the molecular events involved in this response 
may yield some insight into the differences in cells that produce 
differential responses to PUVA treatment. 

RESULTS AND DISCUSSION 

The Response of Cells to PUVA Treatment 

8-methoxypsoralen is one of a group of furocoumerins that 
intercalate into the DNA and upon excitation by photons of the 
near ultraviolet spectrum, de-excite by the formation of 
monoadducts and diadducts to nitrogen bases of the DNA. Fig. 1 
presents a schema for some of the possible types of adducts 
formed. 
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Fig. 1. Photoreaction of psoralen in the formation of DNA 
monoadducts and cross-strand links. 

The initial step in the formation of the DNA adducts is the 
intercalation of the psoralen molecule between adjacent base 
pairs of the DNA helix. This initial step for intercalating 
agents is dependent on the extent of supercolling of the DNA 
helix. Thus it seems logical, though not conclusively 
demonstrated, that the number of photoadditions induced into a 
region of DNA by PUVA is dependent on supercoiling, as may be the 
toxic response of cells that results from such photoaddition. 
Although other information that relates to the possible role of 
supercoiling in the toxic response will be dealt with 
subsequently, we propose that the difference in response between 
rodent and human cells is based on chromatin conformation. 

It seems now to be well established that the number of 
photoadditions that occur when cells are incubated in 8-MOP and 
then irradiated with graded doses of UVA is a linear function of 
UVA dose over a wide range of exposure. The cytotoxic response 
of cells to this treatment, however, is extremely "shouldered." 
That is, there is a range of exposure that produces little 
cytotoxicity, followed by a relatively rapid increase in toxicity 
occurring over a limited dose range. Based on target theory, 
such a curve would suggest that a relatively large number of 
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separate targets would require lethal events before the cell 
would be killed. When the incubation temperatur es are precisely 
regulated, we observe that the amount of cell killing as a 
function of dose, represented by the killing portion of the 
curve, becomes exponential. 
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Fig. 2 illustrates the differences between human and rodent 
cell responses. Cells were plated at appropriate densities, 
allowed to reach exponential growth, and incubated for 30 minutes 
in 10 mM solutions of 8-methoxypsoralen in phosphate buffered 
saline. Without rinsing, plates were immediately irradiated with 
graded doses of near ultraviolet light (365 nm). Subsequent to 
exposure cells were rinsed and were incubated in complete medium 
to assay for colony formation. Error bars represent the standard 
error of the mean for replicate platings. 

Comparative Responses to PUVA in Rodent and Human Cells 

We have measured the patterns of PUVA cytotoxicity in a large 
number of cell lines and strains that were initially derived from 
several species of mammals. Generally, we have compared the 
response of cells from several rodents: the mouse, the rat and 
the hamster, to those derived from human beings. This comparison 
reflects our interest in using rodent models for aging and 
carcinogenesis studies. Dur use of multiple rodent lines and 
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multiple human lines makes it extremely likely that our results 
represent a general phenomenon rather than an idiosyncratic 
response of particular cell types. 

When the 037 dose, as derived from data similar to those 
represented in Fig. 2, is compared between cells derived from 
different species, there is a significant difference. This 
difference is shown in Table 1. 

Table 1. 037 for PUVA Cytotoxicity in Human and Rodent 
Cell Lines 

Human Cell Lines: 
MGH-1 diploid fibroblast 
MGH-2 diploid fibroblast 
IMR-90 diploid fibroblast 
Ag3513 (progeria) diploid fibroblast 
HeLa 

Rodent Cell Lines: 
REF-9 (rat) 
H4 (rat) 
3T3 (mouse) 
CHO (hamster) 
V-79 (hamster) 

290 
220 
220 
155 
330 

350 
650 
700 

1300 
930 

It is important to point out that these large differences may 
not reflect cellular characteristics present in the somatic cells 
of young rodents or humans, but rather may reflect the state of 
the cells in culture. Using data to be published elsewhere, we 
demonstrate that a major portion of characteristic PUVA 
resistance is acquired during extended serial propagation in 
culture. The difference in the rodent cell and the human cell, 
we suggest, is the rate at which this resistance is acquired. 

Whether these hypotheses prove true, the differential 
responses of rodent and human cells as classes seem remarkable 
when placed in the overall context of cellular responses to other 
ONA-damaging agents. Two important questions must be addressed: 
first, what is the nature of the possible differences in ONA 
structure or function between the two classes of cells that 
determines the difference in response to PUVA; second, what type 
of difference in ONA structure or function might predispose 
rode nt cells to be more susceptible to the changes that confer 
PUVA resistance? Solutions to these two related questions can be 
approached indirectly by considering the nature of the PUVA 
response itself. 
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The Toxic Response of Cells to PUVA may be Dependent upon the 
State of the DNA Supercoiling 

We have made several observations that suggest that the 
cellular response to PUVA may reflect the state of DNA 
supercoiling in some regions of the DNA. First, we have observed 
that alteri'ng chromatin structure by inducing single strand DNA 
breaks with x-rays enhances PUVA-induced toxicity. Second, we 
have observed that novobiocin, a known inhibitor of topoisomerase 
II mitigates PUVA-induced toxicity. Third, we have observed that 
PUVA resistance in rodent cells, and to a lesser extent in human 
cells, is a cold-sensitive process; this suggests that acquired 
PUVA resistance is an enzyme-mediated process. These 
observations, together with the knowledge that psoralen 
intercalation, as with the intercalation of other planar 
molecules, depends upon the state of supercoiling of the DNA, 
lead to our previous hypothesis that PUVA response may reflect 
the state of DNA supercoiling. 

If this hypothesis is true, then the molecular events in 
rodent cells that confer PUVA resistance may reflect changes in 
chromatin structure which in turn permits, to different extent, 
supercoiling of DNA regions. It is thus possible to conjecture 
that an event as simple as the freeing of a region of DNA from 
the nuclear matrix could produce such a change in the extent of 
supercoiling. 

SUMMARY AND CONCLUSIONS 

We have outlined a model in which aging may be associated 
with changes in chromatin structure that produce alterations in 
the extent of DNA supercoiling. Our model would suggest that the 
major difference in a short-lived rodent and a long-lived human 
being would be reflected as the rate at which such changes 
occur. In support of this model we have presented data that 
rode nt cells as a class are more resistant to PUVA than are human 
cells. Further, we have outlined corroborating data that would 
suggest that such resistance may reflect a difference in the 
extent of psoralen intercalation that in turn is dependent on DNA 
supercoiling. Since it is known that changes in DNA supercoiling 
can alter both the expression of genes and the repair of DNA, it 
is feasible that changes in supercoiling could lead to a 
deterioration both in gene regulation and in DNA fidelity. 

Our model relates to multistage carcinogenesis in a 
straight forward manner, predicting that cancer initiators produce 
a heritable change in chromatin structure, while cancer promoters 
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induce transient changes in chromatin structure. We propose that 
this model is consistent with the developing molecular model of 
cancer as caused by the inappropriate expression of dominant 
transforming oncogene(s). Indeed, our model would predict that 
aging and carcinogen exposure would share a common capacity to 
alter chromatin structure within regions of the genome, with 
carcinogens perhaps more random than aging in their induction of 
such alterations. 

In summary, our data demonstrate for the first time a 
systematic difference in the responses of rodent and human cells 
to an agent whose mechanism of action may depend on DNA 
supercoiling. These data, considered in the context of current 
knowledge of the role of chromatin structure in DNA function, 
lead us to postulate that changes in chromatin structure underlie 
aging in somatic tissue. Such changes may occur incrementally in 
domains within the genome--one characteristic of such change is 
an alteration in the state of supercoiling of DNA in the affected 
domain. In short, such changes alter the inherent stability of 
chromatin structure. Changes of this nature may alter 
transcription, replication and repair of the gene sequences 
contained within the affected regions, leading to inappropriate 
and perhaps aberrant expression of such sequences. This 
instability of gene expression could produce the multifacted 
deterioration observed in somatic cells of the aging mammal. 
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LIVING ALL YOUR LIFE 
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When I came to the Uni ted States ten years ago, I expected to 
work in gerontology, a field in which I had been working for some 
20 years. I was delighted to find that gerontology was alive and 
weIl, that there are a lot of people involved in it, and that 
progress is being made in a great many different areas. I should 
perhaps explain that gerontology is a word which is sometimes 
corrupted to mean teaching old people to do macrame work. 
Gerontology is in fact the biological study of the processes of 
aging. Geriatrics is the branch of medicine which deals with the 
medical care and health needs of the old, and social gerontology 
is the branch of sociology which concerns itself with the old. 
But I found that what was missing in the Uni ted States compared 
with Europe was the awareness of geriatric medicine, which 
generally was absent from the curricula of medical schools; it is 
in teaching geriatrics I have been working for the last few years. 

Aging concerns us all because it is the process which causes 
us to become more likely to die the older we get. There are two 
kinds of aging. One of these is the physical change with which we 
are all familiar: skin wrinkling, hair graying, and a growing 
liability to system failure, which, in plain language, means ill 
health. We get some weakening of muscles; there is also areal, 
but practically unimportant, slowing in some of the mind-body 
reactions, but the older person compensates for this by the years 
of experience. In view of our myth that the old cannot learn, one 
of the most interesting things I have encountered recently has 
been the number of people in their 70s and 80s who suddenly decide 
that they would like to take out an amateur radio license. In 
order to do this, they have to learn Morse code, which is a pretty 
abstract task (some of you may remember learning it in the service 
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and taking quite a time to do it). These old people learn their 
Morse code just as weIl as the young, but they take rather longer 
over it; whereas the young people will learn the code in a couple 
of weeks and sometimes will be able to copy seven words aminute 
after two or three weeks, the old may take two or three months to 
achieve this. But they get there, and this difference is very 
typical of the mental change with age. In the absence of ill 
health, and of conditions such as untreated high blood pressure, 
aging does not have an adverse effect on intelligence and learning 
power. Working capacity remains, provided that the person is not 
time-stressed. Very often, when an old person asks for a light 
job, they mean a heavier job which is not time-stressed. 
Sexuality, which is one of the things which people often fear they 
will lose with age, changes very little in character. The changes 
of age would not be very conspicuous if they were not accompanied 
by the rise in the force of mortality and the fact that because of 
this we have a limited lifespan. Our chances of surviving longer 
decrease steadily as we pass our eighties and enter our nineties. 
A few of us, by reason of strength, as the Bible says, exceed four 
score years or live on to be a hundred, but such people are 
relatively few in the population at large. 

We do not yet know the cause of physical aging in mammals 
including humans. We know that there is probably more than one 
"clock" process to consider. There are probably timing processes 
which occur at the hypothalamic level--the level in the brain 
where puberty is turned on and the menopause turns off and where 
various other hormones are controlled. But underlying those 
processes may be basic cellular changes which, in turn, act as a 
timekeeper; there also may be other independent clocks running. I 
remember a study of the effects of background levels of radiation 
on collagen in kangaroo tails, and the conclusion was reached that 
kangaroos would fall to pieces through the effects of this 
radiation after about 200 years. But of course, since no kangaroo 
lives that long, it is largely irrelevant to speculate in this 
way. Be that as it may, the mortality curve is remarkably 
stable. It steepens as we grow older, and there is a peak in the 
number of people dying around the age of 75. Beyond this peak, 
there is a tail which contains, finally, the few people who live 
on to a hundred. That portion of the curve is not disturbed by 
very many things. There are a few conditions in which aging could 
be said to be premature, such as the rare disease progeria. One 
must question, however, whether that disease is truly a reflection 
of premature aging or whether it is an enzyme deficiency that is 
genetically determined. The pathological change which is 
characteristic of aging is, in fact, an increase in the number of 
pathological changes. If you do a postmortem on a man who dies at 
forty, you usually find he has one predominant cause of death. but 
a man who dies at ninety will have thirteen to fifteen potential 
causes of death. It i8 a little like the Wonderful One-horse 
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Shay: if it had not fallen to pieces for one reason, it would 
have done so for another. At present, the length of life is 
manifestly changing: over the last hundred years, the mean length 
of life has vastly increased. But, in fact, the lifespan has not 
altered. What has happened is that more people are living to 
reach old age. We get old at the same age that Moses and Pharaoh 
got old, but the difference is that more of us reach old age 
because we do not die prematurely from other causes. 

Now advanced societies are approaching the practical limits 
of those public health measures that prolong life by this process 
of "squaring up" of the survival curve. While the expectation of 
life at birth has gone up over the last century, the expectation 
at 65 has changed remarkably little; it has changed by two years 
since 1901. It has been computed that the cure of the three 
leading causes of natural death, which are cardiovascular disease, 
cerebrovascular disease, and cancer, while highly desirable for 
the people who suffer from these conditions, would only increase 
the mean expectation of life at 65 by about 2.5 years. One can 
envision a situation in which we lived until we ran out of kidney 
units or some other vital support function, which under present 
conditions, last us out, because other things kill us first. Many 
studies indicate that when the heart disease rate is reduced by 
diet or by some other manipulation, the cancer rate appears to 
increase; if you do not die of the commonest disease, you will die 
of the second commonest. It looks very much as if all piecemeal 
therapeutic supportive medical and social measures can only bring 
about astate of affairs in which the lifespan remains much the 
same, but the age at death has a far narrower scatter. There is 
the possibility that biological interference could alter the 
actual rate of aging. This sort of experiment has already been 
done in rats and mice by the relatively simple expedient of 
caloric restriction. I think something similar could quite 
possibly be done in humans, but there are serious problems in 
actually performing this research. Nobody is going to live on 
lettuce for eighty years to see if they live longer. One of the 
troubles in aging research is that it is very hard to find an 
animal which is less long-lived than a Ph.D. student; if you set 
up an experiment on human beings, you are in for an eighty-year 
experiment that you will not see finished, and that you will have 
to leave to your children as a sacred task. So whenever you read 
in the news papers that somebody has a medicine that slows down 
aging or prolongs life, you want to ask how it has been tested, 
because they would have had to run a very, very long experiment in 
order to be able to establish the case. I think it is very 
probable, in fact certain, that eventually we shall have a system 
of rate-modification medicine which will enable us to change the 
rate of aging, but I do not expect that we shall enable patients 
to live to the exorbitant ages that some people have predicted. 
What we should most likely see initially is astate of affairs in 
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which it takes us eighty years to reach seventy and sixty years to 
reach fifty--a gain of ten years. Even that would be very hard on 
the insurance industry, because once you have effected a shift in 
the firm foundation of mortality experience underlying actuarial 
statistics by a quarter or a half percent increase, there is 
nothing to ensure that there may not be future development of a 
ten, twenty, thirty, forty or even one hundred percent increase. 
I should think that is a great worry for demographers and for 
actuaries. I do not think that if we are able to alter the rate 
of aging, it will be done primarily to increase longevity, but 
rather as a means of postponing specific age-related diseases. 
Tumors and illnesses could be made to occur at a later age by 
rate-control medicine, and even pedestrian road deaths would peak 
at a later age. We shall probably use such methods initially to 
postpone the date of onset of diseases that we are not yet able to 
control. Obviously, if you knew that somebody was liable to get 
cancer when he was fifty, it would be a great benefit to postpone 
the di.sease until he was sixty, because by that time, we might 
have gotten a treatment for it. Quite apart fram anything else, 
he would get another ten years of life. That, I think, is the 
first form in which experimental gerontology will probably be 
applied. We can expect that in the lifetime of some of us, 
physical aging in humans will be susceptible to some postponement, 
not just through removing individual diseases but by actually 
putting a screwdriver into the clock and resetting the timing 
mechanism. I am afraid some of us wili be Moses rather than 
Joshua, however, in regard to this prediction at the present rate 
of funding. 

Physical aglng, however, accounts for only about 25% of the 
i11s of aging that we see in American society and simi1ar 
societies. Some seventy-five percent is accounted for by another 
kind of aging, which we may properly cal1 sociogenic aging. 
Sociogenic aging is, quite simply, the sum of the folklore, the 
prejudices, and the misconceptions about age which are imposed on 
the old. It does not require any scientific discovery to alter 
this aspect of aging, merely public education and a change of 
attitude. We tend to forget that when you reach old age, you will 
not feel any different, and you will be surprised that other 
people treat you as if you were different. When you go into a 
restaurant with your son and the waiter points at you and says, 
"Does he have cream in his coffee?", you begin to realize that 
somehow you have been expelled fram the club and that you are no 
longer a citizen in good standing. It is precisely on that sort 
of aging, imaginary or imposed, that I want to concentrate here. 

If you insist that there is a group of people who, on a fixed 
calendar basis, cease to be people in good standing and become 
unintelligent, asexual, unemployable, sickly, or crazy without 
reason, then the people so designated are under some pressure to 
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be like that, just as mueh as oppressed ethnic minorities have 
been kept below their full potential because other people spook 
them out of it. The fact that no person who is not sick becomes 
any one of those things by virtue of age is quite beside the 
point, and the fact that most older people obstinately faU to "be 
like that" is beside the point. It is amazing how the stereotypes 
get built in. As older people are known to be unemployable, we do 
not let them work. As they are known to be asexual (and it is 
very embarrassing when they are not), we tend to herd them into 
institutions which deny even elementary privacy. As they are 
known to be liable to go crazy without reason--symptoms which are 
due, in fact, to infeetion, to overmedication, to simple 
exasperation with society or to specific diseases, such as 
Alzheimer's Disease that are missed--the elderly sick are regarded 
as "senile." The greatest advance in the field of Alzheimer's has 
already been made; we now recognize it as a disease and not a 
natural consequence of aging. As a consequence, a large research 
investment is now being focused on finding out whether it is a 
genetic, an infectious, or an autoimmune condition. In actual 
fact, rather few old people go crazy compared with people at 
earlier ages. Only about nine persons per thousand over age 65 
need psychiatrie hospitalization (if you exclude those who suffer 
from the various forms of dementia, one of which is caused by 
multiple emboli in the brain, and another of which is Alzheimer's 
disease). Usually, old people become crazy for only three 
reasons: because they always were crazy, because they have an 
illness, or because we drive them crazy. 

Prejudice has a bad effeet on its victims, and it tends to 
corrupt people, as we have seen in the case of racial and 
religious prejudiee. Prejudiee against the aged is partieularly 
stupid because we all become old. Do you think Archie Bunker 
would go on being rude to immigrants if he knew that he was going 
to turn into a Puerto Rican on his 65th birthday? Recently, 
people seem to have mended their manners in regard to minorities, 
and there is less bandying of ethnic insults. I would like to see 
the day when such slurs as "dirty old men", Hold ladies in tennis 
shoes", "old buffers", Hold gomers", and so forth, go exactly the 
same way as the ethnic insult--as being words that are left unsaid 
or you face the risk of having your head punched if you use 
them. 

When we get wise to it, we realize that aging is as 
irrelevant as race. The old have some earned entitlements--the 
right to a pension for whieh they have subseribed and the right to 
benefit from eertain programs which meet their particular needs. 
Administratively, the right way to handle the old is to stop 
treating them as a problem and begin treating them as a 
resouree. I am glad to say that we are beginning to see a little 
more movement in that direetion. The only really relevant 
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administrative feature of oldness is the increased risk of illness 
and decreased mobility, but neither ill health nor lack of mobil
ity are confined to the old. The person who needs a wheelchair at 
any age needs a wheelchair. The person who needs medical ca re at 
any age needs medical care, and the age of the person concerned or 
the reason which causes them to have those needs is largely 
irrelevant. I think it is quite scientifically and politically 
sound to start striking age out of the reckoning, but this will be 
difficult to do until the elderly operate as a political pressure 
group in order to get some of their share of the goodies. 

To remain in optimal health, old people need what other 
people need: they need work to do, money to live on, a place to 
live in, and other people who have some concern whether they live 
or die. The old today run the risk of being prematurely buried 
and not getting those things. I am inclined to think that work is 
the greatest preservative of all. What we call retirement is 
often compulsory unemployment. Thomas Jefferson said that a man 
should not too long occupy the same ground. He made this 
statement when he was arguing against a life presidency (and I 
think one would agree), but he did not say that a man or woman, 
when no longer president or whatever, should be excluded from 
society and obliged to be idle. Compulsory idleness is as onerous 
to the rich as it is to the poor, and it also is something that 
the country can ill afford, because, among the older people, there 
are many who have top skills. I know that there are problems 
here. I had to update my medicine very rapidly when I came back 
to clinical practice after having been out of the field for a few 
years. Any of us who were brought up on vacuum tube radio would 
find ourselves in the Dark Ages when it came to dealing with solid 
state circuitry, and the people who were brought up on germanium 
transistors will find that they have been left behind by modern 
chips and integrated circuits. Technology advances very fast 
indeed. When I was a medical student, medical botany was in the 
curriculum but radiation biology was not. It is increasingly hard 
to keep up, but even the fact that you have not kept up with the 
state of the art does not mean that you are not good for anything; 
you do have experience. As a consequence, an old doctor who is 
not au fait with the latest drug can still retain his clinical 
experie~and be a very valuable member of the firm, and he may 
sometimes offer Trousseau's advice to his pupils, "Use the new 
drug, gentlemen, while it retains its efficacy." All projects and 
professions benefit from a balance between experience and 
innovation. 

If we pers ist in the fiction that the old can be of no use to 
society except as volunteers, we are going to have twenty percent 
of the population of some states permanently unemployed. That 
situation may be difficult to address at a time when vast numbers 
of the young are unemployed, but room still needs to be found for 
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the old as we11 as for the teenagers. Their skil1s and potentials 
are different. The old need something to do and, preferab1y, 
something that does not disp1ace other peop1e. Still, as one old 
lady said to me, "What every firm wants is a person of 20 or 25 
with 40 years of experience, and they just do not come that 
way." One of the difficu1t problems of society is how to allocate 
work fair1y among different age groups so that nobody is being 
exp10ited. It is interesting that in two world wars, the old went 
back to work with exce11ent resu1ts. You must remember that at 
the same time, women started doing things they never did before. 
Barriers against b1acks and other minorities were dropped and they 
too started doing new things, and they aid them extreme1y weIl. 
But there is a big difference between the old and the other 
minorities: whi1e minorities and women who had gained new 
recognition as citizens, kept it to some extent, despite a certain 
amount of ground lost after the wars, the old underwent turnover, 
and a new generation of older peop1e had to fight again for their 
rights. If you are a woman or if you are a member of a minority, 
you will have been subjected to some degree of prejudice and will 
have had to fight for your rights all your 1ife. This experience 
is something which only comes to the old when they get to be old, 
making it rather difficu1t for them to retain politica1 and social 
gains from generation to generation. 

I do not 1ike the emphasis p1aced on the beauties of leisure, 
because leisure as stressed by this society is a fraud. Leisure 
is a great thing to occupy an occasiona1 afternoon or even an 
occasiona1 two weeks, but not twenty years. I know it is very 
easy for e1der1y academics who never will retire as 10ng as they 
can talk, write or even make intelligible noises, to say this when 
other people who perform heavy or demeaning manual labor may be 
very glad to retire. But the opposite of drudgery is not 
idleness. I am horrified that we not on1y talk of leisure 
centers but we even have courses in organizing the leisure of 
others, when we should be talking about occupation. Obviously, 
that does not mean that occupation until death should be 
compulsory. The old in India may choose to become contemplatives 
when they are old, and anyone who wants to be a yogi rather than 
remain in emp10yment has a perfect right to do that. I think, 
however, that this is one of the areas in which we have failed, 
perhaps because it is such a socia1ly difficult area. But as we 
age, we near the end of our lives, and our to1eration for 
trivia1ity, which is what leisure tends to mean in this culture, 
declines. 

Among the other important needs of the old is the ability to 
stay in their homes. Institutiona1ization has been a very great 
evi1 and still confronts us with insoluble problems. Although 
on1y something 1ike four percent of the old live in nursing homes, 
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those who do sometimes live under very bad or at least unrewarding 
eonditions. We are launehing a drive in several states to remedy 
this state of affairs. The State of Maine, for example, has 
reeently switehed a lot of its Medieare funding from nursing homes 
to ambulatory eare, so that quite a few people ean remain at home, 
provided eertain faeilities are available. It is very mueh 
cheaper to the eommunity, it is very mueh better for older 
people. Some of them will always need to live in institutions, 
and we have to ride shotgun on those institutions to see that they 
eonduet themselves properly. In the best centers, we have been 
ineorporating nursing homes into teaehing medieal hospitals so 
that there are medieal residents in attendanee and the patients 
are not left to molder; ins tead , they reeeive aetive supervision, 
treatment, and eneouragement to be engaged. 

These eomments bring me to the question of geriatries. 
Geriatrie medieine has been a speeialty in European medieal 
sehools, and it has always been praetieed in Jewish hospitals, 
although they do not separate it from the general idea of 
exeellent medieine. It has spread from there and has begun to 
aehieve reeognition throughout medieine. Some doetors ignorant of 
geriatrie medieine do not believe it is a "real" diseipline. Yet 
it is, in fact, very real beeause the treatment of the old differs 
as mueh from the treatment of the young and middle aged as 
standard medieine differs from the treatment of babies. The doses 
and the modalities of treatment whieh are appropriate for young 
babies are not appropriate for persons in their twenties and 
thirties, and in the same way, treatments appropriate in midlife 
are not always appropriate for people in old age. For astart, as 
life eontinues, toleranee of drugs deereases for a variety of 
reasons, and dos es that are appropriate at a younger age ean 
produee serious disturbances in the elderly. Furthermore, as one 
grows older, the symptoms of disease tend to beeome blurred and, 
indeed, a eharaeteristie feature of geriatrie medieine is the 
nonspeeifie presentation of speeifie disease. With an 
overwhelming infeetion, a baby will have a eonvulsion, a young 
adult will experience a rigor and perhaps delirium, and an old 
person may show no symptoms except confusion. If you assume that 
all old people are confused anyway by virtue of age, you will miss 
the infeetion. One highly important measure in geriatries is the 
so-ealled plastie bag test, whereby you produee a plastie bag--and 
I do not mean a little sandwich bag, I mean a great big bag like a 
garment bag--and you tell the patient to put all the medication 
they are taking in there. In my experience, the reeord was 41 
medieations! Now and then you see people who have a sort of 
buffet bar of medieations whieh they sampie from time to time. I 
met one old lady who used to put all her pills in one box and take 
them at random. Nobody had bothered to explain the correct 
regimen to her, until she took three Digoxin in a row and landed 
in the hospital. Others will lend pills. A lady who was taking 
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the anticoagulant Coumadin for thrombosis of her legs was a very 
good patient. She came in every week to have her clotting time 
recorded and took her medicine religiously. Unfortunately, her 
landlady also developed a bad leg, so our patient gave Coumadin 
tablets to her landlady. The land lady duly took them and bled 
from every orifice much to the mystification of her physician, who 
was unable to make out what was the matter~ I have seen an 
apparently demented patient whose dementia was due to eating 
Vitamin D tablets by the handful because somebody had told her 
they were not medicine, but were "good for her". There is a great 
deal of patient education to be done here. One sees literal 
echoes of the celebrated case of the man who was given a 
suppository for his hemorrhoids and ate it. The doctor said, 
"WeIl, you idiot, I told you what to do with it". The man said, 
"Yes, but you will have your little joke, doctor". It is easy to 
blame the patient but we also should blame ourselves as physicians 
for not cultivating a better attitude towards medication in the 
old and in the young as weIl. Hidden away in cupboards all over 
the country are bottles of dangerous drugs that have been 
withdrawn or outdated. They are at the back of the medicine 
cabinet labelIed "headache pills," or the like, and waiting to 
wreak havoc when somebody takes them. The trouble in modern 
medicine is that all our operations are conducted with live 
ammunition, and we have to be careful that the troops to whom we 
issue it know how to handle it. 

Geriatrie medicine is a marvelous occupation. However, you 
have to eure medical students of the idea that it is a branch of 
embalming, and therefore not interesting. When students see older 
people who appear to be demented, or decrepit or depressed put on 
their feet again and restored to vigorous life, they come to 
realize that it really is a worthwhile occupation. This is an 
area where role models are important, which is why we set out to 
train people to become full-time geriatricians. The time will 
come when they can re-merge with mainstream medicine, physicians 
who also know how to treat the old. But to start with, we have to 
have centers of excellence to provide role models. This field is 
a growth stock in medical practice. Sixty percent of 
prescriptions are written for people over 65. In some areas of 
the country, the elderly will soon comprise up to twenty percent 
of the population, and that twenty percent is going to make up 
eighty percent of patient visits, because a lot of illness is 
concentrated towards the end of life. People in a doctor's office 
now very often have degenerative and age-dependent diseases, 
whereas a century ago, they were patients with infections. The 
diseases include myocardial and cardiovascular disease, arthritis, 
malignancies--they are diseases of late middle life but are 
carried over into old age. As I have said, geriatrics differs in 
the same way from general medicine as does pediatrics. It 
requires specialized knowledge. 
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The name geriatrics was invented in America, but the 
discipline is something which we can claim for England and 
Scotland through the work of people like Sheldon, Howell, 
Ferguson, Anderson, Elizabeth Williams, and Lord Amulree. I was 
interested, however, to find that many of these people were, in 
turn, resident physicians under a certain Noah Morris, who, I 
believe, came over to Scotland from the Yeshiva Hospital. Thus, a 
subject is developed by role modeling. I want to say something 
about present conditions here in contrast with Europe. There is 
one problem in Europe that does not exist in California but which 
you may have here outside the Sun Belt, namely, hypothermia. A 
lot of old people in England still live in houses where the toilet 
is outside the house, and they have great difficulty in not 
freezing to their seats. The old are very susceptible to cold, 
and hypothermia is a dangerous and insidious condition. Even in 
California houses and wards are kept cool with air conditioning. 
The temperature only has to go down to about 600 , and some old 
people begin to get problems. Another difference between America 
and Europe that is sometimes not realized is that the per capita 
cost of medical treatment to seniors out of pocket has actually 
increased in dollars since Medicare was introduced because of the 
increased cost of services. One great advantage in England is 
that with a health service, not a "sickness industry," you cannot 
be put out on the pavement because you cannot produce cash down 
for medical services. In other words, you have got a floor under 
you as you age. Another feature that makes geriatrics here very 
different from Europe is the general lack of family physicians in 
America. The family physician in England sees the patient and 
everything goes through him including the specialist's opinions. 
If the specialist recommends unnecessary surgery, it is up to the 
family physician to be gatekeeper and see that common sense 
prevails. The family doctor does not have hospital privileges, 
but the hospital reports to him when the patient is discharged. 
At the moment, I am engaged in a program of training fami1y 
physicians for the rather different American scene. We have an 
exce11ent program in Ventura County Hospital, where we are 
training peop1e in fami1y practice, and we are like1y to see an 
expansion of this branch of medica1 teaching. Geriatrics is an 
important ski11 in fami1y practice. You also need geriatricians 
in hospitals. In fact, in England, a geriatrician is in the 
emergency room so that he will be there when the patient is 
admitted and avoid the harm done by delays over what is called 
"disposal." 

Finally, the biggest problem here is that geriatric work 
depends 1argely on socia1 services, and the multi tier structure in 
America, with its federal, state, county, 10ca1, and vo1untary 
services, makes it very difficult to integrate them, whereas in 
Eng land , one telephone ca11 will usually turn on all the socia1 
services. The problem does not even stem entire1y from the 
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Neanderthal interpretation of laissez faire--that social services 
should be provided as grudgingly as possible. The real trouble 
has been that America has indeed been spending huge sums on social 
services, large amounts of which never reach the people for which 
they are intended. The Neanderthal view has failed in the 
clinical trial, and one may have to take another look at how it 
operates. People are very kind, and, if some old lady goes on 
television and says her roof has fallen in and she is unable to 
pay for it, dozens of people will volunteer to fix it for her. 
But strangely, if you try to put a penny on the sales tax to pay 
for social services, it is vigorously resisted and even 
categorized as "Communistic." 

I think that an American medical service has to be American; 
it cannot be patterned after the English, Swedish, Soviet, Chinese 
or other systems you may name. The old are going to play a very 
big part in determining how those medical services are delivered 
and perhaps a deciding role in the future pattern of American 
medicine. The elderly are going to be the big consumers, and they 
pack much more punch than most of them realize. For astart, they 
have this devil's gift of leisure, which enables them to go around 
stomping the country, holding registration drives and exerting 
pressure. They include a lot of retired judges, congressmen, 
senators, and business executives with a lot of political clout 
and a lot of political experience. Congress is beginning to feel 
the heat from the senior lobby, not just because of the Grey 
Panthers but also because it is a lobby with a lot of experience 
and skill. One sometimes forgets that if Benjamin Franklin had 
retired at 65, we would not have the American Constitution in its 
present form, because nearly all his best work in that area and 
his great political influence on the growth of the new country was 
done after he was 65. As a gerontologist, I am often asked 
whether the president ought to run again when he is in his 
seventies. It always seems to me that his age is quite 
irrelevant. If a man is weIl and fit and in his right mind, there 
might be many other reasons for voting against him but his age is 
not one of them, and this applies to all our politicians. Of 
course, it is true over history that some figures have stayed on 
when they were not in a fit state of mental or physical health, 
but that applies to some younger politicians, too. We are at last 
coming to recognize that the old have a role to play, and the only 
thing I find disappointing is that so many old politicians tend to 
forget their constituency, or not realize that they have it. With 
the creditable exception of people like Sen. Claude Pepper, it is 
certainly true that there are a lot of old politicians who do not 
do much for the old. But the people who can ch~nge this are the 
electorate, because they can lobby their representatives. I think 
that we are going to see the old adopting a very major activist 
role in this society, far more so than they have done in the 
paste And those of us who are not yet old may find that by the 
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time we are, we will have moved into a situation where the options 
are very different. 

I would not like to see an old-young conflict set up. It is 
very easy tocreate group antagonisms and is the way that 
conventional politics very often operates, by playing groups up 
against each other. The old have to guard against it. They will 
have to decide whether to join an organization which is 
specifically for the old, in the way that the NAACP is 
specifically for black$ or minorities, or whether to work through 
existing parties and lobby the party of your choice. Both forms 
of pressure are effective in changing the attitudes of society. 
But I think that this is one revolution which is almost bound to 
come about, simply because of the change in demographics. And, in 
asense, the art of being old is to learn to play an effec·tive 
game and not an end game and to cultivate, among other things, a 
characteristic which is not describable by an Americanism--it is 
what the British army calls bloody-mindedness. The expression 
means a combination of cussedness, feistiness, and general refusal 
to budge. It may range from being deliberately obstructive to 
standing up for one's rights. More and more people are coming to 
recognize the need to be "bloodyminded," and I am always very 
pleased when I see an audience containing older people, because I 
know they are much less willing to be spooked by stereotypes, in 
exactly the same way as black or Hispanic Americans are not 
prepared to put up with the traditional racist images. Groups are 
no longer prepared to put up with traditional stereotyping when it 
is insulting or a hindrance to them, and the old are joining that 
movement. America will be a rather good place for the old if they 
are able to keep up this behavior. This is why I chose as my 
t1tle, "Liv1ng All of Your Life," to suggest the task which lies 
ahead of the older citizen. 

I have to return to England soon, and my next job will be to 
try to organize the teaching of geriatrie medicine, not to a 
public such as ourselves which has doctors, hospitals and the 
problem of the cost of Medicare, but to such Third World countries 
as India. There, medical services will have to be based on the 
village concept. It will be of no use sending doctors to Britain 
and America to leam geriatrics as practiced in teaching hospitals 
and with the type of social services that exist there if, when 
they go home, they will have to think in terms of the village and 
the extended family. And so the job goes on, and those of us who 
are interested in working with the elderly see that there are many 
areas of research involved. They range from the study of fruit 
flies, mice, molecular biology, and biochemistry, about which we 
are hearing in this Symposium, to the study of how to deliver the 
best health care to the old, and how to improve social attitudes 
so that unnecessary burdens are not placed on the old. This 
three-fold task involves some gerontology and geriatrics, and is 
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the key to insuring that people do get an opportunity to live all 
of their lives. 

DISCUSSION 

Question: Are you as optimistic now about the future of 
aging research as you were thirty years ago? 

Comfort: Yes, I am, although I was a bit too optimistic 
about how fast the research would get funded~ I thought then that 
because so many politicians were old, and so many rich men who 
were growing older were worried ab out their aging, there would be 
a gathering rush to fund experimental gerontology. There has not 
been because those people when they did fund anything tended to 
fund quacks and not people who have been doing the serious 
research. But I am still optimistic that the research can be 
done. What we have to learn here is that we tend to take an over
optimistic view of the ten-year outlook, and an underoptimistic 
view of the twenty-year outlook; that just about fits. I did 
expect to see rather more investment in gerontology, but I am also 
quite pleased with the solid progress that is been made. You can 
say, ten years ago we were talking about the need to do experi
ments to see whether caloric restrietion works in humans, and we 
are still saying that today. There are major difficulties in 
doing such experiments, and it is probably more economical to find 
out what exactly caloric restrietion does so that we can short
circuit the need of doing it. So the answer is yes, I am 
optimistic about the future, and I think we have actually made a 
lot more progress than appears to the public. The reason lies in 
what Winston Churchill said about supplies and logistics in 
wartime. The first year, nothing; the second year, a little; the 
third year, all you want. These things do take very long time to 
brew, and I think a lot of the good work has been done. You 
cannot put your finger on which of it will pay off at the moment. 
so we have to continue along numerous lines. 

Question: So are you saying that the National Institute on 
Aging has not been funding research properly? 

Comfort: Oh, it has; the National Institute has been doing a 
good job, but one could use yet more funding than we have had. 
Funding for research in this country depends on two sourees: 
federal money, like the national institutes, and large-scale 
voluntary money. Sometimes this method works easily and weIl. 
The best example was the polio immunization campaign where the 
money came partly from federal and partly from voluntary 
sourees. I think we shall see this same cooperation with 
Alzheimer research. As soon as it becomes clear that we are 
beginning to get a handle on this problem, I am sure that there 
probably will be as vigorous fundraising as there was for polio. 
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I am not sure funding alone will resolve the problem any more than 
throwing money at cancer has produced a cure. So I think we have 
to reach the point in our research where the funding will be 
correctly applied. 

Question: How would you compare caloric restriction in mice 
and rats with fasting in humans? 

Comfort: In mice, the reduction of the caloric intake to 
sixty percent produces a large change in lifespan, and the ladies 
who say their prayers every day to the Goddess Diameter and live 
on lettuce should do alright on this diet. But what I was saying 
was that it is very difficult to conduct this sort of program with 
human subjects, simply because it must be kept up consistently for 
a very long time before you have any results. I think we are 
beginning to make a dent in heart disease alone by altering 
dietary habits; that seems the most logical explanation of the 
decline in the incidence of myocardial infarction. Probably the 
reduction in the consumption of saturated fats is responsible. 

Question: Is there an age at which caloric restriction is 
more appropriate? 

Comfort: We have not worked that out. We heard in this 
Symposium about experiments in which caloric restriction was 
started at early adolescence of mice that showed quite a 
considerable effect. I think we would have to do a lot of 
figuring out for humans. The real problem is that mice and rats 
in the wild are annuals, and they may have a special device which 
enables them to overwinter by postponing their aging when their 
food supply is low, whereas humans already have a long period of 
latency introduced in their childhood. The first stage both of 
physical growth and psychosexual development occurs early in 
humans, and then there is a long plateau, followed by another 
spurt of development of both at adolescence. So probably the 
whole life cycle in primates, with this long latency period, is 
different in its control mechanism from what it would be in other 
mammals. We may have some surprises in store over this. And that 
is why I would rather analyze the nature of the caloric 
restriction effect--find out whether it is operating at the 
cellular level or on a hypotholamic clock--and then see whether we 
can simulate it by some means other than just cutting down in 
calories. 

Question: Do you still hold with the spacecraft analogy for 
aging? 

Comfort: I will have to explain that analogy. The idea is 
that in a sense the organism is like a spacecraft that has been 
designed to go and photograph Mars. It has to be overengineered 



LlVING ALL YOUR LlFE 227 

to the extent that all the tolerances will carry it at least that 
far. With the Pioneer and Voyager spacecraft, they have been 
overengineered to the point at which they are going tootling off 
into far space and look like they will last for a very long time 
and produce far more results than anybody expected. Now, if an 
organism has been "designed" by evolution to live a certain length 
of time, various things can happen to it when it reaches the end 
of that period. It can run out of the program so that the 
organism tends from then on not to maintain homeostatis because it 
is no longer programmed for a further course. Alternatively, the 
organism can actively self-destruct or it can simply not recharge 
its batteries. We really do not know whether organisms follow one 
of those processes or whether it is a process of "wearing out". 
In general, the body seems to have backup systems. Russian 
physiologists have done a lot of work on the change in homeostatic 
mechanisms with age, and it seems that there is a computer on 
board which produces backup systems, but those systems change in 
character, and in their view, when one reaches the end of the 
lifespan, one has run out of backups. All of these possibilities 
have to be investigated by analyzing what actually goes on when 
organisms age. 

Question: If you had unlimited funds, what would you be 
working on in the field of aging research? 

Comfort: If I had unlimited funds to devote to research, 
leaving aside the quest ion of applying money for the training of 
physicians, I would press on more quickly with existing 
projects. With more staff, we could get more experiments done, 
and I think the direction of aging research at the moment is 
extremely satisfactory. I would like to see slightly more federal 
investment in the immunobiology of aging because the people in 
that area could do more with bigger staffs. 

Question: In regard to your comment about elderly 
politicians, the problem is not were they picked weIl, the problem 
is surely that their ideas all must have been formulated several 
decades earlier. Would you like to comment on that? 

Comfort: When you see all those boys standing up on top of 
Lenin's tomb and looking rather forbidding, I mean, you do feel 
that way. If you sometimes look at the British establishment or 
the American establishment, you feel, "My God, what a shower" • 
But then, there are plenty of young members of the establishment 
who are a shower, too. So it is much more the selection of 
shower-worthy people by politics than it is the age of the person 
concerned. And it is just not true that old people do not 
change. It is very obvious that in field of sexual mores, a lot 
of old people stay with the mores they learned many years ago. 
Others are quite prepared to start living together unmarried 
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because the young are doing and it pays off from the point of view 
of social security. So some people update and go with the times, 
others do not and they say the times are corrupt and they do not 
want to go with them. So it is rather this fallacy of treating 
all old people as if they were identical twins. They are not. 
There are old Conservatives and old Liberals. There are old 
Progressives and old Reactionaries. There are just as many 
different kinds of old people as there are young people. So it 
does not follow that all old people are irrevocably conservative 
and incapable of changing their attitudes. Some are. 

Question: Does exercise have any impact on aging? 

Comfort: It probably does, but I think that the trouble with 
exercise is that some people do weIl on it and others do not. It 
is quite good where day-to-day living involves exercise, like the 
Swiss who, whenever he goes out his front door, has to walk either 
up or downhili, and return in the opposite direction or the 
nomadic herdsmen who have to follow their flocks on foot or the 
old-time cowboys who followed their herds on horseback. But the 
exercise you do at the spa to work off the extra calories you have 
eaten is not. There is a tendency for exercise to be what you do 
as a penance for all the guzzling and slurping that you have done 
in the interval. It does not work terribly weIl that way. 

Question: In the context of exercise in your most famous 
book, do you have any comments? 

Comfort: I always thought that sex ought to be good for you, 
as it does involve an acceleration of the heart rate, but the 
physlologlsts tell me It Is not really sustalned enough. The 
exercise physlologist also says that you have to reassure people 
that that type of exertion is no more hazardous to patients who 
have suffered a heart attack than walking up a flight of stairs. 
And since people have this concern regarding sexuality, they are 
very easily spooked out of it, and that is too bad. The actual 
amount of calories you burn off in the course of sexual 
intercourse is probably fairly low, so I do not think you can, as 
it were, screw your way out of overweight. Sorry if I have 
disappointed anybody. 

Question: 
United States. 

The centers for Alzheimer's research are in the 
What are the Europeans doing along that line? 

Comfort: There are a number of places in Europe where work 
is being done. In England, for example, the Medical Research 
Council has a research group. It depends on which theory you 
adopt, because the people who think that Alzheimer's disease Is 
caused by an infection by an unconventional agent are working in 
infectious diseases institutes. Others are working on immune or 
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genetic factors. So there is a lot of work scattered over the 
whole area, with a certain amount of coordination now that we are 
aware of the subject. I think that the project is going weIl. I 
am not sure whether setting up another Manhattan project and 
trying to have a crash program to deal with Alzheimer's would be 
beneficial--it would not have been if you started such aprogram 
prematurely. I think we must go on a little bit longer before we 
can embark on a crash program, but when we reach the point at 
which we know that the project is feasible, then we can begin to 
put more resources into it. At that point, it will be very 
important to act as quickly as possible because Alzheimer's is the 
most expensive disease in the country. Apart from an incredible 
amount of suffering, it leads to an enormous amount of prolonged 
il1 hea1th and institutional time and cost in services. It is 
what the majority of people fear most about growing old. It is 
bad enough if you become bedridden, but if your inte11ect is okay, 
you can still do things from your bed, but if your "marbles" go, 
that is it. 
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INTRODUCTION 

The potential lifespan of a species, defined as the duration 
of life of the longest survivors, is determined by genetic 
factors which control the rate of cellular and organ development 
and involution. However, the incidence of disease increases 
exponentially with age (Simms, 1946), and longevity of 
individuals within a species is also determined by an absence of 
genetic susceptibility to disease and the maintenance of a 
vigorous and well-balanced iIlJllune system which continues to cope 
with environmental stimuli and internal degenerative changes. 
The thymus, a principal lymphoid organ, is governed by a genetic 
"time clock" which programs its involution with age. 
Environmental influences can accelerate or delay this natural 
process. Concomitant with thymic involution is a progressive 
decline in iIlJllune function. The incidence of autoiIlJllune, 
neoplastic and infectious diseases increases dramatically as 
iIlJllune and iIlJllunoregulatory functions decline, and such diseases 
are hallmarks of the aging process. In this report we will 
present theories and experimental findings from our laboratory 
and others on the subject of the interaction between genetic and 
environmental factors affecting longevity, focusing on the immune 
system as a major interface between genetic aging programs and 
the environment. 
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THE IMMUNOLOGIC THEORY OF AGING 

The Thymic Time Clock and Age-Associated Decline in Immunologie 
Function 

The thymus begins to involute shortly after puberty. Age of 
onset and rate of involution are affeeted by as yet undefined 
genetie faetors (Yunis et al., 1972; Good and Yunis, 1974) as 
weH as by gonadal and pi tui tary hormonal level s (Dumont et al., 
1982; Harrison et al., 1982) and environmental influenees. 
Progressive morphologie ehanges inelude a deerease in the 
eortieal mass and number of eortieal thymoeytes (Tosi et al., 
1982) and infiltration of plasma eells (Farr and Sidman, 1984). 
Levels of thymie hormones deeline, and systemie thymie-dependent 
(T) lymphocyte funetions progressively lose their vigor (reviewed 
by Kay, 1979). In addition, Ia expression by thymie epithelial 
eells diminishes with age (Farr and Sidman, 1984) and eould 
affeet intereellular eommunieation (differentiation and 
programming) within the thymus. The thymie time eloek theory of 
aging postulates that a genetie program eontrols the deeline in 
funetion of the thymus, whieh, in turn, affeets immune eompetenee 
(ability to eope with envirorunental faetors and internal 
degenerative ehanges) and immunoregulatory meehanisms. 
Deelining immune eompetenee and an imbalanee in immunoregulatory 
mechanisms promote infeetious, neoplastie and autoimmune diseases 
whieh eurtail lifespan. 

The Hole of Produets of the Major Histoeompatibility Complex 
(MHC) in Immune Functions whieh Influenee Longevity 

Immune response (Ir) genes whieh have been mapped to the Ia 
(Class 11) region of the MHC in mice eneode moleeules whieh 
elearly regulate immune responses. The expression of certain Ia 
phenotypes is predictive of whether an individual can res pond to 
a given antigenie stimulus. The responder/nonresponder genetie 
phenomenon was first deseribed in inbred guinea pig strains 
immunized wi th synthetie antigens. The meehanisms underlying MHC 
control of immune responses are still incompletely understood. 
Benacerraf (1981) hypothesized that Ir gene products are antigen
presenting moleeules on the surface of macrophages. It is 
possible that other Ia-expressing eells such as the thymic 
epithelium and vascu1ar endothelium ?lso have an 
antigen-presenting role and drive lymphocyte dffferentiaUon aad 
activation (Farr and Sidman, 1984; Pober et al., 1983). Sasazuki 
et al., (1983) found evidence linking Ir genes with suppessor 
cell functions. They showed that individuals who fail to 
respond to a particular antigen have preferentially aetivated 
suppressor cells whieh block the reaetivity of other T and 8 
lymphoeyte populations. It is elear that individuals inheriting 
Ir phenotypes assoeiated with immunoregulatory imbalanees or an 
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inability to res pond to certain infectious organisms could 
develop autoimmune or other diseases early in life which could 
significantly decrease their lifespan. 
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Class I MHC antigens (H-2D and K in mouse) are found on the 
surface of virtually all somatic cells in the body and are 
important signals in self-recognition. Cytotoxic and helper 
T-cells, with few exceptions, must recognize antigens in the 
context of self HLA Class I markers to respond to antigen 
(Zinkernagel and Doherty, 1979). In addition, it has been shown 
that antigen-specific soluble intercellular signaling molecules 
secreted by regulatory T lymphocytes have considerable homology 
with MHC products (Germain, 1981). Many diseases are also 
associated with Class I MHC phenotypes and may be attributable to 
inefficient or false signals given to the immune system by Class 
I antigens. 

GENES THAT AFFECT LONGEVITY 

An Association Between MHC and Aging 

Numerous studies have shown that mice of different inbred 
strains differ in survival rate. For example, the studies of 
Russell (1975) clearly demonstrated that C57Bl/6 mice lived 
longer than DBA/2 mice. The F, hybrid outlived parents of either 
sex, and females lived longer than males. Since genes of the H-2 
region govern the immune system, it was anticipated that 
longevity may be associated with expression of certain H-2 
phenotypes (Katz and Benacerraf, 1976; Meredith and Walford, 
1977; Greenberg and Yunis, 1975, 1978). Several investigators 
(Smith and Walford, 1977; Popp, 1978; Williams et al., 1981) have 
addressed this quest ion by using congenic strains of mice 
differing only in the H-2 region. The study performed by Smith 
and Walford (1977) using congenic mice demonstrated that median 
survival time does correlate with certain H-2 haplotypes and 
immune responsiveness. Their study showed considerable survival 
differences between congenic strains differing only at the H-2 
region. In another study, it was shown that longevity in H-2 
congenic mice was associated with immune responsiveness as 
meas~red by phytohemagglutinin (PHA) mitogen assay. B10.RIII 
(H-2 ), the longest-lived congenic strain, displayed the highest 
response to PHA, whereas B10.AKM (H_2m), the shortest-lived 
strain was least responsive (Meredith and Walford, 1977). These 
data support the concept that there is a genetic influence on 
longevity controlled by genes in the MHC, and that the MHC effect 
may be mediated by the immune system. 

The Role of Other Genes and Genetic Interactions in Longevity 

We recently performed aging studies on (C57BL/6xPBA/2)F1x DBA/2 
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backeross mice to determine the influence of other genetic 
regions and genetic interactions on lifespan. In this study we 
looked at the determinants of coat color (brown locus of 
Chromosome 4 and dilute locus of Chromosome 9), the 
serologically determined H-2 antigens (Chromosome 17), and sex as 
genetic markers. Our results suggest that the genes in the brown 
locus (b) segment of Chromosame 4, genes in a segment of the sex 
Chromosome and genes in the segment of Chromosome 17 containing 
the H-2 haplotype significantly influence life span in the 
backeross combinations of the C57BL/6 and DBA/2 strains. Two 
important findings were: 1) effects of a segment of genes in 
Chromosome 4 (b locus), as studied by coat color, which was more 
significant in females than in males; and 2) an influence of the 
simultaneous presence of certain alleles of the sex Chromosome, 
of Chramosame 17 (H-2) and Chramosame 4 (b locus) gn liae span. 
For ex~ple'damong 8 d~fferänt genotypesJ B/~;H-2 IH-2 , 
B/b;H-2 IH-2 , b/b;H-2 IH-2 and b/b;H-2 IH-2 males and f~alea, 
we found the longest-lived group to be the females B/b;H-2 IH-2 
(mediand30.5dmonths) and the shortest-lived group to be the males 
b/b;H-2/H-2 (median 24.1 months). Within these 8 genotypes, 
the observed spread of 6 months represents a 25% increase in mean 
survival rate (Yunis et al., in press). 

Fig. 1. 
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We also found that increased heterozygosity directly 
correlated with longer life span (Fig. 1). This effect may 
represent a case of hybrid vigor (heterosis), associated either 
with dominance of favorable alleles not held in common by the 
parental strains (Roderick and Schlager, 1975) or with avoidance 
of the deleterious effects of recessive genes which limit life 
span (Russell, 1975). These findings suggest that inter action 
between a number of genes and the environment is more important 
in conferring longer life span than the presence of specific 
individual genes (Yunis et al., in press). 

ENVIRONMENTAL FACTORS AFFECTING THE AGE-ASSOCIATED DECLINE IN 
IMMUNE FUNCTION AND LONGEVITY 

Although the regulation of immune response is predominantly 
under genetic control, non~lymphoid factors, such as nutrition, 
hormone levels and drugs are also influential. Earlier studies 
have demonstrated that in the autoimmune-prone NZB mouse strain 
diets low in fat and high in protein and fiber content lead to 
delayed development of autoimmunity and are associated with 
prolonged life span in both males and females. However, 
restriction of protein intake alone, while conferring beneficial 
influences on T-cell functions, did not significantly suppress 
the occurrence of autoimmune disease or prolong the life span of 
NZB mice. In contrast, B/W mice fed anormal diet in restricted 
amount (12 cal/ day) li ved at least twice as long as mice fed a 
normal diet (24 cal/day) (Fernandes et al., 1981) (Fig. 2). This 
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dramatic influence of nutrition was accompanied by prolonged 
maintenance of T-cell-mediated functions, inhibition of the 
development of spontaneously active suppressor cells, and 
maintenance of inducible suppressor cells. Dietary restriction 
also inhibited immunocomplex-dependent renal injury and anti-DNA 
antibody production in B/W mice as well as preventing the 
development of circulating immune complexes. 

Extensive nutritional studies revealed that the total food 
intake alone was responsible for inhibiting the development of 
autoimmune disease in B/W mice. Manipulation of the proportion 
of dietary components--for example, protein, carbohydrates, or 
fats--without reduction of calories produced no such influence. 
Restricted dietary intake from weaning as well as beginning in 
adul t life led to significant extension of life and reduced 
severity of the disease. Biochemical analysis of individual sera 
from 7-month-old B/W females fed the normal 24 cal/day diet from 
weaning showed elevations in serum cholesterol levels, decreased 
hematocrit, total protein and albumin content, as compared to 
mice given the 12 cal/day diet. When a high-calorie, high.fat 
diet was given, the autoimmune diseases were more severe and the 
animals also developed high levels of serum cholesterol, 
arteriosclerosis, and coronary and myocardial lesions. In mice 
fed low-calorie and low-fat diet, all of the cardiovascular 
lesions as well as the kidney disease were prevented (Fernandes 
et a1. , 1983; Fernandes et a1. , 1981; Lane and Yunis, 1981). 

Fig. 3 
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In C3H mice, which develop spontaneous breast tumors, two 
methods, alternate-day feeding and daily caloric restrietion, 
have been successful in the prevention or delay of tumor 
development (Fig. 3). Alternate-day feeding influences both 
tumor incidence and survival in these mice. Control mice fed ad 
libitum and experimental mice fed on alternate days showed mean
survival times of 545 + 24 and 619 + 28 days, respectively 
(P(0.05). The control mice had a tumor incidence of 83%, whereas 
the experimental mice had only a 53% incidence of mammary tumors 
(P(0.005) (Yunis et a1. , 1981). 

In another study using the same alternate-day feeding 
schedule versus the ad libitum feeding in CBA!H (a long-lived 
strain of mice), we have seen 70% survival of the experimental 
mice and only 42% survival of the control mice at 960 days of 
age. The difference in survival continues to be observed at 
1,080 days of age: 40% and 5%,respectively,for the experimental 
and control mice (Fig. 4). 

SUMMARY 

Many different theoretical approaches may be taken toward 
understanding the association between aging and immunologie 
malfunction. The leading theory is based on the natural 
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phenomenon of thymic involution and argues that the T-dependent 
lymphoid system is genetically programmed to decline in 
effectiveness, possibly through altered endocrine and central 
nervous system controls. The "thymic time clock" theory of aging 
is strongly supported by the consistent finding of defective 
cellular immunity functions in aged humans and animals and an 
associated development of the age-related diseases. 

In several animal models, incl uding autoimmune-prone strains, 
high spontaneous tumor incidence strains, and normal long-lived 
strains, it has been possible to forestall the development of the 
major diseases of aging and extend longevity by restricting diet. 
The predominant effect of dietary restriction is prolongation of 
immunologie vigor and retardation of the immunologie dysfunction 
that normally occurs with age. Studies on environmental factors 
affecting longevity such as these and others which demonstrate a 
complex interaction between genes influencing longevity 
underscore the complexity and challenge of aging research. 
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INTRODUCTlON 

The characteristics of normal diploid ce11 proliferation are 
wide1y used to describe in vitro models of ce11u1ar aging. In 
fact, it is the predictab1e 10ss in proliferative capacity that 
was first used to argue that normal human fibrob1ast cu1tures 
cou1d serve as a model system for the study of ce11u1ar aging. 
A1though there are many other physio10gica1 changes that occur 
during the 1ifespan of ce1ls in cu1ture, the regulation of ce11 
proliferation remains a primary target of research in this area 
of ce11 bio10gy. There have been two general approaches taken in 
studying the regulation and eventual 10ss of proliferative capa
city in normal human ce11s in cu1ture. They can be broad1y 
eharaeterized as genetie and hormonal approaehes. 

GENETIC APPROACHES USED TO STUDY THE REGULATION OF CELL 
PROLIFERATION 

Stein and Yanishevsky (1981) have shown that entry into DNA 
synthesis may be negative1y contro1led in both quiescent and 
senescent human diploid fibrob1asts. They fused either quiescent 
or senescent ce11s to rep1icating cel1s and found that the ini
tiation of DNA synthesis was temporari1y inhibited whi1e ongoing 
DNA synthesis was unaffected. Their resu1ts suggest that both 
quiescent and senescent ce1ls possess an inhibitor to the ini
tiation of DNA synthesis. In these studies, however, it is not 
possib1e to determine if the quiescent and senescent ce11s are 
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blocked at the same point in the cell cycle with the quiescent 
cells able to exit following an appropriate signal while the 
senescent cells remain blocked. 

Earlier studies involving the fusion of normal and trans
formed cells have contained reports of the isolation of indefi
nitely proliferating hybrid clones (Goldstein and Linn, 1972; 
Croce and Koprowski, 1974; Stanbridge, 1976). However, Bunn and 
Tarrant (1980) and Muggleton-Harris and De Simone (1980) have 
shown that the majority of these isolated hybrid clones displayed 
a finite proliferative capacity. In these latter studies, the 
finite lifespan of most hybrid clones may have been due to the 
loss of specific HeLa cell chromosomes or viral SV40 DNA. This 
question was addressed directly by Pereira-Smith and Smith 
(1981). They studied the proliferative potential of hybrid 
clones formed from the fusion of presenescent or senescent human 
cells with SV40-transformed human cells. Of the hybrid clones 
isolated, 85% showed finite in vitro lifespans while 15% 
displayed indefinite lifespans. Most significantly, though, all 
of the hybrid clones expressed the viral T antigen. Therefore, 
even though the viral genome was being expressed in all of the 
hybrid clones, often the senescent phenotype was eventually 
dominant. 

Human cells transformed by the DNA tumor viruses SV40 and 
adenovirus were able to initiate DNA synthesis in senescent 
fibroblast nuclei in heterodikaryons. However, in contrast, car
cinogen-transformed cells were unable to stimulate entry into S 
phase in the senescent nuclei and, in fact, were themselves inhi
bited from synthesizing DNA in heterodikaryons (Stein et al., 
1982). Fusing HeLa cells (Stein, 1983) or L cells (Nette et al., 
1982) leads to DNA synthesis in the senescent nuclei of the 
hybrids, heterodikaryons or cybrid fusion products. 

Several groups have focused their studies on various fusions 
between young and senescent cells, and the general observation is 
that the young cell nuclei are inhibited from entering S phase in 
such heterodikaryons. This work has now been extended to include 
the inhibition of DNA synthesis in young cells fused with 
cytoplasts formed from senescent cells (Drescher-Lincoln and 
Smith, 1983). Furthermore, this senescent cell-dependent inhibi
tion is sensitive to either cycloheximide or puromycin (Burmer et 
al., 1982) and can be optimally blocked by cycloheximide treat
ment during the first 3 hr after fusion; this implies a late GI 
block in senescent cells. 

Several lines of evidence from our own laboratory also sup
port a late GI block in senescent cells. First, we found that 
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the level of thymidine kinase activity in old, slowly proliferat
ing cultures of WI-38 cells was similar to that of young, rapidly 
dividing populations (Cristofalo, 1973). This anomaly raised the 
possibility that senescent cells retain the ability to phosphory
late thymidine and thus are arrested in late GI. Recently, we 
found that thymidine triphosphate (TTP) synthesis is not impaired 
in senescent cells (Olashaw et al., 1983). The addition of serum 
to density-arrested populations of young and old cells induced 
TTF synthesis to a similar extent after 12 hours in both popula
tions. However, a far greater percentage of young cells sub
sequently initiated UNA synthesis as compared to old cells. 
Because induction of thymidine kinase activity and TTP synthesis 
are cell cycle-dependent events that normally occur in late GI, 
senescent cells might not be blocked in GO as are quiescent 
cells. Finally, additional support for a late GI block comes 
from examining nuclear fluorescence following staining with 
quinacrine dihydrochloride (Gorman and Cristofalo, 1984). As 
serum-stimulated cells traverse GI and reach S, the staining pat
tern changes from bright and homogeneous to dimmer and segre
gated. The fluorescence pattern of senescent cells is typical of 
late G 1. 

Recently, temperature-sensitive (ts) mutants of the SV40 
virus have been used as probes applied to senescent cells. We 
demonstrated that completely senescent populations of 
BrdU-selected WI-38 cells could be made to synthesize cellular 
UNA following infection with ts mutants (Gorman and Cristofalo, 
1982). This result demonstrated that the cellular machinery 
necessary for UNA synthesis (such as polymerases) could be acti
vated given an appropriate signal. At this point the prime can
didate for the role of signal is the la~e T antigen, since only 
T antigen-positive cells incorporated [H]TdR. These obser
vations have since been extended (Cristofalo et al., 1983, 1984) 
and confirmed (Ide et al., 1983). 

Collectively, these data suggest that at least some of the 
pathways initiated by mitogen-cell interaction and culminated 
some 12-15 hours later with the initiation of UNA synthesis are 
blocked in late GI. However, it is probable that multiple 
biochemical pathways lead from mitogen stimulation to UNA synthe
sis and there is nothing to say that some critical one(s) may not 
be blocked in early GI. 

HORMONAL APPROACHES liSEU TO STUUY THE REGULATION OF CELL 
PROLIFERATION 

Modulation of proliferative potential has been an approach 
taken by several investigators in order to probe the senescence 
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mechanism. To date, however, once the basic nutritional require
ments of the cells have been met there are only two reproducible 
ways of extending proliferative capacity of human fibroblasts. 
The first is by infection with a transforming virus such as SV40 
and the second is by the addition of hydrocortisone (HC) or the 
synthetic glucocorticoid dexamethasone (DEX) to the serum-con
taining culture medium. In 1970, we demonstrated a 40% extension 
in the proliferative capacity of WI-38 cells as weIl as other 
fetal lung-derived fibroblasts (Cristofalo, 1970). Rosner and 
Cristofalo (1981) have shown that as WI-38 cells senesce they 
lose approximately 40% of their specific DEX receptors and, fur
thermore, that old cells are impaired in their ability to 
translocate the temperature-activated, hormone-receptor complex 
from the cytoplasm into the nucleus. These data are consistent 
with the fact that, although chronic exposure to the glucocor
ticoid extends the proliferative lifespan of these cells, there 
is no rescue effect produced by acute exposure and the cells 
eventually become senescent. 

The interpretation of the apparent mode of action of HC or 
DEX has been complicated by the work of Didinsky and Rheinwald 
(1981). They studied the effects of several factors including 
hydrocortisone in cultures that were passaged at low density and 
never allowed to reach densities inhibit growth and promote that 
cells to enter a quiescent state. Under these conditions the 
glucocorticoid had no effect on proliferative lifespan. Although 
the two sets of results appear contradictory, we suggested that 
WI-38 cells transiently modify the medium from high to low den
sity when subcultivated in the presence of HC or DEX with the re
sult that the saturation density of the mass culture is increased 
in a cumulative fashion across the lifespan of the cells 
(Cristofalo et al., 1979). This effect appears to be mediated by 
the elaboration of a low molecular weight (less than 1000 
daltons), heat-stable, protease-resistant moleeule (Cristofalo et 
al., 1983, 1984). Since Didinsky and Rheinwald (1981) purposely 
did not allow their cultures to reach high densities, the effect 
was either not apparent or the medium was not modified. 

Studies dealing with the regulation of normal human cell pro
liferation have been limited by the fact that a background of 
unidentified serum mitogens is required to initiate DNA synthe
sis. The ill-defined nature of serum makes it difficult to study 
tbe regulating processes involved in young cells and their 
apparent failure in old cells. Several laboratories have made 
important advances in this area by developing serum-free media 
that support the proliferation of finite human fibroblast-like 
cell lines. 
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Several years ago, we developed a serum-free medium which 
consists of basal medium MCDB-104 supplemented with partially 
purified p1ate1et-derived growth factor (PDGF), epidermal growth 
factor (EGF), insulin (INS), transferrin (TRS) and DEX (Phi1lips 
and Cristofa10, 1980, 1981). This combination supports the pro
liferation of WI-38 cells at the same rate and to the same final 
plateau density as medium supp1emented with 10% fetal bovine 
serum. Although these ce11s were not seria1ly subcultivated 
throughout their in vitro 1ifespan (7 to 10 population doub1ings 
could be achieved), the deve10pment of such a five-component, 
hormone-growth factor supplement enab1ed us to begin to examine 
the biochemica1 events associated with the 10ss of responsiveness 
to specific mitogens that characterizes senescent ce11s. 

Ham .and co-workers have deve10ped a simi1ar medium that sup
ports the proliferation of another human fetal 1ung fibrob1ast
like ce11 1ine (Wa1tha1l and Ham, 1981; Bettger et a1., 1981). 
In addition, Yamane et a1. (1981) and Kan and Yamane (1982) have 
been successfu1 in serially passaging primary cu1tures of human 
diploid fibrob1asts from 1ung tissue throughout their lifespan in 
a modified MEM which inc1udes triiodothyronine, EGF, TRS, INS, 
human fibronectin and 5 g/l of bovine serum albumin (BSA). The 
1ifespan of these cel1s is the same as in serum-supplemented and 
serum-free medium. A1though the addition of such a 1arge amount 
of BSA detracts from the defined nature of this medium, the 
1ifespan experiments are c1ear1y impressive. The va1ue of all of 
these media lies in their use as too1s for studying the regula
tion of ce11 proliferation. 

Severa1 1aboratories have now begun systematic studies of the 
responsiveness of young and senescent ce11s to the specific mito
gens in various serum-free media formu1ations. We have shown 
that as cu1tures of WI-38 ce11s undergo senescence they become 
progressive1y 1ess responsive to mitogenic stimulation; yet the 
concentration of EGF, INS, TRS and DEX that e1icited the maximum 
proliferative response did not change as a function of age 
(Phi11ips et a1., 1984). Simi1ar resu1ts for INS have recent1y 
been reported by ehiger and Kaji (1983) with IMR-90 ce11s. In 
the case of PDGF the results have been 1ess c1ear cut in that 
older ce11s may, in fact, have a shift in their dose-response 
curve such that higher concentrations of mitogen are required for 
a maximum proliferation response. This finding wou1d be con
sistent with the data reported by Har1ey et a1. (1981) for the 
insu1in-like growth factors. 

Working with skin fibrob1asts from newborns and adu1ts, 
Plisko and Gi1chrest (1983) have demonstrated a diminished 
responsiveness of adult cel1s to thrombin, INS and EGF a10ne and 
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in combination. These resu1ts are consistent with the donor age
associated dec1ine in responsiveness of human skin ce11s to PDGF 
(Slayback et a1., 1977) and also are consistent with the recent 
report that ce11s derived from donors of increasing age show a 
decreasing ability to secrete growth factors such as somatomedin
C (C1emmons, 1983). 

Experiments have been designed to probe possib1e mechanisms 
which cou1d account for the 10ss of growth-factor responsiveness 
with increasing in vitro age. In a study invo1ving EGF, we have 
found that the binding and processing-degradation systems re
mained essentia11y unchanged throughout the 1ifespan of WI-38 
ce11s (Phi11ips et a1., 1983). The number of specific EGF 
binding sites per ce11 increas~ as the cu1tures age, a1though 
the number of receptors per UR of surface area remained 
constant. The kinetics of ligand degradation as we11 as the 
qualitative and quantitative nature of the degradation products 
remained essentia11y unchanged throughout the 1ifespan. Thus, 
the fai1ure does not appear to be in the binding domain of the 
EGF receptor. The EGF receptor, 1ike the receptors for PDGF, 
INS, somatomedin-C, and the transforming proteins of certain RNA 
tumor viruses, is a tyrosine-specific protein kinase with 
autophosphory1ating activity. We have demonstrated that EGF 
receptors iso1ated by specific antibodies and immunoprecipitation 
from senescent WI-38 ce11s have a great1y reduced autocata1ytic 
tyrosine kinase activity, and we have repeated this basic obser
vation with at least four other ce11 1ines (Car1in et a1., 1983). 
This resu1t suggests that tyrosine phosphory1ation is essential 
for ce11 proliferation, at least in some ce11s. In support of 
this idea, Wit1e et a1. (1980) and Rosenberg et a1. (1980) have 
isolated transformation-defective mutants whose transforming pro
teins lack in vitro kinase activity. Severa1 findings, however, 
argue that autophosphorylation by tyrosine kinases alone is not 
sufficient to e1icit a proliferative response. The major tyro
sine phosphory1ation site (tyr-416) of pp60src can be e1iminated 
without altering the ability of the protein to phosphorylate a 
second internal tyrosine site as weil as exogenous substrates, or 
to mediate cell transformation (Snyder et ale 1983). Divalent 
monoc10na1 antibodies specific for the EGF receptor inhibit 
binding of EGF and enhance autophosphory1ation yet promote 
neither receptor interna1ization nor DNA synthesis (Schreiber et 
a1., 1983). Phosphory1ation of exogenous synthetic substrates by 
the EGF receptor kinase is not dependent on receptor autophos
phory1ation, a1though the two kinase activities most probab1y 
uti1ize a common cata1ytic site (Casse1 et a1., 1983). We can 
therefore specu1ate that autophosphory1ation by growth regu1atory 
proteins confers competence rather than commitment to pro1ifer
ate. 
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Several mechanisms can be envisioned to account for the age
dependent diminished autophosphorylation of the EGF receptor of 
WI-38 cells. The activity of the catalytic site or the availabi
lity of internal tyrosine phosphorylation sites may be altered or 
absent in senescent cells or there may be a conformational change 
associated with the receptor protein in senescent cells. Whereas 
it is unlikely that native receptor conformation is preserved in 
immune complexes, there may be a tightly associated membrane com
ponent which is resistant to detergent extraction that either 
confers an active conformation in vitro or is an essential enzyme 
cofactor; absence or altered turnover of such an effector mole
cule might account for diminished receptor autophosphorylation in 
senescent cells. Alternatively, a tightly bound effector mole
cule that renders the inherent kinase inactive might be preferen
tially expressed in senescent cells. Finally, the inherent 
receptor kinase activity might be inactivated by an endogenous 
protease; in this case, production of a unique protease, enhanced 
expression of a constitutively produced protease, or slower rege
neratIon of receptor kinase activity might occur in senescent 
cells. In any case, this reaction appears to be the first early 
G oIG 1 activity that may be blocked in senescent cells. This 
concept is consistent with a modular G oIG 1 progression in which 
multiple parallel pathways are involved from reception of the 
signal via hormone-receptor interactions to the initiation of DNA 
synthesis. For the latter to occur, all of the putative pathways 
would have to be complete. 

The EGF receptor system appears to be even more complex than 
we originally believed, based on the results of a set of closely 
related experiments (Brooks et#., 1984). When intact plasma 
membranes were incubated with P-ATP, phosphorylated, and EGF 
receptor solubiliz~ and immunoprecipitated, no difference was 
observed in total P incorporation between young and senescent 
cells. However, when the EGF receptor was solubilized and immu
noprecipitated from pla~ membranes and the antibody-receptor 
complex incubated with P-ATP, the autophosphorylating activity 
of receptors from senescent cells was greatly reduced. The 
observable differences between these two techniques might be 
explained by any of several mechanisms. First, the catalytic 
site or the availability of tyrosine sites might be differen
tially altered in the senescent EGF receptor during solubiliza
tion and immunoprecipitation. Secondly, a cofactor necessary for 
phosphorylation may be preferentially lost in senescent cells 
during solubilization and immunoprecipitation. Finally, sene
scent cells may have increased proteolytic activity that could 
inactivate the receptor kinase activity upon detergent extraction 
prior to immunoprecipitation. Alternate interpretations may also 
be made. For example, we know that at least one other kinase 
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activity is EGF dependent in these membrane preparations and that 
it phosphorylates serine and possibly tyrosine. We are currently 
attempting to measure directly the EGF-receptor, tyrosine
specific autocatlytic activity in young and old plasma membrane 
preparations. 

It will be of interest to determine whether diminished 
autophosphorylating kinase activity is restricted to the EGF 
receptors in immune complexes or is also diminished in plasma 
membrane preparations, and whether other tyrosine protein kinases 
are involved as part of a general phenomenon. In addition, we 
are keenly interested in knowing if the senescence of WI-38 cells 
is the result of diminished EGF receptor autophosphorylating 
kinase activity, or its cause. Regardless, restoration of 
inherent tyrosine kinase activity may be one mechanism by which 
transformation is achieved in cells otherwise programmed to 
senesce. 

Of additional interest is the re cent report by Grunberger et 
al. (1984) which states that mononuclear blood cells from an 
insulin-resistant patient have adefeet in insulin receptor 
phosphorylation when measured in the purified receptor. This 
impairment was in spite of the fact that insulin binding was nor
mal. It is interesting to speculate that the failure to 
phosphorylate the EGF and the INS receptors may represent regula
tory mechanisms normally expressed in aging and inappropriately 
expressed in the case of insulin resistance. This study could 
also represent specific examples of the modifications of 
phosphoprotease and protein kinases with aging that have been 
reported by Kahn et ale (1982). These changes may represent an 
important regulatory mechanism integrating many physiological 
responses to peptide hormones including cell proliferation and 
senescence. 

SUMMARY 

In our view, two major areas of the investigation of the 
aging process have been most fruitful over the past few years: 
namely, the genetic and hormonal strategies aimed at the 
understanding of in vitro cellular senescence. The genetic stu
dies have primarily utilized cell fusion techniques and viral 
probes. Along with cell cycle studies involving the induction of 
thymidine kinase activity and TTP synthesis, the cell fusion stu
dies are most consistent with a late GI block in senescent 
cells. This effect would appear to be distinct from the 
Go arrest of density-inhibited or mitogen-restricted cell popula
tions. 
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The hormonal studies which have centered on the regulation of 
cell proliferation have recently focused on peptide hormones. 
EGF has been of particular interest since it is so weIl charac
terized. This receptor system remains largely unchanged 
throughout the lifespan with the notable exception of the puri
fied receptor-associated, autocatalytic, tyrosine-specific kinase 
activity, which decreases with age. The functional significance 
of this decrease in enzyme activity is unknown, although its 
growth regulatory importance is implicated in several systems, 
and may weIl represent a critical early G oIG 1 event which is 
absent in senescent cells. 
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INTRODUCTION 

In this paper we review our recent studies on the human 
fibroblast model of ce1lular aging, which illustrate how 
physiologica1 decline and certain age-dependent diseases may 
develop at the cellular level. We will demonstrate that the basis 
of these changes may involve a variety of alterations in genetic 
structure and expression, and further, that their stochastic nature 
probably accounts for the progressive individual variation that 
occurs between aging persons and between their component cel1s. 

Three main types of ce1ls can be distinguished by their 
rep1icative capacity in adulthood (Fig. 1): 

1. Continuous Replicators: These inc1ude gastrointestinal, 
hematopoietic, epidermal and spermatogenic cells. Frank 
insufficiencies in these systems are unusual in the e1derly 
although stem cell compartments undergo gradual atrophy whi1e 
residual ce1ls show decreased replicative vigor. 

2. Intermittent Rep1icators: These cel1s normally undergo slow 
turnover but appropriate stimuli will evoke a proliferative 
response. Damage to the 1iver, for example, generates a 
regenerative burst in surviving hepatocytes. The tissue culture 
fibroblast is similiar to its in vivo counterpart in that it 
divides infrequently, but following "injury" (in this case, 
subculture) it replicates until density-dependent inhibition occurs 
in confluent monolayers. Both hepatocytes in vivo and fibroblasts 
in vitro show a diminishing capacity for cef[ division during aging 
öf the organism. 

255 
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3. Nonreplicators: These cells are best exemplified by 
neurons, and cardiac and skeletal muscle cells, which lose all 
replicative capacity before adolescence. Hence, any stimulus for 
repair is followed by hypertrophy of surviving cells, or 
proliferation of non-specific stromal cells such as the fibroblast • 

RELATIVE 
PRODUCTION 

OF CELLS 
. . . . . . . . . 

CONCEPTION BIRTH 

.. ' L. ------------------L_ ---------_ l 
------------------

YOUTH 

. . . . . . .... . ..... 
ADULTHOOD 

---

SENESCENCE 

Fig.1. Cellular replicative capacity during the human·lifespan. 
Cells are classified by their replicative capacity during 
adulthood: ---- continous replicators; ---- intermittent 
replicators; •••• non-rep1icators; t , specific events 
on a time scale that is otherwise gradual and continuous; 
+ , stimuli for cell division. (Reproduced with 
permission from Goldstein, 1971). 

In sum, the clear trend in vivo is toward decreased replicative 
capacity with shrinkage of stem cell compartments in all cell 
types. However, a paradoxical increase occurs in multifocal 
hyperplasias leading progressive1y to benign and malignant 
neoplasms (Martin, 1979). Juxtaposition of these extremes, 
replicative senescence and re-emergence, is of great interest in 
contemp1ating mechanisms as discussed below. 

THE HUMAN FIBROBLAST MODEL OF CELLU1AR AGING 

Hayflick and Moorehead (1961) first documented the limited 
replicative lifespan of cultured human fibroblasts, and Hayflick 
(1965) then showed that increased donor age was a negative 
determinant of replicative capacity. Many studies have 
subsequently confirmed and extended these observations by 
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demonstrating that an inverse correlation exists between the donor 
age and the cumulative lbnit of mean population doublings (HPD), a 
measure of the replicative lifespan (Goldstein et al., 1969; Martin 
et al., 1970; Schneider & Mitsui, 1976; Goldstein et al., 1978). 
Furthermore, fibroblasts cultured from patients with the 
genetically determined disorders of premature aging, progeria and 
Werner's Syndrome, generally have curtailed replicative lifespans 
(Martin et a1., 1970; Goldstein, 1978; Goldstein et a1., 1978; 
Goldstein et al., 1979). Sbnilar growth deficits have also been 
demonstrated for skin fibroblasts established from individuals with 
Down's syndrome and other trisomies, the chromosomal breakage 
syndromes (inherited as autosomal recessive traits) and also with 
the diabetic genotype (Goldstein, 1978; Goldstein et al., 1979). 
In total, it is clear that biological age, the sum of genetic and 
environmental influences accumulated over the lifespan, rather than 
chronological age, is paramount in determining the longevity of 
each person and the replicative capacity of his cultured 
f ibroblast s. 

FIBROBLASTS POSSESS A MECHANISM WHICH COUNTS REPLICATIONS TO A 
LIMIT 

Two related questions may be asked about the lbnited 
replicative lifespan of the fibroblast. Does it depend on: 
a) factors unrelated to cell division such as ''metabolic time"? Or 
b) events directly related to cell division, e.g., DNA replication 
and mitosis? 

Experiments on circular outgrowths (Harley & Goldstein, 1978) 
have confirmed and extended the evidence in favor of a replicarive 
counter in human fibroblasts (De1l'Orco et al., 1973; Goldstein & 
Singal, 1974). In brief, fibroblasts were inoculated in a small 
drop into the center of a petri dish and incubated at 37°C. Cells 
first adhered then proliferated in a circular expansion such that 
radial growth was linear with time. Autoradiographic studies 
involving 3H-thymidine incorporation into DNA showed that virtually 
all DNA replication occurred within a small rim of cells at the 
circumference of the circular outgrowth. After three or four weeks 
growth of cells in this outer rim decreased and ultimately ceased 
due to senescence. The question then was whether the centrally 
located cells, which were density inhibited, had a greater 
replicative capacity remaining? Additionally, did cells at 
intermediate radial positions show a continuous distribution of 
rep1icative capacities? Several areas of the circular outgrowth 
were harvested at different radial positions (Harley & Goldstein, 
1978) and subcultured as individual isolates until replicative 
senescence ensued. The additional number of HPD until senescence 
was determined for each isolate and the correlation with radial 
position subjected to regression analysis. The data clearly 
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indicated that the rema1n1ng proliferative capacity decreased 
linearly with distance fram the center of the outgrowth at a rate 
of 1.33 ± 0.14 HPD/mm. With the knowledge that the initial HPD 
level of fibroblasts used to initiate the outgrowth was 18 and that 
the maximum HPD attainable in replicate cells subcultured in 
parallel was 55 we could predict the number of additional HPD 
accruing before senescence. This was 37 MPD for the most central 
cells (r' < 5mm fram the center) and 6 MPD for the most peripheral 
cells at r' = 25 mm. The predicted value for the replicative 
capacity remaining in cells at a given radius showed a decline of 
1.55 HPD/mm, remarkably close to the experimental value of 1.33/mm. 

These results confirm and extend the notion that fibroblasts 
count the number of replicative events to a uniform maximum l~it. 
Moreover, fibroblasts in such circular outgrowths exist along a 
heterogeneous but ordered scale of HPD. Thus, progressively more 
vigorous "stem cella" reside at shorter radial positions and are 
available for proliferative bursts. Cells at successively higher 
generation levels are more abundant but proceed continuously toward 
senescence not only in proliferative capacity but also in other 
functions (Harley et al., 1982; Plisko & Gilchrest, 1983; Phillips 
et al., 1984). Above all, the model obviates the need to invoke 
stem cell ~ortality. Rather it indicates that proliferative 
capacity of cells in specific tissues could easily exceed the 
replicative needs over a "normal" lifespan, and yet in same cases 
exhaustion could occur focally if not generally. 

GENETIC INFORMATION IS LOST DU RING CELLULAR AGING 

Random elements are clearly involved (Smith & Whitney, 1980; 
Sbmookler Reis et al., 1980) but a largely deterministic 
"programmed" mechanism, perhaps akin to differentiation, now 
appears increasingly to be the basis of cel1u1ar aging (Cristofa10, 
1972; Martin et a1., 1974; Goldstein, 1980). If ce11s were to age 
by a mechansim re1ated to differentiation, we asked whether during 
replicative senescence alterations occurred in the structure of 
nuc1ear DNA, first in the 20-30% of the genome composed of 
repetitious DNA sequences, then in the remainder composed of unique 
(protein-coding) sequences (Saunders et al., 1972). 

DEPLETION OF THE hRI FAMILY OF TANDEMLY REPEATED DNA SEQUENCES 
DU RING FIBROBLAST AGING 

When human fibrob1ast DNA is purified, c1eaved with Eco RI 
restriction endonuc1ease, and electrophoresed on agarose gels, two 
bands are displayed at 340 and 680 base pairs (bp). These bands, 
representing the human EcoRI (hRI) fami1y of tandem repeats, were 
found to be progressive1y depleted over the rep1icative 1ifespan 
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(Shmookler Reis & Goldstein, 1980). In three cell strains derived 
from young normal donors the range of decrease in hRI bands was 7.5 
- 23% over 17 to 27 MPD and averaged 0.62% loss per MPD. Similar 
results were obtained in these cell strains by another non
autoradiographic method of ethidium bromide staining. A third 
independent method, that of saturation hybridization, revealed an 
even more pronounced difference between early and late passage DNA 
indicating a 50% loss over 41 MPD in one cell strain (Shmookler 
Reis & Goldstein, 1980). 

GENERAL LOSS OF REPETITIOUS SEQUENCES DURING CELLULAR AGING 

Kinetic analysis of early and late-passage fibroblast DNA, 
(Shmookler Reis & Goldstein, 1980) revealed that those DNA 
sequences reassociating most rapidly, at Cot values of 0.05 or less 
(implying at least 105 copies), were depleted by about 24% at 
late-passage, compared to early passage cells (Fig. 2). At Cot 
values higher than 1, primarily representing unique sequences, 
Cot~ =5000, reassociation curves converged and could no longer be 
distinguished. It is difficult to ascertain the repetition 
frequency of the depleted sequences but at low Cot values 
significant differences between early and late passage DNA were 
reproducible. Other studies (Shmookler Reis & Goldstein, 1982a) 
have demonstrated that three other discrete highly repetitive 
sequences characterized as bands of 45, 110 and 175 base pairs 
generated by the restriction endonuclease Msp I, also diminished in 
the same three normal strains of fibroblasts at late passage. 

We carefully considered other explanations for the apparent 
loss of highly reiterated DNA sequences during fibroblast aging. 
DNA divergence and base modification were ruled out by examining 
analysis of cytosine methylation, respectively (Shmookler Reis & 
Goldstein, 1980 i 1982a). A third possiblity, arrest in the 
5 phase of the cell cycle. would lead to non-replication of the 
specific repetitive DNA sequences if they were indeed late 
replicating but this mechanism was rendered unlikely by analysis of 
published data (Macieira-Coelho et al., 1966; Macieira-Coelho, 
1977; Yanishevsky et al., 1974). A fourth possibility, that 
chromosomes were lost, either intact or as segments which contain 
the specific reiterated sequences, was excluded by karyotypic 
analysis using chromosome banding techniques (Shmookler Reis & 
Goldstein, 1980). We conclude, therefore, that a fraction of 
repeated sequences in late-passage cells have been deleted either 
by unequal recombination (Harley et al., 1982) or excision (see 
below). However, such DNA rearrangements which lead to the loss of 
highly repetitious sequences would be most common among such 
sequences but would be difficult to identify individually because 
comprises> 3 x 10 copies/haploid genome (Manuelidis & Wu, 1978), 
and the Alu repeat family consists of over 5 x 105 dispersed 
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throughout each haploid genome (Schmid & Jelinek, 1982). Thus, 
identification of the mechanisms by which DNA is rearranged poses a 
formidable problem. 

100 
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f 
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Fig. 2. Reassociation kinetics of 14C-DNA from A2 fibroblasts at 
early 0 or late passage t:,. • Following reassociation 
double-stranded DNA duplexes were assayed by their 
resistance to 81 nuclease. Arrows at a, b, c indicate 
Cots of 40000, 0.2 and 0.02, respectively. "Native DNA" 
indicates SI resistance of sonicated native DNA that was 
not denatured and reassociated. (Reproduced with 
permission from Shmookler Reis and Goldstein, 1980). 

EXTRACHROMOSOMAL CIRCULAR DNAS IN AGING CELLS 

We have recently demonstrated that molecules of covalently 
closed circular DNA (cccDNA) accumulate in aging cells (Shmookler 
Reis et al., 1983). These are clearly not derived from 
mitochondrial DNA, itself a cccDNA moleeule af 16.5 kb (Shmookler 
Reis & Goldstein, 1983). Indeed, the cccDNA population is turning 
out to be a heterogeneous population in both size and sequence 
(Riabowol et al., 1984 a & b). Our recent studies involve 
molecular cloning into the plasmid vector pBR322 of cccDNA 
moleeules isolated from late-passage fibroblasts and lymphocytes of 
elderly persons. Early results indicate substantial representation 
of the Alu familyasweH as KpnI , anotherfamily of interspersed 
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repetitive sequences (~5 X l04/haploid genome). Most 
interestingly, the coexistence in circular DNA of Alu and Kpn 
homologous sequences has been found to be over three times more 
frequent than expected from the product of their individual genomic 
frequencies. This strongly suggests that juxtaposition of KpnI and 
AluI repeats confers on these DNA segments an enhanced propensity 
for excision or that extrachromosomal replication once excised. 

AMPLIFICATION OF THE C-HA-RAS PROTO-ONCOGENE AND ITS PRODUCTS 
DURING FIBROBLAST AGING 

While amplification and enhanced expression of cellular 
oncogenes are frequently associated with cancers and tumor-derived 
cell lines, these genes are likely to playanormal role in 
regulating cell growth (Bishop, 1983). The proto-oncogene 
c-Ha-ras-1 provides an excellent model for other human 
proto-oncogenes in our study (Srivastava et al., 1984) since it 
belongs to the weIl characterized ~ gene family, and activated 
~ genes have been found in a wide variety of transformed cell 
lines, solid tumors and hematopoietic malignancies derived from all 
three primary germ layers (Bishop, 1983). 

DNA was isolated from seven normal human fibroblast strains 
durin~ replicative senescence and restriction fragments hybridizing 
to 3 P-labeled probe (Shih & Weinberg, 1982) were analyzed on 
"Southern blots". In each case the probe detected the predominant 
allele of the c-Ha-ras-1 proto-oncogene within a 6.6 kb band 
(Srivastava et al., 1984). Striking1y, the intensity of this band 
was two-to four-fold greater at late passage than at early passage 
in all fibroblast strains examined, indicating that amplification 
of the c-Ha-ras-1 proto-oncogene had occurred during protracted 
replication. When DNA sampies were probed for other genes such as 
the alpha subunit of human chorionic gonadotropin (alpha-heG) and 
alpha- and gamma-globins they showed no significant change in 
hybridization intensity with increasing passage. 

Donor age correlated poorly with Ha-ras gene hybridization 
intensity, after allowing for the variable passage level between 
cell strains. This is depicted in Fig. 3, where the intensities of 
hybridization signals are plot ted as a function of passage level. 
The straight line describing the direct correlation between 
c-Ha-ras-1 hybridization intensity and replicative age in vitro was 
highly significant (r = 0.937, p< 10-4) in contrast to the line 
correlating alpha-hCG hybridization signals and replicative age. 

When 32P-c-Ha-ras-1 was hybridized to polyadenylated RNA from 
fibroblast strains at ear1y and late passage, two major RNA species 
were detected, at 5.1 and 1.2 kb. These are presumed to be the 
c-Ha-ras-1 initial transcript and mature mRNA respective1y, as 
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reported previously (Parada et al., 1982). Levels of c-Ha-ras-l 
mRNA were increased by at least four-fold at late passage, in 
proportion to the amplified number of ~ genes observed in these 
cell strains (Fig. 3). In contrast, mRNA-Iength transcripts fram 
the gene encoding, the enzyme hypoxanthine guanine 
phosphoribosyltransferase, probed on the same filters, showed no 
increase at late passage. 

Normal human fibroblasts contain low levels of a 21 kd protein 
(p21 ~ ) encoded by the c-Ha-ras-l proto-oncogene (Chang et al., 
1982). When cell proteins were biosynthetically labeled, 
immunoprecipitated with a specific monoclonal antibody, and 
analyzed by SDS-polyacrylamide gel electrophoresis, we found that 
synthesis' of p21 protein was augmented at late passage over 
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Fig. 3. Hybridization intensity of human fibroblast DNA to 
c-Ha-ras-l and alpha-hCG DNA probes correlated to 
percent of maximal fibroblast lifespan campleted. 
Autoradiographs were scanned with a microdensito
meter and integrated areas under band peaks plotted 
against the percentage of maximal in vitro lifespan 
completed at the time of DNA preparation. Symbols 
represent individual strains (Reproduced with 
permission fram Srivastava et al., 1984). 

two-fold. This indicates that a passage-dependent enhancement of 
p21 ~ protein synthesis occurs in these diploid human cells. 
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The studies reviewed here support the idea of genomic 
plasticity in human somatic cells, while also revealing 
correlations with cellular aging. Apart from the striking 
rearrangements during immunoglubulin gene ontogeny (Leder, 1982), 
there has been no evidence so far that DNA rearrangements are 
involved in other developmental processes. Nonetheless, it is 
possible that subtle gene rearrangements occur, leading to 
irreversible commitment of somatic cells to a given line of gene 
expression with reciprocal loss of totipotent function. Aging of 
somatic cells may proceed along similar lines of terminal 
differentiation with progressive restriction of options (Goldstein 
& Shmookler Reis, 1984). This would best fit a deterministic 
molecular mechanism, e.g. a fraction of DNA sequences from the 
highly reiterated hRI , Alu! ,and KpnI families might be excised 
and/or rearranged in the genome. This would lead to progressive 
diminution in the functions they subserve, e.g. initiation of DNA 
replication for Alu sequences (Schmid & Jelinek, 1982), mitotic 
regulation for centromeric arrays such as hRI (Walker, 1971), and 
perhaps a protein-coding role for KpnI sequences (Martin et al., 
1984). This could be relevant to the "countdown" toward the 
replicative limit of fibroblasts and other continuously or 
intermittently mitotic cells in vitro and in vivo. The appearance 
of such DNA elements as extrachromosomal circles with the potential 
to undergo autonomous replication may enable them to compete for 
limiting replicative factors, or ultimately to be re-introduced 
into the genome. The latter potential might favor the likelihood 
of random, aberrant insertions within a rare cell (rare in 
proportion to the vast number of somatic cells) leading to abnormal 
DNA replication. Such an occurrence, if combined with the 
proliferative impetus generated by amplification and overexpression 
of the c-Ha-ras proto-oncogene. could endow the cell with a 
selective growth advantage. Such events may indeed predispose to 
the focal hyperplasias of aging (Martin, 1979), and trigger 
malignant transformation in rare clones within these foci. But 
this randomness predicts that variability between tissues and 
between persons will increase, thus accounting for the 
age-dependent rise in variance for any given physiologie or 
pathologie parameter (Kohn, 1971). 

Other mechanisms will undoubtedly prove to be involved in 
senescence beacuse of the many steps involved in regulating gene 
expression (Goldstein & Shmookler Reis, 1984). For example, there 
is imperfect transmission of DNA methylation patterns from cell 
generation to generation, particularly in the vicinity of unique 
genes which code for specific proteins (Shmookler Reis & Goldstein, 
1982 a & b), and differing notably from one clonal lineage to 
another (Goldstein & Shmookler Reis, in preparation). If gene 
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methylation is important in repressing genes (Razin & Riggs, 1980) 
then demethylation may often lead to leaky expression of previously 
silent genes in individual clones. Studies now underway should 
yield further insights into the nature of genetic changes during 
cellular aging and their relationship to differentiation and 
age-dependent diseases such as cancer. 
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INTRODUCTION 

Primary cultures of diploid fibroblasts give rise to 
populations which have limited growth potential. In the ca se of 
human cells, their in vitro life span is usually in the range of 
50-70 population doublings (Hayflick, 1965; 1977; Holliday et 
al., 1977). In spite of strong selective pressure when growth 
slows down and finally ceases, permanent lines do not emerge from 
these populations. Diploid rodent cultures have a much shorter 
in vitro life span, and permanent lines, exemplified by the mouse 
3T3 strain, often take over the culture (Todaro and Green, 1963). 

It has often been suggested that the limited life span of 
cultured fibroblasts is due to the accumulation of errors or 
defects in macromolecules. The first proposal was that genetic 
defects could often arise in diploid cells without any initial 
outward effect, but with time multiple mutations or hits would 
have progressively severe effects on the phenotype of the cells, 
and lead ultimately to their demise (Hayflick, 1965). However, 
when this theory is made quantitative on the basis of simple 
assumptions, it can be shown that it is very hard to reconcile 
with existing experimental observations. In particular, the 
recessive mutation or hit rate has to be very high, and the loss 
of cell vi ability throughout in vitro growth would have to be 
much greater than is actually-ob~d (Holliday and Kirkwood, 
1981). The second possibility is that errors in protein 
moleeules progressively accumulate during serial subculture of 
diploid cells (Holliday and Tarrant, 1972; Orgel, 1973). In 
particular, the possibility exists that a low initial frequency 
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of errors leads by positive feedback, or error propagation, to an 
ever increasing level of alterations in the primary structure of 
proteins, which eventually becomes incompatible with further 
growth (Orgel, 1963; 1910; Kirkwood, 1980). This theory has 
proved to be much harder to test experimentally than was 
initially thought and the evidence for and against is conflicting 
(for recent reviews, see Kirkwood et al., 1984; Holliday, 1984). 

A third possibility is that errors arise during cell 
division in the control of gene expression. Cutler (1982a,b) has 
discussed this possibility, which he refers to as 
"dysdifferentiation" associated with aging. Until recently, 
there were few clues as to the possible molecular basis of the 
epigenetic control of gene expression in differentiated cells. 
However, in the last few years evidence has accumulated that the 
methylation of cytosine in ONA may provide a basis for such 
controls in higher organisms. This paper assesses the possible 
significance of defects or errors in the pattern of ONA 
methyl at ion in bringing about the changes associated with aging 
.!!2. vi tro , and also .!!2. vi vo. 

HERITABILITY OF THE PATTERN OF ONA METHYLATION 

In higher organisms the major base modification i8 the 
methylation of cytosine in CpG doublets. By itself, this 
obviously provides little specificity in possible interactions 
between modified or non-modified cytosines in ONA and proteins 
involved in the regulation of gene expression. The theory that 
the control of gene activity during development is in part based 
on ONA methylation, depends on the assumption that specific 
sequences containing 5-methyl cytosine (5-mC) provide the 
essential epigenetic information. Thus, only a small sub set of 
all 5-mC may be important for developmental pathways and the 
control of gene expression, the rest having so me other function. 
It was independently pointed out by Holliday and Pugh (1915) and 
Riggs (1915) that the theory must have two basic features. 
Firstly, the pattern of methylation must be changed in given cell 
lineages by switch mechanisms, based on the transient activities 
of enzymes, which remove or add methyl groups at specific 
sequences in ONA. Secondly, the pattern established by such 
switch mechanisms must often be heritable owing to the existence 
of a maintenance methylase. Such an enzyme would recognise hemi
methylated ONA at the replication fork and add methyl groups to 
the nascent strands: it would not recognise non-methylated ONA as 
a substrate. The spectrum of gene activities in specialised 
cells is clearly heritable and often very stable. The accurate 
maintenance of methylated or non-methylated states for 
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controlling sequences adjacent to structural genes could provide 
a basis for such heritability and stability. 
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The accumulating evidence that methylation is associated 
with the control and transcription, X-chromosome inactivation and 
differentiation, has recently been reviewed by Doerfler (1981; 
1983), Riggs and Jones (1984) and Gartler and Riggs (1983). It 
is clear from many of these experiments that gene activity is 
associated with hypo-methylation of DNA sequences. In some of 
the experiments the analogues, 5-azacytidine (azaC) or 5-
azadeoxycytidine (azadC), have been used to activate 
transcriptionally silent genes, or to alter cellular 
differentiation (Jones and Taylor, 1982). This activity appears 
to be due to the potent inhibition of DNA methylation during DNA 
synthesis (Jones and Taylor, 1981; Creusot et al., 1982; Taylor 
and Jones, 1984). A particularly clear-cut example of the effect 
of azaC comes from experiments with the gene coding for thymidine 
kin ase (TK). TK- variants are very stable during normal growth, 
but can be reverted to TK+ at frequencies as high as 10% after a 
single treatment with azaC (Harris, 1982). Such reversions occur 
only at low frequency after treatment with potent mutagens and it 
therefore seems very likely that the activation of the TK- gene 
is due to the removal of methyl groups. Evidence has been 
obtained that this is the case for the Herpes TK- gene integrated 
into mouse chromosomal DNA when it is activated by azaC (Clough 
et al., 1982). Although the pattern of DNA methylation is 
maintained in somatic cells, it appears that embryonic and 
teratocarcinoma cells are capable of de novo methylation (Jahner 
et al., 1982; Stewart et al., 1982),~hat is, they appear to 
have the ability to methylate regions of DNA which were 
previously hypo-methylated. 

LOSS OF METHYL GROUPS IN DNA 

An enzymic mechanism for the maintenance of the pattern of 
DNA methyl at ion in somatic cells also implies that there is a 
finite probability that any given methyl group would be lost 
during cell division. Methyl groups at individual sites could be 
lost in several ways: i) The maintenance enzyme may be less than 
100% efficient. ii) Spontaneous or induced damage to DNA may 
inhibit its activity (Wilson and Jones, 1983a). iii) Damage to 
DNA near the replication fork followed by excision repair, would 
result in the formation of a non-methylated daughter molecule 
(Holliday, 1979). iv) A single short azaC treatment can result 
in the permanent loss of DNA methylation, which suggests that the 
maintenance methylase acts at the replication fork, but not at 
other times during the cell cycle. It is therefore possible that 
the enzyme requires a free end of DNA to which it first binds, 
before acting processively on hemi-methylated sites in newly 
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synthesised double-stranded ONA. Agents which introduce single
stranded gaps in ONA, such as x-rays, may have the special 
property of inhibiting normal methylation by "titrating out" the 
enzyme (see below). v) The methylation of ONA is mediated by S
adenosyl methionine. Thus, any treatment which inhibits its 
formation, such as ethionine, may lead to a loss of methyl 
groups. 

CELLULAR AGING ANO THE LOSS OF METHYLATION 

Wilson and Jones (1983b) measured the levels of 5-mC in the 
ONA of diploid mouse, Syrian hamster and human fibroblasts during 
serial subculture. They found that there was a progressive 
decline in 5-mC which was fastest in mouse cells, intermediate 
for hamster and slowest for human cells. This correlates with 
the short in vitro life span of mouse cells, the intermediate 
life span c>:r~er cells and the long life span of human cells. 
Permanent lines examined, including 3T3 and lOT!, maintained a 
constant level of ONA methylation during serial subculture. 

Experiments have been carried out on the human fibroblast 
strain MRC-5, on the effect of a single azaC treatment on its 
subsequent in vitro life span. The results are clear-cut: a 
single puls~t~ent has a very significant life-shortening 
effect (Fig.l, Table 1). Sequential treatments with lower doses 
have an even greater effect in limiting growth potential (Fig.2, 
Table 1). Although treatments with azaC initially inhibited 
growth, cells usually returned to a cumulative growth rate which 
is the same as the control (Fig.l). The final reduction in life 
span cannot be explained by the elimination of a major proportion 
of cycling cells by azaC. Instead, the results are fully 
consistent with the possibility that a significant reduction of 
methylation induced by azaC is followed by a further decline in 
the absence of the analogue, until the level is reached which is 
incompatible with further growth. The results obtained by 
Schmookler Reis and Goldstein (1982) on ONA methylation in human 
fibroblasts using labelled probes and the restriction enzymes 
HpaII and MspI are rather ambiguous. However, in more cases than 
not, .!!2. ~ aging was associated with the reduction in 
methylation. 

It was shown many years ago that the .!!2. ~ life span of 
human cells was based on the number of cell divisions, rather 
than on chronological time (Hayflick, 1965). Also, cells frozen 
in liquid nitrogen appear to maintain indefinitely their 
population doubling level, that is, their ability to proliferate 
for a further given number of doublings remains unchanged. These 
observations are compatible with the concept of a "methylation 
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70 

Control 

60 

CI) 

g> 50 

15 
:J 
0 
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c:: 40 
.Q 
1ii 
:J 
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tr.. 30 

20 

10 

Days 

Fig.l. Cumulative growth curves for foetal lung fibroblast 
strain MRC-5. The experiment was started with cells defrosted at 
passage 10, which were subsequently sub-cultured in Eagle's 
minimal essential medium (F15, Gibco), supplemented with 10~ 
foetal calf serum, 2mM glutamine, antibiotics (100 units 
penicillin and lOO~g streptomycin/ml) and l~ non-essential amino 
acids (Sibco), using the method previously described (Holliday et 
al., 1977). At the time indicated by the arrow, 2pg/ml (S.2PM) 
5-azacytidine was added to one culture (AC) one day after the 
flasks were seeded with trypslnlzed cells. Subsequently the 
cells were passaged in normal medium. Cultures were terminated 
when no cell growth occurred after two to three changes of medium 
at weekly intervals. 

clock". During cell division there is a given probability of 
losing methyl groups which is species-specific, and when a given 
number have been lost, cell division is no longer possible. The 
loss of methyl at ion may be associated with the activation of 
genes which are normally silent in fibroblasts, and such 
activation may have progressively deleterious effects (see 
below) • 
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Fig.2. Cumulative growth curves for MRC-5 cells treated with 
l~g/ml (4.1~gM) azacytidine (azaC), in 2 or 3 sequential cultures 
(x2AC, x3AC). In each case the azaC was added one day after the 
cultures were set up with trypsinized cells. 

ONA METHYLATION ANO AGING l! VIVO 

Evidence has been obtained that the inactive X-chromosome in 
mammalian cells can be reactivated by azaC or azadC (Mahondas et 
al., 1981; Graves, 1982). The possible loss of methylation 
during aging immediately suggests an explanation for the very 
interesting observations of Cattanach (1914) on X-chromosome 
reactivation in mice. It is known that autosomal ONA inserted 
into an inactive X-chromosome is often itself inactivated. In 
Cattanach's insertional translocation, this inactivation can be 
demonstrated, for example, with the tyrosinase wild-type allele, 
since it produces an albino phenotype. It is remarkable that as 
the animals age, the degree of inactivation declines in the 
translocated segment and the animals become progressively more 
pigmented. The cells producing colour pigment are continually 
dividing, so the finding can be explained if X-chromosome 
inactivation and the spreading of inactivation into autosomal ONA 
is due to cytosine methylation at particular sites (see Gartler 
and Riggs, 1983), and that this methylation declines with age. 
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Hore direct evidepce comes from the study of intracisternal 
A particle sequences in mice by Mays-Hoopes et al (1983). Using 
radioactive probes and Msp land Hpa II digestion of genomic ONA, 
they found that the level of methylation decreased about 5-fold 
between 6 month and 26 month old animals. 

MUTATIONS, EPIMUTATIONS ANO AGING 

It is important to clearly distinguish the differences 
between mutations and epigenetic changes in gene activity. A 
mutation is a change in ONA base sequence, whether by base 
substitution, insertion or deletion, or re-arrangement. 
Alteration in the heritable pattern of ONA methylation involves 
no change in base sequence. I propose that such alterations 
should be referred to as epimutations, because their phenotypic 
effects will be on epigenetic processes, such as the control of 
gene expression during development. Epimutations can be induced 
by treatments affecting ONA methylation, such as azaC, and often 
at very high frequency (Harris, 1982; Clough et al., 1982). I 
have also proposed that one of the roles of meiosis in higher 
organisms is to remove epigenetic defects as part of a 
reprogramming mechanism, and that genetic recombination plays an 
essential role in this process (Holliday, 1984). 

It has long been known that whole-body X-ray treatment leads 
to a reduction in life span (Neary, 1960). The evidence that 
this is associated with accelerating aging is compelling (Lindop 
and Rotblat, 1960), and the results have often been cited as 
support for the somatic mutation theory of aging (Szilard, 1959; 
Curtis, 1966; Burnet, 1974). However, there are severa1 reasons 
for be1ieving that somatic mutation is not the primary cause of 
aging (Maynard Smith, 1959, 1962; H011iday and Kirkwood, 1981), 
and it is therefore possible that the effect of X-rays is due to 
the introduction of epigenetic defects in somatic cells. 
Evidence that X-rays can induce heritable changes at very high 
frequency comes from the experiments of Kennedy et al, (1981). 
They found that clones arising from irradiated cells were more 
often than not predisposed to produce transformed derivatives, 
whereas clones from unirradiated cells produced no transformants. 
The X-ray treatment used would have introduced several thousand 
single-strand breaks per genome, and as previously suggested, 
this may inhibit ONA methyl ase activity and lead to the loss of 
5-mc at a significant number of sites. 

Epimutations would differ from normal mutations in several 
important ways. For instance, they would affect the level of 
gene expression, rather than the integrity of coding sequences. 
Epimutations leading to the activation of genes would often be 
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dominant, although the phenotypic effect of producing an 
"illegitimate" protein may be much less than the inactivation of 
an important gene by mutation. Genes which are inactive in 
somatic cells may have a cluster, rather than just one 5-mC in an 
adjacent controlling region. If this is so, then the expression 
of the phenotypic effect would depend on the sequential loss of 
several methyl groups. Therefore there could be silent 
epigenetic defects which only produce a deleterious phenotype in 
combination with other such defects. The changes associated with 
aging do not appear to occur at a steady rate throughout the life 
span. Instead, they accumulate more and more rapidly as the end 
of the normal life span is reached (Sacher, 1978; Hayflick, 1977; 
Holliday, 1984). A multiplicity of phenotypic effects can be 
accounted for by a multi-step mechanism, with more than additive 
interactions between individual small defects. 

TRANSFORMATION OF DIPLOID CELLS TO PERHANENT LINES 

There are striking differences between the frequency of 
transformation of human cells and rodent cells. Human cells can 
be transformed with difficulty using SV40 virus (Huschtscha and 
Holliday, 1983) and there are few, if any, substantiated reports 
of transformation by carcinogens. In experiments with SV40, the 
first event is the production of cells with many of the 
properties of transformation (such as growth in soft agar, loss 
of contact-inhibition and an unstable karyotype). However, these 
populations invariably enter a "crisis", which may be the same as 
senescence of diploid cells, and most frequently the cultures die 
out. Occasionally a second event occurs which confers 
immortality, and the cells can then be said to be fully 
transformed. The situation is quite different in the ca se of 
rodent cells. Immortal cells often arise spontaneously in a 
culture of senescent diploid mouse cells, but these retain most 
of the properties of diploid cells (Todaro and Green, 1963). A 
second event can also occur spontaneously and be induced by 
treatment with carcinogens or by transfection with a member of 
the ras family on oncogenes (Land et al., 1983; Newbold and 
Over~, 1983). The overall frequency of transformation of 
cultures in human and rodent cells is vastly different, and this 
must also be true of transformation ~..Y!!2.. This is documented 
for man and mouse in Table 2. It is difficult to explain the 
differences in transformation between human and mouse cells in 
terms of gene mutations, since there is no evidence that mutation 
frequencies differ in these species. However, there is evidence 
for species differences in the maintenance of methylation (Wilson 
and Jones, 1983b), which could also provide a basis for the 
difference in the frequency of transformation. It may weIl be 
that cells from large, long-lived species are effectively 
buffered against epigenetic changes. Thiscould be accomplished 
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in several ways, so me of which have been mentioned previously. 
Perhaps the most likely possibility would be to simply increase 
the number of methyl groups involved in the control of gene 
activity. Suppose, for example, that a single 5-mC in a 
promoter region can ~3event trans?rip~ion, and it can be lost 
at a frequency of 10 per cell dlvislon, then the existence of 
two 5-mCs in the same region, either of which can prevent 
transcription, would ensure that the activatign of a gene in 
quest ion would occur with a frequency of 10-. This predicts 
the promoter regions of structural genes would be more heavily 
methylated in human cells than in rodent cells. 

Wilson and Jones (1983b) showed that permanent lines 
maintain a constant level of methylation, which raises the 
interesting possibility that they may have acquired de novo 
methylase activity. Evidence for this comes from fu~h~ 
experiments with lOT! cells (Flatau et al., 1984). Sequential 
treatments with azadC progressively reduced the overall level 
of 5-mC from about 3.5% to 0.4%. However, when these cells 
were passaged in normal medium without further treatment, the 
level of methylation gradually increased. Other evidence for 
de novo methyl at ion has been obtained in aT-lymphoid cell line 
«fa~ et al., 1983). The function of immortalising 
oncogenes, exemplified by the myc family (Land et al., 1983), 
may lead to a reactivated ~~ methylase, which is usually 
shut off in somatic cells. This would prevent aging by the 
progressive loss of DNA methylation. 

CONCLUSIONS 

At the outset it was mentioned that macromolecular errors 
could be at the DNA level, in the synthesis of proteins or in 
the control of gene expression. Any general error of theory of 
aging must take into account all three possibilities. Two 
major unsolved questions are, first, the significance, if any, 
of each type of error in initiating the intrinsic changes which 
are aprerequisite to the later outward signs of the aging 
process; and second, how different types of error may interact 
with each other to produce progressively severe effects on the 
phenotype. 

The possibility that aging may be associated with "dys
differentiation" has previously been discussed, and some 
evidence for illegitimate transcription in aging tissue has 
been reported (Ono and Cutler, 1978; Cutler 1982, a,b). A 
more specific possibility relates to the control of gene 
expression by DNA methylation. The maintenance of a specific 
pattern of DNA methyl at ion may be essential for the stability 

279 



280 R. HOLLIDAY 

of the differentiated state in dividing or non-dividing cells. It 
follows that changes in methylation, or "epigenetic errors" may 
upset the normal control of gene activity and have progressively 
severe deleterious effects. There is evidence that methylation 
declines during aging, and that single treatments of cultured 
human fibroblasts with azaC, which is known to inhibit DNA 
methylase, have a strong life shortening effect. The concept of a 
methylation clock for the aging of somatic cells, based on the 
steady loss of 5-mC, makes many predictions which have yet to be 
tested biochemically, or by quantitative studies. The hypothesis 
also suggests that transformed cells which grow indefinitely may 
have by-passed the clock by the acquisition of de novo methylase 
activity. 
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INTRODUCTION 

Although the relative contributions of genetics and 
environment to aging in biological systems are not known, genes 
concerned and the possibilities for environmental modification of 
their expression are likely to be large in number. Inherited 
polymorphisms at the wide range of gene loci, or acquired mutations 
at these loci in somatic cell lineages, can have an influence on 
the aging process of the composite phenotype that constitutes a 
complex metazoan organism such as man. 

Mutations of interest may affect many or a few organ systems 
or even a single system in a given individual depending on the 
phenotypic expression of the genes concerned. Thus genetic 
gerontopathology will inelude a wide range of phenotypes, with many 
features having a polygenie basis and a small number appearing to 
be of monogenic origin. Major mutants may be useful in pin
pointing some genes eritical to the aging proeess but they may give 
an exaggerated view of the true importanee of those genes in normal 
aging. 

Most theories of aging have been concerned directly or 
indireetly with DNA damage, somatie mutations or combinations 
thereof, e.g. the error catastrophe theory (Orgel, 1963). There is 
overlap among these concepts, with considerable evidence oeeurring 
in favor of at least some role for accumulation of DNA damage in 
the aging process (e.g. Gensler and Bernstein, 1981). The report 
by Hart and Setlow (1974) that UV-induced DNA repair in fibroblasts 
correlated well with lifespan in seven species of mammals supported 
the not ion that DNA repair capacity is an important determinant -
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or correlate - of longevity. However, Kato et al., (l980) did not 
find a correlation of DNA excision repair with lifespan in a study 
of cells from 34 species in 11 orders of mammals. Similarly, the 
report of Price et al., (1971) of accumulation of DNA single 
strand breaks in the brain with age has been countered by the 
contrary findings of Ono et al., (1976). 

Although there is a great deal of seemingly contradictory 
evidence, there is a climate of opinion that tends to attribute 
considerable weight to the occurrence and cumulative effects of 
increasing DNA damage with age (Gensler and Bernstein, 1981). This 
idea is attractive, carrying as it does the implication of a 
substantial element of stochasticity in the aging of individuals. 
However, it is also difficult to escape the compelling holistic 
evidence of a major role for genetic programming, for species or 
subspecies do indeed tend to have fairly well-defined life-spans, 
if environmentally-related events are minimized. There seems to be 
no good reason to consider genetic programming and accumulation of 
DNA damage as mutually exclusive, indeed, DNA repair capacity may 
itself be one of a number of programmed events that set the major 
machinery of the biological time clocks. In this context there is 
still considerable merit in the evolutionary approach (Medawar, 
1952~ Williams, 1957), which sees natural selection operating on 
genes that are beneficial for youth, even if they are deleterious 
in later life, and conceives aging as being controlled at the gene 
regulating level (Cutler, 1975). 

One of the assumptions that is often made in allotting a key 
role to repair of DNA damage in the aging process, is that DNA 
repair synthesis has evolved specifically to handle DNA damage. To 
an extent this is undoubtedly so. However, the overall mechanisms 
of DNA repair, replication and recombination, require overlapping 
enzyme systems, such that there can be considerable genetic 
interdependence in the broad area of DNA manipulation. This is 
nicely exemplified by the pleiotropism of the recA-lexA system of 
Esahepichia coli (Little and Mount, 1982). Single structural gene 
products may subserve multiple functions and control genes may 
regulate a range of functions. Thus, measurements of DNA repair 
synthesis may be interpreted too narrowly in terms of their 
implications for non-replicating versus replicating cell 
populations, when the total picture of DNA manipulation capacity 
and requirements needs to be considered. It is well known, for 
example, that cell survival following exposure to DNA damaging 
agents is dependent on the control of DNA replication as well as 
repair capacity pep se. Thus, in ataxia-telangiectasia (A-T) 
cells, radiosensitivity is closely associated with their failure to 
suppress DNA replication after irradiation, even though their 
repair enzymes would otherwise be able to cope (Houldsworth and 
Lavin, 1980~ Edwards and Taylor, 1980). 
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Thus, the relationship of radiosensitivity of lymphocytes to 
donor age, for example, (Fig. 1) needs to be interpreted 
cautiously, although there is good evidence that mutation frequency 
also increases with age (Evans and Vijayalaxmi, 1981). Programming 
of cell differentiation and organ system development leads to an 
array of cell populations with differing capacities for division 
and for manipulation of DNA. T lymphocytes represent one such cell 
population, in which lectin stimulation is needed to initiate 
replication and cell division for such experiments. 

In this context the brain is of particular importance, by 
virtue of its cell population diversity and its role in the control 
of other systems. 

IS THE BRAIN SPECIAL? 

When it occurs, brain failure is one of the most debilitating 
features of aging in man. The brain is far from uniform and 
comprises cel1 populations with widely differing features. The 
mammalian nervous system develops from p1uripotent precursor cells 
into an array of interacting cell networks with different 
specialized functions. In simplified terms there is a genetically 
programmed evolution of basic circuitry which is largely completed 
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durtng embryonic development. Upon this is superimposed further 
extension of circuit construction which occurs postnatally with 
learning inputs. The former requires organized patterns of cell 
division and migration, whilst the latter is virtually devoid of a 
requirement for neuronal multiplication. In the cerebellum the 
granule cells continue DNA replicat{on postnatally as they set up 
specific ramifications in relation to Purkinje cells. 

Special features of the mature mammalian nervous system are 
listed in Table 1. Simplistic as this list is, these features 
underscore the response of the nervous system, including the brain, 
to cellular damage. Extreme redundancy of individual pathways 
means that neuronal death may be extensive in a particular circuit 
before clinical signs are evident. Neuronal pathway dependence, on 
the other hand, means that if one neuron dies, outputs from that 
cell to other neurons cease, with death of these secondary neurons 
where they are critically dependent on these informational inputs. 
The programmed primary circuits are prone to errors in construction 
during embryonic development, due to inherited or acquired 
mutations or to other damage, while learning-influenced secondary 
circuits are subject to a wider set of environmental influences. 

Most neurodegenerative diseases of man involve initial death 
of a select group of neurons in a particular region, folowed by 
dependent pathway degeneration, with the time of clinical 
expression depending on circuit redundancy. Thus the causative 
events may occur many years before evident clinical disease is 
diagnosed and complete degeneration of particular pathways may take 
decades. 

Table 1. Special Features of the Mammalian 
Nervous System 

NEURONAL PATHWAY REDUNDANCY 

NEURONAL PATHWAY DEPENDENCE 

PROGRAMMED PRIMARY CIRCUITRY 

LEARNING-INFLUENCED SECONDARY CIRCUITS 

NON-REPLICATivE NEURONS 

REPLICATIVE GLIAL CELLS 



DNA MANIPULATING GENES 289 

Replicating and dividing neurons are radiosensitive but become 
relatively resistant to ionizing radiation, for example, once cell 
division has ceased, whereas many glia retain the capacity to divide 
along with radiosensitivity (Kidson, 1979). This picture has been 
verified in broad terms experimentally, both in the postnatal 
cerebellum and using brain cell cultures. Resistance of neurons to 
both UV and y-radiation increases upon terminal differentiation 
(Dambergs and Kidson, 1977). While there is probably a diminution 
of DNA repair capacity with terminal differentiation (Kidson 1978, 
1979) some repair functions are evidently retained which can cope 
with UV (Dambergs and Kidson, 1979) and ionizing radiation (Lett et 
al., 1978) damage. The precise capacity of different mature neuron 
subsets to repair DNA damage is subject to some controversy 
(Glensler and Bernstein, 1981). 

It must be remembered that some groups of neurons are destined 
to die as part of the embryonic developmenta1 program, so that 
there may be sUbpopulations with grossly different expression of 
repair functions. At the same time this phenomenon of neuronal 
death during development reflects the important event of neuronal 
competition and selection (Purves, 1980), which occurs in both 
peripheral and central nervous systems. While the mechanisms and 
criteria for neuronal survival are not known, the process is 
fundamental to the structure and function of the brain. If we 
assume that this process is, broadly speaking, under control of 
genetic systems, some of which relate to the regulation of DNA 
manipulation, then programmed neuronal degeneration might become 
unbalanced as the result of mutations in such genetic systems. 
Conceivable neuronal competition and selection may have mechanistic 
parallels with immunocyte subset differentiation, which we know to 
depend in part on critical gene rearrangement events involving DNA 
recombination (Kidson and Dambergs, 1982). 

The brain - or the nervous system as a whole - does indeed 
have special characteristics of relevance to considerations of the 
aging process. In man, age-related neuropathology provides a 
window on the process, although mechanistic interpretation is at a 
somewhat rudimentary stage. 

NEURO DEGENERATIVE DISEASE 

A remarkable observation has been the range of 
neurodegenerative diseases of man that are associated with genetic 
susceptibility to DNA damaging agents (Kidson et al., 1983; 
Robbins, 1983). We have recorded such an association in a number 
of neurodegenerative syndromes (Table 2), while additional ones 
have been listed by Robbins (1983). In our experience, in no 
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Table 2. Neurodegenerative Syndromes Associated With 
Ionizing Radiosensitivity 

Ataxia-telangiectasia (A-T) 
Huntington's Disease (HD) 
Alzheimer's Disease (AD) 
Familial Non-specific Dementia (FND) 
Amyotrophic Lateral Sclerosis (Guam) (ALS) 
Parkinsonism Dementia (Guam) (PD) 

case is there an absolute association but in all groups the 
correlation is impressive. Ionizing radiosensitivity has been 
demonstrated variously using PHA-stimulated T lymphocytes, by 
clonogenicity or induced chromosome aberrations in B lymphoblastoid 
cell lines, or in some cases in cultured fibroblasts. Although the 
correlations have been good, these methods are still limiting and 
the delineation of sensitivity is a relative judgement. 

The prototype of ionizing radiation sensitive 
neurodegenerative disease in man is ataxia-telangiectasia. 
Although radiosensitivity has become accepted as one of the 
criteria of A-T, we and others (unpublished data) have come across 
patients with normal cellular radiation sensitivity whose clinical 
signs otherwise fit this syndrome. Thus, the precise role of the 
radiosensitive phenotype is not certain. Even without taking this 
subgroup into account, an impressive feature of this rare autosomal 
recessive disorder is the underlying genetic heterogeneity. There 
are at least 4 and possibly as many as 9 complementation groups 
among cell lines so far analyzed by various methods (Table 3). All 
appear to share a defect in control of DNA replication (Houldsworth 
and Lavin, 19801 Edwards and Taylor, 1980), while some may exhibit 
anomalous DNA repair (Paterson et al., 1982). This heterogeneity 
underscores the large number of gene loci that we expect to be 
necessary for regulation of DNA manipulation in man (Kidson, 1980). 

Whether A-T, like progeria and Werner's syndrome, can be 
strictly considered as a disease of premature aging is open to 
semantic debate. In terms of progressive loss of the primarily 
affected cerebellar neurons, followed by degeneration of dependent 
pathways, it fits a loose definition, although some patients can 
live for several decades (Sedgwick, 1982) if they survive other 
sequelae such as infections and lymphoma. It is useful to keep A-T 
under the broad umbrella of aging-related neuropathology, because 
its detailed molecular and genetic analysis has indeed begun to 
open a window on the process of brain degeneration that we see as 
one of the most explosive components of severe aging. 
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Table 3. Complementation Groups in A-T 

GROUP CELL LINE 

A AT3BI, ATlBE 
B AT2BE 
C AT4BI, ATlPWA 
D AT5BI, ATl7BI, AT10S, AT4JTO 

?E AT8BI, AT1ABR 
?F AT14BI 
?G AT3ABR 
?H AT4ABR, AT6ABR, GM717 
?I AT5ABR 

The groups E-I are tentative only, pending a complete 
matrix analysis of cell lines. 

In all the neurodegenerative diseases listed in Table 2, the 
pathological process is initiated in a small, select group of 
specific neurons, no matter how global the u1timate pathology. 
This has been surprisingly and elegantly demonstrated for 
Alzheimer's disease (Coyle et al., 1983), where the neurons of the 
nucleus basalis of Meynert undergo degeneration. These neurons are 
a major source of cholinergic innervation of the cerebral cortex 
and related structures and appear to play an important role in 
cognitive functions, including memory. Alzheimer's disease and the 
continuum through to senile dementia, represents the major syndrome 
of brain failure with aging. Thus, these findings represent an 
important advance in our understanding of the extreme end of the 
spectrum of aging in the human brain. 

Most but not all of the small group of sporadic Alzheimer's 
(AD) cases we have studied exhibit cellular sensitivity to ionizing 
radiation (Kidson et al., 1983). By differential labelling of 
parental chromosomes in cell fusion experiments (Chen et al., 
1984), it has been possible to begin unravelling some facets of AD 
genetics. Irradiation of heterokaryons between normal and AD cells 
show the radiation sensitive AD phenotype to be recessive to the 
normal. In contrast, where cells from Huntington's disease (HD) 
patients are radiosensitive (Chen et al., 1981), the HD phenotype 
is dominant (unpublished data). However, in this same assay, A-T 
heterozygotes, which may show a degree of radiosensitivity (Chen et 
al., 1978), are recessive to normal cells but show increased 
sensitivity in homokaryons that contain two normal alleles (Chen et 
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al., 1984). AD homokaryons behave similarly and while preliminary 
cross-hybridization experiments between AD and A-T cells mostly 
exhibit complementation, in some cases there is an apparent absence 
of complementation, suggesting a possible relationship between the 
radiosensitivity genes associated with some AD and A-T mutants. 
These preliminary studies need to be expanded to a large series but 
they show promise for the genetic analysis of AD. It is possible 
that these AD-associated mutants are heterozygotes. Preliminary 
complementation analysis among AD cell lines suggests that multiple 
gene loci are involved, as mentioned above for A-T. 

INTERPRETATION OF RADIOSENSITIVITY DATA 

Although there is a positive association between a number of 
neurodegenerative diseases and cellular sensitivity to DNA damage, 
we have not found this to be absolute, even for HD (Chen et al., 
1981). Tempting as it is to pond er causal association (Robbins, 
1983), we feel this is premature on the basis of present evidence. 
In the case of HD it should be possible to test for 1inkage between 
the chromosome 4 marker (Guse11a et a1., 1983) and the 
radiosensitive phenotype, where it occurs. In the case of AD, 
further ce11 genetic studies shou1d be he1pful, as should extension 
thereof to familial AD, for the purposes of chromosome mapping and 
development of gene probes. 

The preliminary evidence suggests most of these syndromes 
will prove to be genetically heterogeneous, each possibly involving 
a number of gene loci. If indeed solid evidence for causal 
association between the radiosensitive phenotypes and pathology is 
forthcoming, then there is a need to consider the mechanistic 
implications. It is possible that ineffective repair of random DNA 
damage is a central feature butin our view it is more likely to be 
of secondary rather than primary importance. 

The key feature of each of these neurodegenerative disorders 
is their initiation in a selective neuron subset, the subsets being 
different for each syndrome. A-T is clearly a developmental, 
multisystem disease, with relatively ear1y onset. Given the nature 
of nervous system organization (Table 1) it is quite conceivable 
that others in this group are also diseases of deve10pment or 
differentiation - each in a particular neuron population, with 
extended per iods until clinical signs are recognized, dependent on 
neuronal network redundancy and feedback circuitry. The involvement 
of genes, whose mutant phenotypes are monitored as radiosensitivity, 
in. DNA recombination operations, for example, could have 
implications for subtle, specialized differention events (Kidson, 
1979; Waldman, 1982). The possibility of selective recombination 
defects in A-T is being explored in this context (Cox et al., 
1984). Whether gene rearrangements, essential for immunocyte 
differentiation, are necessary for the genesis of neuron subsets is 
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a matter for conjecture at this time. However, it is clear that if 
the radiosensitive phenotypes are indeed causally related to the 
differential pathology, the underlying genotypes must exert their 
effects in a very selective manner tied to differentiation of 
neuronal subsets. Random response to DNA damage would not give 
rise to the selective pathology. 

There are many other features of Alzheimer's disease that 
require explanation. There is good evidence for structural 
anomalies in the paired helical filaments that are one of the 
hallmarks of the AD brain (Ihara et al., 1983). There is a 
continuing debate over the possibility of slow virus involvement 
(Prusiner, 1984). There is every chance that we are dealing with 
pleiotropic gene functions as occur in A-T. 

NEUROPATHOLOGY AND AGING 

In the present context we must ask whether neurodegenerative 
diseases like AD do indeed provide a window on the normal aging 
process in the brain. Certainly Alzheimer's disease, with an 
incidence of more than 5 percent among individuals over 65 in some 
populations, is a major concomitant of aging in a substantial 
number of people. Its importance lies in the possibilities it 
opens up for delineation of some gene functions that, when mutant, 
give rise to exaggerated, rapid brain failure, a phenomenon that 
occurs more slowly, to a lesser degree, in a larger proportion of 
the aging human population. 

Pursuit of the molecular details of the neurodegeneration
associated radiosensitivity mutants promises to open up new leads 
in this respect. It will be important to consider the spectrum of 
activities involved in the genetic control of DNA manipulation 
rather than assume that we are dealing simply with repair of DNA 
damage. Since neurons are not required to undergo multiplication, 
they have a longer time to repair DNA damage than do dividing 
cells, where fidelity of DNA replication is a high priority. 
Mature neurons are remarkably resistant to DNA damage, at least 
that due to ionizing radiation. 

The subtleties of nervous system development serve as a 
reminder of the possibilities that in broad terms genetic 
programming of neuron longevity may be operative. Thus, we can 
imagine time-clocks dependent on stochastic operations of neuronal 
networks, established on a developmental genetic basis, and 
influenced by life-long inputs that govern the evolution, 
persistence and desistence of secondary neural nets 
interconnecting non-renewable neurons. In this context, aging of 
the brain may be seen as programmed genetically but subject to wide 
fluctuations in rate and time by multiple, externally generated 
events. 
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IN VIVO STUDIES ON DNA REPAIR AND TURNOVER WITH AGE 

SUMMARY 
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Since the capacity for DNA repair relative to other cellular 
processes should be an important parameter of mutagenesis, carcino
genesis, and also aging, this capacity should preferably be studied 
in intact animals. Thus, we developed autoradiographic techniques 
for measuring DNA repair directly in vivo. By these methods un
scheduled DNA synthesis (UDS) was detected quantitatively as silver 
grains on epithelial cells of mouse skin after treatment with chemi
cal carcinogens or UV irradiation, and on cerebral ganglion cells 
of aquarium fish after treatment with various chemical carcinogens. 
Several interesting findings so far obtained are presented. 

possible age-related change in the UDS response was examined 
by the skin technique with mice of 2 and 18 months old. Similar 
dose-dependent induction of UDS was observed in mice of both ages 
after treatment with 4-hydroxyaminoquinoline 1-oxide; their levels 
of UDS at each dose were not significantly different. The dose
response curves for young and aged animals after UV irradiation 
showed similar increases to a plateau at low doses, but their re
sponses to high doses were very different: in aged mice the UDS 
level decreased markedly with increase in the dose, whereas in young 
mice it remained at the same level. This suggests that in aged 
animals, high doses of UV irradiation cause deterioration of DNA 
repair systems, and that aged animals cannot repair extensive DNA 
damage efficiently. 

It is generally thought that DNA has a stable structure and a 
much slower turnover than other cellular components. Although the 
effect of DNA repair on DNA turnover may be insignificant, 
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accumulation of repaired DNA in cells should result in detectable 
DNA turnover. Therefore, we investigated DNA turnover in post
mitotic ganglion cells of rat retina. However, careful autoradio
graphie studies on pairs of eyes showed no detectable DNA turnover 
up to nearly their median life span (2 years). This result suggests 
that the DNA of post-mitotic cells, which are not replaced throughout 
the life span of the animal, is very stable and is possibly protected 
in some special way. 

IN VIVO STUDIES ON DNA REPAIR 

DNA repair systems are regarded as among the most important in 
organisms, and the nature of DNA repair mechanisms and their roles 
in carcinogenesis, mutagenesis, aging, etc. have been studied in 
various systems (Cleaver, 1978; Howard-Flanders, 1981; Painter, 
1975; Setlow, 1978). Relatively little is known about DNA repair 
in vivo, because few methods are available for its study. 

DNA strand breakage and rejoining after treatment with agents 
that damage DNA have been studied in the liver (Goodman and Potter, 
1972; Cox et al., 1973), brain (Wheeler and Lett, 1972; Hadjiolov 
and Venkov, 1975), and other organs (Wheeler et al., 1973; Cox and 
Irving, 1975; Kanagahngan and Balis, 1975; Koropatnick and Stich, 
1976; Petzold and Swenberg, 1978) of intact animals. However, in 
this type of study, in which the tissues are treated as a whole 
without excluding mesenchymal cells, artifactual DNA breakage tends 
to occur. Moreover, the methods involved seem too complicated for 
afplication to a large number of sampIes. Another approach has been 
the direct measurement of specific adducts, such as pyrimidine 
dimers in the skin (Bowden et al., 1975; Cooke and Johnson, 1978; 
Sutherland et al., 1980) and 06-alkylguanines in various organs 
(Goth and Rajewsky, 1974; Kleihues and Bucheler, 1977; Pegg and 
Balog, 1979; Scherer et al., 1977). This method is specific, but 
it has the limitation that it cannot give information on the loca
tion of DNA repair within the tissues. Another approach is the 
autoradiographie procedure. A common method for estimating the 
magnitude of DNA repair that is useful for measurement of DNA repair 
in individual cells of tissues or organs in vivo is measurement of 
incorporation of (methyl-3H)-thymidine (dThd) during repair synthe
sis and subsequent exposure of the preparation to high resolution 
autoradiographie emulsion. 

It had long been thought difficult to demonstrate unscheduled 
DNA synthesis (UDS) in vivo. But Epstein et ale (1970; 1978a) dem
onstrated ultraviolet light (UV)-induced UDS in human and mouse 
skin. For this, they injected (methyl-3H)dThd subcutaneously 
(s.c.), but they could not demonstrate a dose-dependent response. 
As another approach, we reported a procedure for detecting DNA 
repair synthesis in vivo in cerebral ganglion cells of aquarium 
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fishes (Ishikawa et al., 1978a, 1984). For this, the living fish, 
in which the brain was exposed by operation, were kept in isotonic 
solution containing a carcinogen and (methyl-3H)dThd. UDS was 
clearly demonstrated as silver grains on the nuclei of ganglion 
cells. However, this method is obviously not applicable to mammals. 
In rodents, unless conditions are adequate, a locally injected aque
~us solution of carcinogen seems to be absorbed and to pass into the 
general circulation very rapidly. Thus, we developed a technique 
using special forceps for measuring UDS in mouse skin after treat
ment with various chemical carcinogens (Ishikawa et al., 1982) or 
UV-irradiation (Kodama et al., 1984). Technically, the main reasons 
why we could detect UDS in intact animals successfully were that 
we used (methyl-3H)dThd of high specific activity and our forceps 
procedure. The (methyl-3H)dThd of high specific activity was effec
tively incorporated into cellular DNA during the repair process 
overwhelming the internal thymidine pool. 

Induction of UDS in Mouse Skin in vivo 

The techniques used were described in detail in previous papers 
(Ishikawa et al., 1982; Kodama et al., 1984), and so are described 
only briefly here (Fig. 1). Female ICR mice (8 weeks old) were 
used. For carcinogen treatment, animals were anesthetized with 
sodium pentobarbital and the skin of their back was shaved. Tongue 
forceps (ring shaped, 20 mm in diameter) were used to clamp off a 
double fold of the skin. Immediately after clamping off the skin, 
isotonic Ringer solution containing a carcinogen and (methyl-3H)dThd 
(100 ~Ci/ml) was injected s.c. into the clamped-off region. Four 
carcinogens were used: 4-nitroquinoline l-oxide (4NQO), 4-hydroxy
aminoquinoline l-oxide (4HAQO), 1-methyl-l-nitrosourea (MNU) and 
methylmethanesulphonate (MMS), and each was tested at 4 to 5 doses 
using 5 animals for each dose. After this treatment the mice were 
kept at 35°C for 60 minutes, and then the forceps were removed. 
The animals were killed 3 hours later, and the treated skin was 
cut out. The skin was fixed and embedded in paraffin. Sections 
(4-5 ~m) were dip covered with NR-M2 emulsion (Konishiroku Photo 
Co., Tokyo) and expo'sed for 5 weeks at 4°C. After development, 
the sections were lightly stained with hematoxylin and eosin. 

The technique used for UV radiation-induced UDS was essentially 
the same as that used with chemical carcinogens. The skin of the 
back of mice was shaved with electric clippers and remaining hair 
was carefully removed with a razor. The skin was exposed to short
wave UV light from a 15-W germicidal lamp (Toshiba GL 15 UV lamp) 
with predominant emission at 254 nm (dose rate 1.2 J/m2/s), or UV-AB 
light from three 20-W sunlamp fluorescent tubes (Toshiba FL 20 S.E. 
sunlamp) with emission at 270-440 nm and a peak at 312 nm (dose rate 
2.2 J/m2/s). For convenience, we refer to short-wave UV and UV-AB 
irradiation as 254 nm UV and sunlamp UV irradiation, respectively. 
Five animals each were exposed to 254 nm UV irradiation or sunlamp 
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1. Shaving of the back skins of ICR mice (8 week old) 

2. UV irradiation 

UV light sources 

a. Short wavelength UV; a 15 W germicidallamp 

(254 nm as a single sharp peak) 

b. UV-B; three 40 W sunlamps 
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(ca. SO'l(, of the energy output in 280-340 nm, peak at 312 nm) 
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3. Clamping off the skin with tongue forceps 
and iniection of (methyl-"H)dThd (50jlCi/0.5ml) 

o 

4. Treatment at 350C for 60 minutes 

5. Autoradiography 

6. Grain counts on 200 cells 

Fig. 1. Detection of UDS in mouse skin in vivo after UV irradiation. 

UV irradiation at 5 to 7 doses. The irradiated region of the skin 
was clamped off with forceps. Immediately after clamping off the 
region, isotonic Ringer solution (0.5 ml) containing (methyl-3H)dThd 
was injected s.c. Autoradiographic procedures were as described 
above. 

In carcinogen treated groups, UDS was demonstrated clearly as 
silver grains on the nuclei of epithelial cells. The 4 carcinogens 
showed similar dose-dependent effects. Dermal fibroblastic cells 
also responded to each carcinogen, but the number of grains on them 
was significantly fewer than that on epithelial cells in response 
to each carcinogen at each dose (Fig. 2). We also demonstrated 
dose-dependent UDS in mouse skin after treatment with 254 nm UV and 
sunlamp UV irradiation. The dose-dependent curves for 254 nm UV 
and sunlamp UV irradiation were similar in shape but differed by one 
order of magnitude in energy level; namely, with sunlamp UV irradia
tion much higher energy was required to induce the same number of 
grains on epithelial cells (Fig. 3). This finding is consistent 
with previous reports on the dimer yield on irradiation at 313 nm 
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Fig. 2. Dose response to 4 carcinogens of UDS in epithelial cells 
(e) and fibroblastic cells (_) of mouse skin. The number 
of grains per nucleus is plotted against the concentration 
on a logarithmic scale. Numbers of grains per nucleus are 
averages for 5 mice. Bars represent S.D. Corrected values 
for fibroblastic cells (0) on the basis of the ratio of the 
intensities of S-phase grains (1.2:1). At all doses, the 
response of epithelial cells was a significantly «0.001 
or <0.01) stronger than that of fibroblastic cells. 
Corrected values were also s1gnificant at p<0.001 or p<0.01 
except values at 5 x 10-~M MMS (not significant). Fig. 
(Ishikawa et al., 1982) is reproduced with permission of 
the pub Hsher. 

UV and 265 nm UV (Hariharan and Cerutti, 1977; Rothman and Setlow, 
1979). Tests of the validity of these systems showed that the range 
of variability was small between animals and even between individual 
sampIes. 

DNA repair in epithelial cells was 3- to 5- fold more active 
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Fig. 3. Dose response to UV irradiation of UDS in epithelial cells 
of mouse skin exposed to 254 nm UV irradiation (A) and 
sunlamp UV irradiation (B). Numbers of grains per nucleus 
are plotted against the energy dose. Numbers of grains per 
nucleus are averages for 5 mice. Bars represent S.D. 
Fig. (Kodama et al., 1984) is reproduced with permission of 
the publisher. 

than in fibroblastic cells, regardless of the dose or type of carci
nogen tested. The rate of dThd utilization, estimated from the 
intensity of S phase cells, was only slightly different in epithe
lial cells and fibroblastic cells. The corrected UDS values, judged 
by dThd utilization, for epithelial and fibroblastic cells, reflected 
DNA repair efficiency in these cells. Even these corrected values 
for epithelial and fibroblastic cells showed a highly significant 
difference (Fig. 2). We also confirmed that UV-induced DNA repair 
was more active in hair follicular epithelial cells than in dermal 
fibroblastic cells at the same anatomical level in the skin. In 
culture, mouse cells show very low levels of excision repair. It 
has been reported that excision repair of pyrimidine dimers does 
occur in rodent cells, although at a significantly lower rate than 
in human cells (Setlow et al., 1972; Setlow and Regan, 1981). 
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Peleg et al. (1976) showed that dimer excision in mouse embryo 
fibroblasts decreases abruptly during progressive passage of the 
cells in culture. In contrast to these previous reports on fibro
blastic cells in culture, Bowden et al. (1975) and Cooke and Johnson 
(1978) reported that mouse epidermal cells in vivo are capable of 
DNA excision repair after UV irradiation, whereas Ley et al. (1977) 
reported that mouse epidermal cells have little or no capacity for 
excision repair of pyrimidine dimers. Whether this difference re
flects differences in mouse strains or in experimental procedures 
in not yet clear. On the other hand, Taichman and Setlow (1979) 
reported that the extent of UV-induced repair was similar in cul
tured human epidermal cells and fibroblasts, and we reported that 
mouse tracheal epithelial cells and retinal ganglion cells show 
active UDS in organ culture (Ishikawa et al., 1980). The above ob
servations suggest that the efficiency of DNA repair depends on both 
the cell type and the animal strain. 

The wavelength difference in transmissibility and the protec
tive role of hair were studied after UV irradiation using this 
technique. Autoradiographic results clearly showed that sunlamp UV 
irradiation reached deeper sites in the skin than 254 nm UV irradia
tion. Results also showed that hair served as an effective sunscreen 
against UV irradiation, screening about 90% of the UV light energy 
from mouse skin. 

In time course studies on UDS at two different UV wavelengths, 
similar curves were obtained. At both wavelengths, DNA repair syn
thesis was induced immediately after irradiation and continued for 
48 hours. But at 48 hours after 254 nm UV irradiation, grains on 
nuclei had decreased to almost the background level, whereas at 48 
hours after sunlamp UV irradiation they were still about 3 times 
the background level. A detailed time course study on cultured 
human cells was reported by Kantor and Setlow (1981). Our time 
course curves were in general similar to their's for cultured human 
cells, except for a difference in rate. 

Age-related Changes in UDS in Mouse Skin 

Using cultured fibroblasts or lymphocytes from young and aged 
donors, many investigators have examined possible age-related dif
ferences in DNA repair capability. Most studies on both human and 
animal cells have suggested that there is no appreciable age-related 
decrease in DNA repair (for reviews see Tice, 1978; Hart et al., 
1979). 

We carried out preliminary studies on possible age-related 
changes in the UDS response using a mouse skin system. For this 
study, young (2-month-old) and aged (18-month-old) female ICR mice 
were used. To compare young and aged animals under as nearly similar 
conditions as possible, two matched groups of 3-4 animals each from 
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young and aged stocks were treated simultaneously with each dose of 
a chemical carcinogen or UV irradiation. Animals were treated with 
5 doses of the chemical carcinogen 4HAQO (2.5, 7.5, 25, 75, 250 x 
10-6M) or with sunlamp UV irradiation at doses of 260, 660, 1320, 
3300 and 5280 J/m2 • For UV irradiation, animals were shaved with 
extreme care under ether anesthesia, and after their recovery from 
anesthesia matched groups were placed under sunlamps. To randomize 
doses on the back, animals were allowed to move :freely in a plastic 
cage during irradiation. Immediately after irradiation, animals were 
anesthetized with sodium pentobarbital and the irradiated region of 
the skin was clamped off with forceps. (Methyl-3H)dThd injection 
and autoradiographic procedures were as described above. 

In 4HAQO-treated groups similar dose-dependent induction of 
UDS was observed in mice of both ages, and the levels of UDS of 
young and old animals at each dose were not significantly different. 
The dose-response curves for young and aged animals after sunlamp 
UV irradiation showed similar increases to a plateau at low doses 
(260, 660 and 1320 J/m2 ) , but their responses to high doses (3300 
and 5280 J/m2 ) were very different; in aged mice the UDS level de
creased markedly with increase in the dose, whereas in young mice 
it remained at the same level. This suggests that in aged animals 
high doses of UV irradiation cause deterioration of DNA repair 
systems, and that aged animals cannot repair extensive DNA damage 
efficiently. This surprising observation raises the question of 
whether it is possible to extrapolate experimental results at re la
tively high dose to the lower levels to which humans are exposed: 
a high dose of UV irradiation may fry the skin. Judging from avail
able information, the most carcinogenic rays are in the acute 
erythemogenic or sunburn spectrum (Epstein, 1978b). The doses used 
in the present experiment were compared with the minimal erythemal 
dose (MED) in mouse skin (approximately 500 J/m2 , unpublished data) 
to obtain an estimate of their biological magnitude. No age
associated differences were observed after exposure to sunlamp UV 
irradiation at these doses (0.5 to 2 MED), but significant inhibi
tion of UDS was seen in aged animals after exposure to high UV doses 
(6 to 10 MED). Therefore, the doses of UV irradiation used seemed 
to be within the biological range of actinic radiation. 

The reason why the UDS response decreased at high UV doses in 
aged animals is unknown. It could be due to the saturation of 
damage to susceptible sites in the DNA strand or an enzymatic reac
tion in aged cells, or it could be due to another type of damage 
altogether. UV irradiation has been shown to inhibit semiconserva
tive DNA synthesis in mammalian cells (Edenberg, 1975), although the 
mechanism for this inhibition is not clear. Moreover, we used sun
lamp UV because of its higher transmissibility, but since sunlamp UV 
irradiation is known to cause other damage to DNA besides pyrimidine 
dimer formation (Hariharan and Cerutti, 1977), other types of damage 
may be responsible for the inhibition of UDS in aged animals. 
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No similar inhibition of UDS was observed in groups treated with 
4HAQO, although the highest dose used is known to cause necrosis of 
the skin (Ishikawa et al., 1982). This difference between results 
with the two agents may be explained by differences in the types of 
DNA damage or the numbers of lesions induced. 

It is unlikely that the observed differences in UDS in young 
and aged animals at high doses of UV irradiation were due to dif
ferences in their rates of dThd utilization. Their UDS levels 
after treatment with 4HAQO and low doses of UV irradiation were 
similar, and no age-associated change in the rate of dThd utiliza
tion was detected in untreated animals on examination of the inten
sity of S phase cells (data not shown). 

Besides fibroblasts or lymphocytes in culture, postmitotic 
ganglion cells in vivo have also been examined for possible decrease 
in DNA repair capability with age. Wheeler and Lett (1974) assessed 
the capability of cerebellar neurons from beagle dogs of different 
ages to repair y-ray-induced strand breaks by alkaline sucrose 
gradient analysis. In addition, Ishikawa et al. (1978a) investigated 
the levels of chemical carcinogen-induced UDS in cerebral ganglion 
cells of aquarium fish at various ages. These in vivo investiga
tions also showed no age-related change. 

Very recently, Plesko and Richardson (1984) observed a signifi
cant age-related decline in UV-induced UDS in rat hepatocytes iso
lated from 6- to 32-month-old rats. Their observations together 
with ours suggest that age-related decrease in DNA repair is only 
observed in certain types of cells; epithelial cells, such as skin 
cells or hepatocytes, seeming to show an age-related change in DNA 
repair. Further studies on various cell types are needed to clarify 
the association between cellular aging and DNA repair. 

IN VIVO STUDIES ON DNA TURNOVER 

It is generally assumed that DNA is stable in structure and 
that its turnover is much slower than the turnover of other cel
lular components. Although the effect of DNA repair on DNA turn
over may be insignificant, the accumulation of DNA repair synthesis 
throughout the life span of an animal should result in detectable 
DNA turnover. 

Let us consider the effect of exposure to the noon sun in 
Texas for one hour every day for 70 years. Such sunlight would 
results in approximately 5 x 104 dimers/hour/skin cell (Harm, 1969). 
Normal fibroblasts can repair about 8 x 104 dimers/hour/cell (Ahmed 
and Setlow, 1978). Assuming that the repair patch is 100 bases 
(Cleaver, 1978) and that there are 5600 million nucleotide pairs 
in it (McCarthy, 1965), the number of bases excised in 70 years 
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would be 5 x 10Q x 100 x 365 x 70 (1277.5 X 106 ). Thus the number 
of DNA turnovers during this per iod would be 1277.5 x 10 6 /56 x 10 6 X 

2 (11.4), Consequently, DNA should have completed 50% turnover by 
the end of 3 years, the maximum life-span of rats or mice. 

There have been a number of studies on DNA turnover in cells 
(Bendich et al., 1953; Bennett et al., 1960; Devik and Halvorsen, 
1963; Pelc, 1963, 1964), but the values for DNA turnover reported 
are not reliable, because most of these studies were done in the 
early 1960's when the nature of DNA repair was unknown. Moreover, 
the values obtained were based on findings in relatively short 
observation periods and varied in orders of magnitude. Recently, 
a reliable analysis was carried out by Commerford et al. (1982). 
They calculated the half-lives of DNA in liver and brain of mice 
at 318 days and 593 days respectively, based on the rates of loss 
of tritium from these organs. A drawback of the biochemical approach 
seems to be that in analysis of turnover by scintillation counting 
of DNA in whole tissues; it is not possible to distinguish true 
turnover of cellular DNA from dilution of labeled DNA resulting 
from cellular turnover of minor cell populations. To overcome this 
problem, we investigated DNA turnover in post-mitotic photoreceptor 
cells of rat retina by autoradiography up to nearly their median 
life-span (the time of 50% survival) (SolleveId et al., 1984); 
(Ishikawa et al., 1983). 

Newborn F344 rats were injected s.c. at intervals of 8 hours 
with 3 doses of (methyl-3H)dThd (1.5, 3.0 and 6.0 ~Ci per rat) for 
48 hours after birth. The doses and times of injection of thymidine, 
and the autoradiographic conditions used, were based on the results 
of preliminary experiments. One eye (the right eye) was removed 
from all the rats 60 days after birth. The eye was fixed in 10% 
neutral formalin overnight at 4°C and then cut in half along the 
optic axis, dehydrated and embedded in paraffin. Usually 2 males 
and 2 females in each group were killed 180, 365, 540 and 730 days 
later, and their other eye (left eye) was removed and processed in 
the same way. Before examination, the paraffin wax was melted and 
the two eyes from each rat were reembedded in the same paraffin 
block. Sections containing the pair of retinas were cut at 4-5 ~m 
thickness and mounted on a slide glass. Sections were dip-covered 
with autoradiographic emulsion and exposed for 4 weeks. All auto
radiographs were processed simultaneously. After development, sec
tions were stained lightly with hematoxylin and eosin. 

We confirmed that multiple injections of (methyl-3H)dThd after 
birth (as described above) were suitable for obtaining a uniform, 
countablenumber of silver grains in differentiated retinas at 60 
days after birth. Autoradiographs showed that nuclei in the outer 
nuclear layer had similar, uniform numbers of grains. These nuclei 
are those of rods and cones, although it is reported that rods pre
dominate in rats (Prince, 1960). Grain counts were made on more 
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than 500 randomly selected cells from this layer, which was thought 
to be the most useful layer for this purpose. pilot studies indi~ 
cate that individual variation could be avoided by measuring the 
ratios of grains in the two eyes, rather than the absolute grain 
counts. 

Fig. 4 shows the relative grain ratios of pairs of eyes of 
37 rats killed 180, 365, 540 and 730 days after removal of the first 
eye; each dot represents the value for one animal, and DNA turnover 
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Fig. 4. Grain ratios (second eye/first eye x 100) from 37 rats 
killed 180, 365, 540 and 730 days after removal of the 
first eye (_ males, • females). Groups A, Band C 
received different doses of {methyl-3H)dThd. Vertical bars 
represent S.D. of means. 
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is expressed as the grain ratio for the pair of eyes of one animal. 
No age-associated decrease was seen in the ratios of the photore
ceptor cells in any group up to the end of the experiment. The 
average absolute grain count per cell of the first eyes excised on 
day 60 were 1.00 ± 0.32, 1.62 ± 0.13 and 2.28 ± 0.14 in the 3 groups 
injected with different doses of (methyl-3H)dThd. Judging from 
these grain numbers, the levels of tritium incorporated into DNA in 
this experiment were low, probably being similar to the level of 
UDS in organ culture (Ishikawa et al., 1978b). The data also sug
gest that DNA damage caused by internal radiation of incorporated 
tritium (Cleaver et al., 1972; Pollack .et al., 1979) is insignifi
cant due to the levels of tritium used for initial labeling and that 
(methyl-3H) at position 5 of the thymine base in DNA is highly re
sistant to random exchange or enzymatic dimethylation. 

Biochemical and autoradiographic techniques have been used to 
detect turnover of DNA. As often pointed out, autoradiographic 
methods sometimes give misleading results due to small variations 
in thickness of sections and emulsion and in procedures for develop
ment. To avoid such errors, we studied pairs of eyes under as 
nearly identical conditions as possible. We demonstrated that when 
(methyl-3H)dThd was once incorporated into DNA of photoreceptor 
cells it remained unchanged for 2 years up to nearly their median 
life-span. However, we do not think the present results conflict 
with those of Commerford et al. (1982), but rather that the observed 
differences reflect differences in the tissues examined. Brain as 
a whole is not a post-mitotic organ since even neurons continue to 
be produced during adult life (Bayer et al., 1982), whereas photo
receptor cells of adult vertebrates are post-mitotic cells, although 
in some teleosts new rods are added to the retina as the eye 
increases in size (Johns and Fernald, 1981). Our results also 
appear to conflict with the findings that adult retinal ganglion 
cells, which have lost the capacity for normal DNA replication, are 
still capable of DNA repair in vivo (Wheeler et al., 1973) and in 
vitro (Ishikawa et al., 1978b). However, we speculate that special 
defensive barriers (Raviola, 1974) have evolved to protect the 
retina, as part of the central nervous system, like the brain 
against insults of toxic substances including environmental mutagens 
(Reese and Karnovsky, 1967). Here, it is interesting to note that 
induction of DNA repair in nerve cells has been achieved experi
mentally by y-irradiation (Wheeler et al., 1973; Wheeler and Lett, 
1972, 1974) or treatment with carcinogens with specific actions on 
the nervous system (Goth and Rajewsky, 1974), or by artificial 
destruction of these barriers (Ishikawa et al., 1978a, b). Another 
possible explanation of why we did not observe DNA turnover in the 
retina is that conventional laboratory conditions, such as basal 
diet and a low dose of ultraviolet light, are not harmful to DNA 
of somatic cells, or harmful at so low a level as to be undetectable 
by our methods. These possibilities could be tested by similar 
experiments using specific carcinogens of the nervous system that 
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are known to penetrate the barriers. It is also noteworthy that 
these photoreceptor cells seem to be very active cells because 
their outer segments are reported to be renewed about every 10 days 
(LaVail, 1976; Young, 1971). Therefore, it seems quite possible 
that the DNA of nerve cells, which is not replaced throughout the 
lifespan of the animals, is very stable and is possibly protected 
in some special way. 
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Gowers (1902) introduced the term 'abiotrophy' to signify 
the premature death of neurons and ske1eta1 musc1e in primary 
neuronal degenerations and in muscu1ar dystrophies respective1y. 
Co11ins (1919) c1assified retinitis pigmentosa, with its prema
ture degeneration of photoreceptors, as an abiotrophy. Abiotro
phies share severa1 characteristics in addition to the primary 
degeneration of excitab1e tissue which occurs in the absence of 
histopatho1ogic evidence of the etio1ogy (Gowers, 1902; Co11ins, 
1919; B1ackwood and Corse11is, 1976; Richardson and Adams, 
1977). The abiotrophic degenerations: 1) become evident after 
the excitab1e tissue has attained a normal, mature deve1opment; 
2) are re1entless1y progressive; 3) se1ective1y affect certain 
excitab1e tissues but not others; 4) have either a c1ear heredi-

315 
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tary or a sporadic basis; and 5) may be variable in their clini
cal and pathological features and often overlap with one another. 
Examples of abiotrophies include xeroderma pigmentosum (XP), 
ataxia telangiectasia, Cockayne syndrome, Alzheimer disease, 
Parkinson disease, Huntington disease, Friedreich ataxia, Duchenne 
muscular dystrophy, and retinitis pigmentosa. 

The cause of abiotrophies has long been unknown, but it has 
recently been suggested that the degeneration of neural, retinal, 
and muscle cells may result from the accumulation of damaged DNA 
(Robbins, 1983). This DNA-damage hypothesis is based primarily 
on information obtained from the study of the rare autosomal 
recessive disorder XP, certain forms of which include a primary 
neuronal degeneration (De Sanctis and Cacchione, 1932; Yano, 1950; 
Robbins et al., 1974; Robbins, 1983). It has been known for 
several years that skin fibroblasts from patients with XP do not 
repair ultraviolet-radiation (UV)-induced damage in their deoxy
ribonucleic acid (DNA) (Cleaver, 1968; Robbins et al., 1974; 
Kraemer, 1977; Setlow, 1978; Friedberg et al., 1979; Cleaver, 1983). 
Since XP patients develop solar damage, pigmentation abnormalities, 
and malignancies in skin exposed to sunlight (Robbins et al., 
1974), these findings suggested that the DNA repair defect caused 
the clinical abnorma1ities through somatic mutation resulting 
from unrepaired UV-damaged DNA. As reviewed previously (Robb ins 
et al., 1974; Kraemer, 1977; Setlow, 1978; Friedberg et al., 
1979; Cleaver, 1983), XP fibroblasts have defective DNA nuc1eotide 
excision repair, defective removal of UV-induced pyrimidine 
dimers, defective repair of UV-treated viruses and of DNA damage 
caused by certain chemical carcinogens, hypersensitivity to the 
1ethal effects of UV, and abnormally high levels of UV-induced 
chromosome aberrations. In addition, XP fibroblasts are more 
readi1y mutated and transformed in vitro by UV and by UV-mimetic 
chemicals than are normal fibroblasts (Maher et al., 1982). 

The age of occurrence of neurological abnormalities in XP 
patients correlates weIl with the ability of their cultured cells 
to survive treatment with UV (Andrews et al., 1976, 1978a). This 
correlation led to the theory that efficient DNA repair prevents 
premature death of neurons (Andrews et al., 1976, 1978a) and to 
the discovery of hypersensitivity to DNA-damaging agents in cells 
from patients with diseases characterized by primary degeneration 
of neurons, including Huntington disease (Moshe1l et al., 1980; 
Scudiero et al., 1981a; ehen et al., 1981; Bridges, 1981; McGovern 
and Webb, 1982; Paterson et al., 1983; Arlett and Priestly, 1984), 
Alzheimer disease (Kidson et al., 1983; Robbins et al., 1983a), 
Parkinson disease (Robbins et al., 1983a), and Friedreich ataxia 
(Chamber1ain and Lewis, 1982; Evans et al., 1983). The DNA-damage 
hypothesis has recently been extended (Robbins. 1983) to include 
other excitable tissues such as skeletal muscle (Moshell et al., 
1980; Tarone et al., 1983, 1984; Robbins et al., 1984) and retinal 
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photoreceptors (Lytle et al., 1983; Robbins et al., 1984) which 
undergo a primary degeneration in muscular dystrophy and retinitis 
pigmentosa, respectively. This paper reviews the accumulating 
evidence linking these and other abiotrophic disorders to cellular 
hypersensitivity to DNA-damaging agents. 

NEUROLOGICAL ABNORMALITIES, CELLULAR SE~SITIVI1Y, ~D DNA-DAMAGE 
HYPOTHESIS IN XP 

The neurological features of XP include microcephaly, progres
sive mental deterioration, ataxia, choreoathetosis, sensorineural 
deafness, spasticity, extensor plantar responses, areflexia, and 
a peripheral neuropathy (Robbins et al., 1974). Neuropatho
logically (Yano, 1950; Robbins et al., 1974), there is loss of 
central nervous system neurons, specifically pyramidal cells of 
the cerebral cortex, Purkinje cells of the cerebellum, neurons 
of deep nuclei of the basal ganglia and cerebellum, and pigmented 
neurons of the locus coeruleus and the zona compacta of the 
gubstantia nigra ras in Parkinson disease (Blackwood and Corsellis, 
1976)]. The spinal cord pathology resembles that of Friedreich 
ataxia (Yano, 1950; Lewis et al., 1979). The abnormalities in 
XP result from a primary neuronal degeneration--that ISt a pre
mature death of neurons in the absence of histopathological 
evidence of a specific etiology (Yano, 1950; Robbins et al., 1974; 
Blackwood and Corsellis, 1976). Clinically, XP patients who 
develop neurological abnormalities differ only in age of onset and 
rate of progression of the abnormalities (De Sanctis and Cacchione, 
1932; Yano, 1950; Robbins et al., 1974, 1983b). 

Complementation studies in XP have been performed by fusion in 
vitro of a cell line from one patient with that of another. When 
two cell lines complement each other, there is restoration of host
cell reactivation (Friedberg et al., 1979), resistance to killing 
by UV (Cleaver, 1982), and removal of dimers (Friedberg et al., 
1979) and UV endonuclease-sensitive sites (Friedberg et al., 1979). 
Different complementation groups probably have different inherited, 
defective, deoxyribonucleotide sequences involved (Robbins et al., 
1974). Members of the same complementation group are likely to 
have the same sequence defective (Robbins et al., 1974), although 
they may have different mutations in that sequence (Robbins et al., 
1974; Andrews et al., 1978a). Bootsma and associates initially 
found two complementation groups among a group of XP patients (De 
Weerd-Kastelein et al., 1972), and the number of complementation 
groups has since increased to eight (Friedberg et al., 1979; 
Moshell et al., 1983; Robbins, 1983). A form of XP, the "variant" 
form, was found with a normal rate of repair of UV-induced DNA 
damage (Burk et al., 1971; Robbins et al., 1974). Additional 
variants have been discovered (Friedberg et al., 1979; Cleaver, 
1983). The variant cells were shown to have markedly abnormal 
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post-rep1ication repair, i.e., they cannot norma11y synthesize 
new DNA using their UV-damaged DNA as a temp1ate (Lehmann et a1., 
1975; Doniger et a1., 1980). 

Neuro10gica1 and DNA repair data on patients representing all 
known forms of XP are presented in Tab1e 1. Analysis of the ab
norma1ities in unschedu1ed DNA synthesis, host-ce11 reactivation, 
and post-rep1ication repair va1ues shows no corre1ation with the 
presence or absence of the neuro10gica1 abnorma1ities. However, 
a corre1ation has been found between the age of onset of neuro-
10gica1 abnorma1ities and the sensitivity of the cu1tured fibro
b1asts to the 1etha1 effects of UV (Tab1e 1, last co1umn; Fig. 1) 
(Andrews et a1., 1976, 1978a; Robbins, 1978a; Barrett et a1., 1981; 
Robbins et a1., 1983b). Ce11s from patients without neuro10gica1 
abnorma1ities show post-UV surviva1 in the comp1ementation group 
C zone or higher (Fig. 1). This region also inc1udes two group A 
patients (XP8LO and XP1LO) who had no known neuro10gica1 abnor
ma1ities by 6 and 33 years of age, respective1y (Tab1e 1) (Andrews 
et a1., 1978a). Slight1y more sensitive than ce11s in the group 
C zone are ce11s from patients XP1MI of group C, who had on1y one 
neuro10gica1 finding of XP (Robbins, 1978a), and ce11s from patient 
XP12BE of group A (Robbins et a1., 1974), who deve10ped more 
than two neuro10gica1 abnorma1ities on1y after 12 years of age 
(Robbins, 1978a; Robbins et a1, 1983b). Ce11s from seven group D 
patients and the group G patient, XP2BI, whose neuro10gica1 abnor
ma1ities appeared between 7 and 12 years of age (Robbins et a1., 
1974; Andrews et a1., 1978a; Keijzer et a1., 1979), are even more 
sensitive (group D zone) (Andrews et a1., 1978a; Barrett et a1., 
1981). Ce11s from five group A patients, who by the age of 7 years 
showed numerous neuro10gica1 abnorma1ities (Andrews et a1., 1978a), 
are the most hypersensitive (group A zone) (Andrews et al., 1978a). 
The relative post-UV survival of XP 1ymphob1astoid 1ines is generally 
the same as that of the fibrob1ast 1ines (Moshell et a1., 1981). 

The neuronal DNA-damage theory was deve10ped to account 
for the premature death of neurons in XP (Robb ins et a1., 1974, 
1983b, 1984; Andrews et a1., 1976, 1978a; Robbins, 1978a, b, 1979, 
1983; Lyt1e et a1., 1983). The theory states: 1) the neuro10gica1 
abnorma1ities of XP resu1t from premature death of neurons; 2) 
the in vitro post-UV co10ny-forming ability of XP fibrob1asts is 
determined by their ability to repair a UV type of DNA damage; 3) 
the premature death of neurons in vivo resu1ts from their inabi1ity 
to repair a UV type of damage iU-their DNA; 4) since UV in sun1ight 
cannot reach the centra1 nervous system, neuronal DNA is damaged 
by endogenous, intrace11u1ar metabo1ites and/or by "spontaneous" 
physicochemica1 events; 5) patients with the most defective in 
vitro post-UV co10ny-forming ability have the ear1iest onset-of 
neuro10gica1 abnorma1ities, because the integrity of their neuronal 
DNA is lost at an ear1y age; 6) each of the neurons of a particu1ar 
neuron group or system has the same qualitative and quantitative 
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Tab1e 1. Neuro10gica1 and DNA Repair Data on All Known Forms of 
Xeroderma Pigmentosum 

Form of 
xeroderma 
pigment
osum 

Variant 
Group A 

Group B 
Group C 

Group ° 

Group E 
Group F 
Group G 
Group H 

Patients whose Xeroderma 
lines are used 
in survival 
experimentsa 

XP4BE XP13BE 
XP25RO XP26RO } 

XP6TO XP4LO 
XPKFSF 
XP12ßE 
XP1LO 
XP8LO 

XP-CS-lg 
XP2BE XP9BE 

XP10BE 
XP4RO 

XPIBE XP3 BE 
XPlMI 

XP5BE XP6BE 
XP2NE XP3NE 
XP7BE XPKABE 

XP17BE 
XP2RO 
XP230S 
XP2BI 

XP-CS-2 i 

} 

pigmentosum 
neurological 
abnormalitiesb 

None 

<7 yr 

>12 yr 
None by 33 yr 
None by 6 yr 
None; CS type 

None 

None by 30 yr h 
Mic rocephaly 

7-12 yr 

None by 34 yr 
None by 41 yr 

12 yr 
None; es type 

DNA-repair-dependent tests 
UV-induced 
unscheduled 
DNA synthesis 
(% of normal)c 

100 

0.4-1.3 

0.4-1.3 
0.4-1.3 

30 
3-7 

10-20 

10-20 
13 

25-50 

>40 
10 

2 
30 

Host-cell 
reactivation 
(% of normal)d 

70 

3.5 

3.5 
6.8 

11 

11-35 

11-35 

3.3-3.6 

47 
Intermediate 

21 
<11 

Post 
replication 
repair 
(impairment)e 

Extreme 

Intermediate 

Intermediate 

Intermediate 

Intermediate 

Intermediate 

Intermediate 

None 

Intermediate 
Intermediate 

Post-UV 
survival 
(% of nor 
mal DOOl ) 

>70 

18-22 

40 
53 

>70 

>50 

>41 
38 

27-32 

>70 
>70 

32 

aSurvival for all but group Band H lines in Fig 2. Complementation group assignments presented or 
cited in Oe Weerd-Kastelein et al., 1972; Robbins et al., 1974; Andre .. s et al., 1978a; Robbins, 
1978a; Arase et a1. , 1979; Keij zer et a1. , 1979; Barrett et a1. , 1981; Moshell et a1. , 1983. 

hAge of onset and type of neurological abnormalities presented or cited in Robbios et a1., 1974; 
Andrews et a1., 1978a; Robbins, 1978a; Arase et al., 1979; Friedberg et a1., 1979; Keijzer et al., 
1979; Barrett et a1. , 1981; Moshe11 et a1. , 1983; Robhins et a1., 1983b. 

CData from, or cited in, Robbins et al., 1974; Petinga et a1., 1977; Rabbins, 1978a; Arase et al., 
1979; Friedberg et al., 1979; Keijzer et al., 1979; Barrett et al., 1981; Moshell et al., 1983. 

dHost-cell reactivation data of UV-irradiated virus presented or cited in Day, 1974; Friedberg 
et al. , 1979; Keij zer et al. , 1979; Lyt1e et al. , 1983; group F data from Arase et al. , 1979; 
group H data from Oay and Robbins, unpublished. 

eData from Lehmann et al., 1975, 1977; Friedberg et al. , 1979; Keijzer et al., 1979; 
fOoniger et al., 1980~ group H data from Doniger and Robbins, unpublished. 

DOOl is dose (erg/mm ) of 254-nm UV reducing colony-forming ability to 0.1%; values from Fig. 1. 
gThis patient has both XP and Cockayne syndrome and i8 patient XPIIBE (Robbins et al., 1974). 
hA few minimal abnormalities were found after 30 yr of age (Robblns et a1., 1983b). 
iThis patient has both XP and Cockayne syndrome (Moshell et al., 1983). 

spectrum of DNA damage, but neuron groups with different environments 
and neurotransmitters have different spectra of DNA damage; 7) those 
groups of neurons with re1ative1y 1arge amounts of the type of DNA 
damage which is the substrate for the defective DNA repair process 
accumu1ate the 1argest amount of unrepaired DNA and die, thereby 
accounting for the se1ective degeneration of certain neuron groups 
and tracts but not of others; 8) the accumu1ation of unrepaired DNA 
damage prevents normal transcription of RNA with resu1tant inabi1ity 
to synthesize critica1 enzymes or other mo1ecules necessary for ce11 
surviva1, and the neurons die premature1y, perhaps in accord with 
the error catastrophe concept of Orgel (1963). 
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Fig. 1. Survival of xeroderma pigmentosum (XP) fibroblast 
lines of Table 1 after exposure to 254-nm UV. Shaded 
areas represent the range of survival curves of the 
indicated groups. Modified from (Andrews et al., 1976, 
1978a; Robbins et al. 1978a, 1983b; Arase et al., 1979; 
Barrett et al., 1981) . Letters in parentheses indicate 
the XP complementation group. 

CLINICOPATHOLOGIC AND DNA REPAIR CHARACTERISTICS OF COCKAYNE 
SYNDROME 

Schmickel and coworkers (1977) reported that fibroblasts from 
patients with the rare autosomal recessive disorder Cockayne syn
drome were hypersensitive to the lethal effects of UV. While 
Cockayne syndrome cell lines are hypersensitive to UV (Schmickel 
et al., 1977; Andrews et al., 1978b; Otsuka et al., 1984) and to 
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UV-mimetic chemica1s (Friedberg et a1., 1979), they are not as 
sensitive as the group D or most sensitive group C XP lines 
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(Andrews et al., 1978b; Otsuka et al., 1984). As summarized by 
Lyt1e et a1. (1983), Cockayne syndrome cel1s have normal rates of 
UV-induced unschedu1ed DNA synthesis, normal pyrimidine dimer 
excision, normal postrep1ication repair, defective host-ce11 reacti
vation of UV-treated virus (indicating strong1y that the ce11s have 
defective repair of damaged DNA), and an abnormal1y long inhibition 
of both DNA and RNA synthesis after exposure to UV. Severa1 
Cockayne syndrome comp1ementation groups have been identified 
(Tanaka et al., 1981; Lehmann, 1982). !Wo patients with both 
Cockayne syndrome and XP have been reported (Robbins et al., 
1974; Moshell et a1 .• , 1983; Otsuka et al., 1984). 

Relevant c1inica1 signs of Cockayne syndrome inc1ude: 1) cu
taneous sensitivity to sun1ight (usually manifested as acute sun 
sensitivity but never manifested by sun1ight-induced malignancies 
or excessive freck1ing) (Guzzetta, 1972; Brumback et al., 1978; 
Otsuka et al., 1984); 2) a primary degeneration of photoreceptor 
rods and cones which resu1ts in a retinitis pigmentosa; and 3) 
relent1essly progressive neuro1ogica1 abnormalities principal1y 
due to demye1ination rather than to primary neuronal degeneration. 
It has been suggested that there is an accumu1ation of DNA damage 
in the Cockayne syndrome photoreceptors due to defective DNA 
repair processes (Lyt1e et al., 1983; Robbins, 1983). Further
more, since mye1in in the normal centra1 nervous system has 
minimal, if any, metabo1ic turnover (Man et a1., 1983), it is 
like1y that the oligodendrog1ial cel1s which produce mye1in are 
long lived, high1y differentiated cells. Consequently, if they 
shared the Cockayne syndrome DNA repair defect, oligodendroglia 
might be expected to accumu1ate DNA damage resulting in their 
death and demye1ination. 

CLINICOPATHOLOGIC FEATURES AND CELLULAR SENSITIVITY IN ATAXIA 
TELANGIECTASIA 

Ataxia te1angiectasia is an autosoma1 recessive disease with 
numerous abnorma1ities inc1uding primary neuronal degeneration 
(Sedgwick and Boder, 1972; B1ackwood and Corse11is, 1976; Kraemer, 
1977; Friedberg et al., 1979; Sedgwick, 1982). The reports of 
fatal radiation reactions in ataxia te1angiectasia patients 
receiving standard doses of radiotherapy for malignancies prompted 
Tay10r et al. (1975) to study the response of ataxia te1angiectasia 
fibrob1ast lines to the 1ethal effects of ionizing radiation. 
They found the ataxia telangiectasia cells to be markedly 
hypersensitive to ionizing radiation, a finding confirmed by 
many other investigators (Kraemer, 1977; Chen et al. ,1978; 
Friedberg et a1., 1979; Moshel1 et al., 1980; Scudiero et a1., 
1982a; Paterson et a1., 1984). Ataxia telangiectasia lines 
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are also hypersensitive to certain radiomimetic chemicals (Kraemer, 
1977; Friedberg et al., 1979; Scudiero, 1980; Teo and Ar1ett, 1981; 
Paterson et a1., 1984), but have normal sensitivity to 254-nm UV 
(Friedberg et al., 1979; Moshel1 et al., 1980; Scudiero, 1980; 
Scudiero et al., 1982a; Paterson et a1., 1984) and normal host-cell 
reactivation of virus damaged by ionizing radiation (Rainbow, 
1981). Some lines are unab1e to repair certain types of DNA damage 
induced by ionizing radiation, and some, but not all, lines have 
abnormal1y low levels of DNA repair replication induced by ionizing 
radiation (Paterson et a1., 1976). The cells have a prolonged 
phase of semiconservative DNA synthesis (Murnane and Painter, 1982) 
and lack the inhibition of semiconservative DNA synthesis which 
occurs in normal cells after treatment with the X-ray type of DNA
damaging agent (Jaspers and Bootsma, 1982; Jaspers et al., 1982; 
Murnane and Painter, 1982). However, this DNA synthesis abnormal
ity is not the cause of the radiosensitivity, since delaying DNA 
synthesis [e.g., by plateau-phase culturing (Cox, 1982) or by 
aphidicolin treatment (Smith and Paterson, 1983)] does not reduce 
the hypersensitivity to ionizing radiation. Several investigators . 
have shown that ataxia telangiectasia fibroblasts lack potentially 
lethal damage repair (Weichselbaum et al., 1978; Cox, 1982; 
Paterson et al., 1983; Utsumi and Sasaki, 1984). 

N-Methyl-N'-nitro-N-nitrosoguanidine (MNNG), a potent alkyl
ating-agent, produces numerous types of damage to DNA, including 
methylation of phosphate groups and all purines and pyrimidines, 
which ultimately result in DNA strand breakage, cytotoxicity, 
mutation, and tumor formation (Singer, 1979). Several studies 
have indicated that mammalian cells respond to alkylating agents 
in a manner similar to their response to ionizing radiation. Both 
Scudiero (198n) and Paterson et al. (1984) have found most ataxia 
telangiectasia fibroblast lines to have less survival, measured as 
colony-forming ability, than normal cells after treatment with 
MNNG. However, for unknown reasons, studies by others have failed 
to demonstrate hypersensitivity of ataxia telangiectasia cel1s to 
MNNG (Teo and Arlett, 1981; Jaspers et al., 1982). 

Chen and colleagues (1978), using the trypan-blue lympho
blastoid line survival assay of Andrews et a1. (1974), showed that 
the post-X-ray survival not only of ataxia telangiectasia homo
zygote lines but also of the 1ess sensitive heterozygote lines 
could be readily distinguished from that of normal lines. Since 
ataxia telangiectasia heterozygote lines cannot be readi1y distin
guished from normal lines using the typical fibroblast-ionizing
radiation colony-forming ability test (Paterson et al., 1979), 
the trypan-blue lymphoblastoid line survival test, particularly 
with surviva1 calcu1ated as the viabi1ity ratio (Moshell et a1., 
1980, 1981; Scudiero et al., 1982a; Robbins et al., 1983a, 1984; 
Tarone et al., 1984), is the more sensitive test for identifying 
diseases with small degrees of hypersensitivity to ionizing 
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radiation. Fig. 2 shows that ataxia telangiectasia homozygote and 
heterozygote lymphoblastoid lines are hypersensitive to X rays 
but have anormal sensitivity to UV, while XP and Cockayne syndrome 
lines, which are hypersensitive to UV, have anormal sensitivity 
to X rays. Since all ataxia telangiectasia lines have a similar 
degree of hypersensitivity to ionizing radiation (Friedberg et al., 
1979; Paterson et al., 1984) but only some have been shown to have 
defective DNA repair processes (Friedberg et al., 1979; Paterson 
et al., 1976, 1984), the actual defect in ataxia telangiectasia 
cells which accounts for their radiosensitivity i8 unknown. 
Several complementation groups have been demonstrated in ataxia 
telangiectasia (Paterson et al., 1976; Murnane and Painter, 1982; 
Jaspers and Bootsma, 1982). 

CLINICOPATHOLOGIC FEATURES AND CELLULAR SENSITIVITY IN OTHER 
PRIMARY NEURONAL DEGENERATIONS 

Huntington disease (auntington, 1872) is a dominantly inher
ited, relentlessly progressive primary neuronal degeneration with 
reported prevalence in the United States of five cases per 100,000 
(Blackwood and Corsellis, 1976). 

Some, but not all, Huntington disease fibroblast lines have 
a small hypersensitivity to the lethal effects of ionizing radi
ation in colony-forming ability studies (Bridges, 1981; Paterson 
et al., 1983; Arlett and Priestley, 1984). Fibroblast lines 
from some persons at a SO-percent risk for Huntington disease 
also had lower than normal colony-forming ability after treatment 
with ionizing radiation (Bridges, 1981; Paterson et al., 1983). 
In all of these studies the standard fibroblast colony-forming 
ability test was used: log-phase fibroblasts were irradiated 
with the usual acute dose rate (i.e., >100 rads/min) of ionizing 
radiation. However, this standard colony-forming ability test 
is known to be inadequate for detecting hypersensitivity in 
radiosensitive disorders with a hypersensitivity equal to, or 
less than, that of ataxia telangiectasia heterozygotes, as des
cribed in detail elsewhere (Scudiero et al., 1982a; Tarone et 
al., 1984). Using a colony-forming ability test of auntington 
disease fibroblasts after treatment with the radiomimetic chemical 
MNNG, a group of six Huntington disease lines was found to be 
significantly hypersensitive to the chemical (Scudiero et al., 
1981a). It is not known why other investigators (Teo and Arlett, 
1981) have not found hypersensitivity to MNNG in Huntington 
disease lines. A significant hypersensitivity to X rays was found 
in a group of four Huntington disease lymphoblastoid lines using 
the trypan-blue dye-exclusion test (Moshell et al., 1980). Sub
sequently, a group of ten auntington disease lymphoblastoid lines 
was shown to be significantly hypersensitive to ionizing radiation 
in a colony-forming ability test by Chen et ale (1981). Lympho-
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Fig. 2. Survival of normal, Cockayne syndrome, xeroderma 
pigmentosum (XP), ataxia telangiectasia (AT) heterozygote, 
and AT homozygote lymphoblastoid lines after exposure 
to: A) X rays (100 rads) or ß) UV (6 J/m2). Each symbol 
represents the mean viability ratio of the replicate 
experiments performed on a cell line. The error bars 
represent ±2 SEM. The viability ratios were datermined 
on the third day after irradiation. ßased on values 
presented in Moshell et al., 1980. 

blastoid lines from some persons at risk for Huntington disease 
were also hypersensitive to ionizing radiation (Moshell et al., 
1980; Chen et al., 1981). Hypersensitivity to the lethai effects 
of X rays has been demonstrated with the trypan-blue dye-exclusion 
test using periphera1 blood lymphocytes from a group of 22 Hunting
ton disease patients (McGovern and Webb, 1982). Huntington dis
ease peripheral blood lymphocytes also have abnormally increased 
numbers of X-ray-induced chromosome aberrations (Chen et al., 
1981). When Huntington disease lymphoblastoid cells were fused 
in culture to normal lymphoblastoid cells, this hypersensitivity 
was transferred to the normal cells, since in the fused cells 
both the Huntington disease and the normal chromosomes manifested 
abnormally high frequencies of ionizing-radiation-induced chromo
somal aberrations (Kidson et al., 1983). Huntington disease 
lymphoblastoid lines are abnormally sensitive to the radiomimetic 
chemical bleomycin which reduces their viability in the trypan-blue 
dye-exclusion test and causes an abnormally high proportion of 
cells to be blocked in the GI phase of the cell cycle (lmray and 
Kidson, 1983). 



DNA-DAMAGING AGENTS IN ABIOTROPHIES 325 

Alzheimer disease and Parkinson disease are primary neuronal 
degenerations and are two of the most common neurological disorders 
of the elderly. Alzheimer disease is a form of progressive irrever
sible dementia with a prevalence greater than three per 1000 in 
the Uni ted States and a peak incidence in the fifth and sixth dec
ades (Alzheimer, 1907; Oe Boni and McLachlan, 1980). Most cases are 
sporadic, but familial cases occur and appear to have autosomal 
dominant inheritance (Cook and Austin, 1978; Nee et al., 1983). 
Parkinsonism is a clinical syndrome characterized by resting 
tremor, rigidity, bradykinesia, postural instability, diminished 
spontaneous movement, and lack of associated movements. Most cases 
unassociated with the use of neuroleptic drugs are the result of 
the idiopathic degenerative Parkinson disease (Parkinson, 1955) 
which is sporadically acquired and not inherited (DuVoisin, 1984). 

Fig. 3A shows the post-X-ray survival of 1ymphob1astoid 1ines 
from three sporadic Alzheimer disease patients, six sporadic 
Parkinson disease patients, and seven neurologically affected 
patients with XP, Cockayne syndrome, and XP together with Cockayne 
syndrome. The Alzheimer and Parkinson disease groups had signif
icantly less post-X-ray survival than the normal control group 
(P(0.016), but they had normal survival after treatment with UV 
(Fig. 3B). The radiosensitivity in serially propagated cells in 
tissue culture is likely to be the resu1t of a stable genetic 
defect. Therefore, this defect, which mayaiso result in the 
premature death of the patients' neurons in vivo, is probably 
caused by a dominant somatic mutation arising during embryogenesis. 
Since germ cells are not involved, the genetic defect is not 
heritable. Radiosensitivity has been reported also in cel1 
lines from patients with the familial form of Alzheimer disease 
and from patients with the amyotrophic lateral sclerosis-Parkinson
ism-dementia syndrome of Guam (Kidson et al., 1983). 

Some patients with neurodegenerative disease have a severe 
primary neuronal degeneration of autonomic neurons. The disorders 
affecting adults are idiopathic orthostatic hypotension and 
multiple system atrophy (Shy-Drager syndrome) (Polinsky et a1., 
1981); the disorder of children is familial dysautonomia (Riley-Day 
syndrome) (Axelrod, 1979). Idiopathic orthostatic hypotension 
patients have only autonomic dysfunction, while patients with 
multiple system atrophy have additional degeneration of central 
nervous system neurons (Polinsky et al., 1981). Familial dysauto
nomia is an autosomal recessive disorder involving cell loss in 
the intermediolateral cel1 column of the spinal cord (Pearson 
and Pytel, 1978), sympathetic ganglia (Pearson and Pytel, 1978), 
and dorsal root ganglia (Pearson et a1., 1978). Lymphoblastoid 
lines from patients with idiopathic orthostatic hypotension 
(Robbins et al., 1981a), multiple system atrophy (Robb ins et al., 
1981a), and familial dysautonomia (Robbins et al., 1981b) were 
found to be hypersensitive to the lethal effects of X rays, and 
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fig. 3. Surviva1 of normal, Alzheimer disease, Parkinson disease, 
xeroderma pigmentosum (XP), Cockayne syndrome (CS), and 
xeroderma pigmentosum-Cockayne syndrome (XP-CS) 1ympho
b1astoid 1ines after exposure to: A) X rays (100 rads) 
or B) UV (6 J/mm2). Each symbol represents the mean 
viability ratio of the replicate experiments performed 
on a ce1l line. Each horizontal bar represents the 
mean viability ratio for its group. The viability 
ratio was determined on the third day after irradiation. 
ßased on values presented in Robbins et al., 1983a. 

fibroblast lines from these patients are hypersensitive to the 
lethal effects of MNNG (Scudiero et al., 1981a, b). 

Amyotrophic lateral sclerosis is a form of motor neuron dis
ease affecting both the upper and lower motor neurons (Blackwood 
and Corsellis, 1976). This primary neuronal degeneration has a 
prevalence of two to seven per 100,000 and an average age of 
onset between 50 and 60 years (Brooke, 1977; Walton, 1981). At 
least 90% of patients have no family his tory of the disease and 
are apparently sporadic cases (Walton, 1981; Baraitser, 1982). 
Proximal spinal muscular atrophy is a hereditary form of motor 
neuron disease with degeneration of lower motor neurons in the 
anterior horns of the spinal cord and the crania1 nerve motor 
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nuclei (Blackwood and Corsellis, 1976;· Walton, 1981). 

In accord with the DNA-damage hypothesis (Brad1ey and Krasin, 
1982; Chamberlain and Lewis, 1982; Robbins, 1983; Scudiero et 
al., 1983), it was expected that amyotrophic lateral sclerosis 
and spinal muscular atrophy cell lines would be hypersensitive 
to the X-ray-type of DNA-damaging agent. However, it was found 
that the mean post-X-ray viability ratio of a group of five amyo
trophic lateral sclerosis lymphoblastoid lines was the same as 
that of the normal group (Robb ins , 1983) and that groups of two 
amyotrophic lateral sclerosis and of five spinal muscular atrophy 
fibroblast lines had anormal sensitivity to MNNG (Scudiero et al., 
1983). Chamberlain and Lewis (1982) showed that a group of eight 
motor neuron disease fibroblast lines had anormal sensitivity to 
the lethal effects of ionizing radiation. These results with motor 
neuron disease lines do not rule out the possibilities that an 
individual amyotrophic lateral sclerosis (Scudiero et al., 1983) 
or spinal muscular atrophy (Scudiero et al., 1981b, 1983) line 
might be hypersensitive to these DNA-damaging agents or that 
these motor neuron disease lines might be hypersensitive to 
some other type of DNA-damaging agent. 

Friedreich ataxia is a recessively inherited, spinocerebellar, 
primary neuronal degeneration (Walton, 1981; Baraitser, 1982). 
Fibroblast lines have hypersensitivity to the lethal effects of 
ionizing radiation in colony-forming ability tests (Chamberlain 
and Lewis, 1982), moderately impaired potentially lethal DNA 
damage repair (Chamberlain and Lewis, 1982), normal inhibition 
of post irradiation DNA synthesis (Chamberlain et al., 1981), and 
abnormally increased frequencies of bleomycin-induced chromosomal 
aberrations (Evans et al., 1983). 

CLINICOPATHOLOGIC FEATURES AND CELLULAR SENSITIVITY IN MUSCULAR 
DYS TROPHIES 

Duchenne (X-linked pseudohypertrophic) muscular dystrophy 
is an inherited muscular dystrophy with a frequency of 13 to 33 
per 100,000 live-born males (Rowland and Layzer, 1979). Even 
though there is laboratory evidence that the disease is present 
at birth (Rowland and Layzer, 1979), clinical symptomatology 
rarely appears before the second year of life (Brooke, 1977). In 
the early stages the muscle biopsy picture of marked muscle fiber 
degeneration and regeneration and increased endomysial connective 
tissue, together with values of serum creatine phosphokinase 
25 to 200 times the upper limit of normal, is virtually diagnostic 
of Duchenne muscular dystrophy (Rowland and Layzer, 1979). Differ
entiating clearly inherited forms of this X-linked disorder from 
sporadic isolated forms, which may represent new mutations, neces
sitates identification of the carrier status of the mother. The 
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most useful test for detecting carriers has been serum creatine 
phosphokinase determination, since two-thirds of obligate carriers 
will have increased levels (Rowland and Layzer, 1979). Becker 
muscular dystrophy (ßecker variant of X-linked pseudohypertrophic 
muscular dystrophy) closely resembles Duchenne muscular dystrophy 
except that the onset of symptoms is usually much later (the mean 
age of onset- is 11 years) and the progression is much slower 
(Rowland and Layzer, 1979; BaraHser, 1982). Muscle biopsy find
ings are the same as those found in Duchenne muscular dystrophy, 
but the changes occur at a much later age. 

Myotonic muscular dystrophy (myotonia atrophica, dystrophia 
myotonica, Steinert disease) is an autosomal, dominantly inherited, 
multisystem disorder affecting up to 13.5 per 100,000 (Harper, 
1979). This disorder has a very wide variability in expression of 
clinical signs, symptoms, and laboratory values even within the 
same pedigree, and it is not uncommon to find obligate heterozy
gotes in the pedigree who have signs of neither myotonia nor 
dystrophy (Roses et al., 1979). Patients with limb-girdle 
dystrophy have progressive involvement of proximal luusculature, 
absence of facial involvement, markedly elevated serum creatine 
phosphokinase levels (20 or more times normal), a muscle biopsy 
showing nonspecific neuromyopathic changes, and do not fit 
into other specific syndromes (Brooke, 1977; Walton, 1981). 

The post-MNNG survival of muscular dystrophy lines has been 
compared to that of normal lines. The methods for statistical 
analysis and the 001 values for the 17 normal lines and for the nine 
muscular dystrophy lines studied were reported previously (Tarone 
et al., 1983). Five normal lines were studied concurrently with 
five muscular dystrophy lines. The post-MMNG survival curves of 
the five normal lines are shown individually in Fig. 4A and as 
the shaded area of Fig. 4B. Their average 00 and 001 values were, 
respectively, 2.8 (range: 2.3-3.4) and 16.1 (range: 13.8-18.9). 
Of the curves of the five muscular dystrophy lines (Fig. 4ß), the 
Hecker dystrophy line AG 4035 was the most sensitive; its DO of 
1.7 and DOl of 9.6 were significantly below the corresponding 
values of each of the normal lines (one-sided P=0.018 and 0.032, 
respectively). The curve of the Duchenne line RB 4364 was very 
low in the normal zone. Myotonic dystrophy line RB 5213 had DO 
and D01 values of 1.9 and 12.3, respectively, which were lower, 
but not significantly lower, than those of the lowest normal 
line. The other two myotonic dystrophy lines had curves in the 
lower part of the normal zone. These three myotonic dystrophy 
lines had average DO (2.3) and D01 (13.5) values which were 
lower than the corresponding normal values (P=0.14 and 0.042, 
respectively). When all five of these muscular dystrophy lines 
were considered as a group, their average DO (2.2) and DOl 
(12.8) values were significantly less than those of the five 
normal lines (P=0.055 and 0.022, respectively). 
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Eight additional normal lines were studied (Fig. 4C) eoneur
rently with four additional museular dystrophy lines (Fig. 4D). 
Average DO and DOl va lues of the normal lines were, respeetively, 
2.7 (range: 2.1-3.1) and 14.2 (range: 12.3-16.4). The four 
museular dystrophy lines, from donors unrelated to the museular 
dystrophy donors of Fig. 4B, had very low survival eurves (Fig. 
4D). The average DO (2.1) and D01 (12.1) values for the Beek-
er and two Duehenne museular dystrophy lines, eonsidered as 
a group of pseudohypertrophie museular dystrophy lines, were 
signifieantly less than the eorresponding averages of the eight 
normal 1ines (P=O.049 and 0.008, respeetively). The summary P 
values for the DO and D01 values for these three pseudohypertro
phie museular dystrophy lines and the two in Fig. 4B were 0.08 
and 0.011, respeetively, indieating that these five lines are 
hypersensitive to MNNG. The D01 of 9.5 for the limb-girdle dys
trophy line was signifieantly less than that of eaeh of the eight 
normal lines (P=0.009). When all four of the museular dystrophy 
lines in Fig. 4D were eonsidered as a group, their average DO and 
D01 values were signifieantly less than those of the eight normal 
lines (P=O.Oll and 0.011, respeetively). The summary P values 
for the mean DO and D01 values of these four museular dystrophy 
lines and the five in Fig. 4B were 0.009 and 0.004, respeetively, 
demonstrating that the group of nine museular dystrophy lines was 
signifieant1y hypersensitive to MNNG. 

Post-X-ray survival in the trypan-blue dye-exelusion assay of 
ten Duehenne museular dystrophy lymphoblastoid lines (ineluding 
three pairs of affeeted siblings) representing seven kindreds 
has been studied (Robbins et al., 1984; Tarone et al., 1984). 
The viability ratio of each affeeted member of a pair from a 
kindred was within 2% of the average ratio of the pair. The mean 
viability ratio of the seven kindreds was 0.49 whieh differed 
signifieantly from that of 0.54 of the 26 normal 1ines (P=0.012). 
The Duehenne muscular dystrophy lymphoblastoid lines had anormal 
sensitivity to 254-nm UV. Thus, Duehenne museular dystrophy 
is the first of the museular dystrophies to be shown to have a 
hypersensitivity to X rays. 

CLINICOPATHOLOGIC FEATURES AND CELLULAR SENSITIVITY IN RETINAL 
DYS TROPHIES 

Retinitis pigmentosa is the designation for a group of nonin
flammatory dystrophies (or abiotrophies) of the sensory retina 
sometimes associated in speeific kindreds with other neurologie 
and systemie disorders (McKusiek, 1983). In retinitis pigmentosa 
the rods undergo degeneration prior to the eones, giving rise to 
the symptom of night blindness. Autosomal dominant, autosomal 
reeessive, and X-linked inheritanee have eaeh been reported in 
kindreds having retinitis pigmentosa uncomplicated by assoeiated 
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Fig. 4. Survival of normal and museular dystrophy fibroblast 
lines after treatment with N-methyl-N'-nitro-N-nitroso
guanidine (MNNG). A and ~,-series IV; C and D, series 
v. The shaded normal zones in Band ° eneompass the 
survival eurves of the normal lines of A and C, respee
tively. Eaeh plotted point for a eel1 line is the 
geometrie mean of the eolony-forming ability obtained 
at the indieated dose from the replieate experiments 
performed. The straight line depieting the exponential 
portion of eaeh survival curve eorresponds to the 00 
and 001 estimates. 

disorders (MeKusiek, 1983). The largest proportion of cases in 
most series of retinitis pigmentosa is sporadic and assumed to 
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be recessive, and the inherited and sporadic 
for about 84% of cases in the United States. 
dominant and 6% are X-linked. The estimated 
pigmentosa is about one per 3,700 (Boughman, 
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recessive forms account 
About 10% are autosomal 

incidence of retinitis 
et a1., 1980). 

Usher syndrome (Gorlin et al., 1979; McKusick, 1983) is 
a combination of retinitis pigmentosa and sensorineural deaf
ness. It has an incidence of three per 100,000 persons and 1s 
estimated to account for 3 to 6% of profound childhood deafness 
and 50% of deaf-blindness. Four types have been described, the 
first three of which have autosomal recessive inheritance, while 
the fourth has X-linked inheritance. Profound congenital deafness 
and onset of retinitis pigmentosa by 10 years of age characterize 
type I Usher syndrome which makes up 90% of the total cases. TYpe 
I patients also have vestibular abnormalities resulting in ataxia. 
TYpe 11 patients, comprising about 10% of the cases, have moderate 
to severe congenital deafness with onset of retinitis pigmentosa 
around the beginning of the third decade of life. TYpes 111 and 
IV are very rare. Caution is required in the diagnosis of Usher 
syndrome, because a heterogeneous group of conditions may have 
similar presentation (Fishman, 1979; Bateman et al., 1980). 

Studies have been conducted on the post-X-ray survival of 
eight type I and one type 11 Usher syndrome lymphoblastoid lines 
(representing eight kindreds) (Robbins et al., 1984), ten lines 
from patients with dominantly inherited retinitis pigmentosa 
(representing seven kindreds) (Robbins et al., 1984), and six 
lines from patients with presumed recessively inherited retinitis 
pigmentosa (representing five kindreds) (Otsuka et al., 1983b). 
The Usher syndrome kindreds had a mean post-X-ray viability ratio 
of 0.49 which differed significantly from that of 0.54 of the 26 
normal lines (P=0.009). The mean post-X-ray viability ratio of 
the dominant retinitis pigmentosa kindreds was 0.55 and did not 
differ significantly from that of the normal lines (P=0.28). 
The six recessive retinitis pigmentosa lines had a mean post-X-ray 
viability ratio of 0.50,which differed significantly from that of 
the normal lines (P=0.042) (Otsuka et al., 1983b). Usher syn
drome fibroblast lines were studied (Robbins et al., 1984) after 
treatment with X rays or MNNG. The mean post-X-ray colony-forming 
ability of the seven Usher syndrome fibroblast lines studied was 
significantly less than that of the normal lines, and the post
MNNG colony-forming ability of the three Usher syndrome fibroblast 
lines tested was significantly less than that of the normal lines. 

CLINICOPATHOLOGIC FEATURES AND NORMAL RADIOSENSITIVITY IN A NERVOUS 
SYSTEM DIS ORDER WITHOUT PRIMARY DEGENERATION OF EXCITABLE TISSUE 

Multiple sclerosis is a demye1inating disease of the central 
nervous system in which there are 1esions "dis semina ted in space 
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and in time," i.e., there are multiple white matter lesions of 
different ages in varying areas of the central nervous system 
(Vinken and Bruyn, 1970). 

Lymphoblastoid lines from five patients with clinically 
definite multiple sclerosis "(Rose et al., 1976) have been stud:led 
Robbins, 1983). Their mean post-X-ray viability ratio was 0.53, 
which was the same as that of the normal group. The one multiple 
sclerosis fibroblast line studied had post-MNNG survival weIl in 
the normal zone (Scudiero et al., 1982b). Unlike the .demyelinating 
disease Cockayne syndrome, which has a relentlessly progressive 
course and a primary degeneration of photoreceptors, the pathological 
changes in multiple sclerosis are secondary to exacerbating and 
remitting demyelination. Thus, unlike the abiotrophic disorders, 
multiple scleros1s would not have been expected to be hypersensit1ve 
to DNA-damaging agents. These results are in conflict with those 
of Gipps and Kidson (198l),who reported a hypersensitivity to the 
lethal effects of ionizing radiation in lymphoblastoid lines from 
multiple sclerosis patients. However, Seshadri et al. (1983) 
found no hypersensitivity to the 1ethal effects of ionizing radi
ation in peripheral blood lymphocytes from multiple scleros1s pa
tients. V1jayalaxmi et al. (1983) and Seshadri et al. (1983) have 
found 1ncreased numbers of sister chromat1d exchanges 1n phytohem
agglutin1n-stimulated peripheral blood lymphocytes from multiple 
sclerosis patients and considered it possible that this increased 
incidence of sister chromatid exchanges might be the result of a 
viral infection. 

HYPERSENSITIVITY TO DNA-DAMAGING AGENTS AS A NEWLY DESCRIBED 
CHARACTERISTIC OF ABIOTROPHIC DISORDERS 

Degenerations of excitable tissue known to have hypersensensi
tivity to DNA-damaging agents are listed 1n Table 2. In XP (Robbins 
et al., 1974; Kraemer, 1977; Fr1edberg et al., 1979; Cleaver, 
1983; Robb1ns, 1983) and Cockayne syndrome (Schmickel et al., 
1977; Andrews et al., 1978; Friedberg et al., 1979; Lehmann, 1982; 
Lytle et al., 1983; Robbins, 1983) the hypersensitivity appears to 
be due to a defective DNA repair process, while the defect respon
sible for the ataxia telangiectasia radiosensitivity (Paterson et 
al., 1976; Kraemer, 1977; Friedberg et al., 1979; Rainbow, 1981; 
Jaspers and Bootsma, 1982; Jaspers et al., 1982; Murnane and 
Painter, 1982) and that of the other radiosensitive disorders 1s 
not known. X rays and MNNG are l1kely to produce their 1etha1 
effects by damaging DNA (Elkind and Whitmore, 1967). Exposure 
of cells to e1ther of these agents in vitro results in a myriad 
of different types of lesions in DNX-(Hutterman et al., 1978; 
Singer 1979~ some of which are not lethal even if unrepaired; 
others are potentially lethal. In normal cells a certain fraction 
of these potentially lethallesions are not repaired. In the 
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Table 2. Abiotrophies Tested for Hypersensitivity to the Lethal 
Effects of DNA-damaging Agents 

Type of degeneration 

Primary neuronal 
Xeroderma pigmentosum 
Ataxia telangiectasia 
Huntington disease 
Alzheimer disease 
Down syndrome b 
Parkinson disease 
Familial dysautonomia 
Friedreich ataxia 
Motor neuron diseasec 

Muscular dystrophy 
Group of nine linesd 
Duchenne 

Retinal dystrophy 
Cockayne syndrome 
Usher syndrome 

Type of hyper
sensitivitya 

X-ray 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 

+ 

uv 

+ 

nt 
nt 

nt 

+ 

aHypersensitivity of disease groups to 254-nm UV radiation or to 
the X-ray-type of DNA-damaging agent (ionizing radiation and/or 
MNNG). +, disease group significantly more sensitive than normal 
(P~O.05); -, group not significantly different from normal; nt, 
not tested. Most referenees are eited in text. An individual 
eell line in a disease group may oecasionally have a different 
sensitivity than the group as a whole. 

bClassified as a primary neuronal degeneration beeause all Down 
syndrome patients by the end of the fourth decade of life develop 
the neuropathology of Alzheimer disease (Price et al., 1982). 
Down syndrome lymphoblastoid lines are hypersensitive to X rays 
(Otsuka et al., 1983a). 

cSpinal muscular atrophy and amyotrophic lateral sclerosis fibro
blast lines (Chamberlain and Lewis, 1982; Seudiero et al., 1983); 
amyotrophic lateral sclerosis lymphoblastoid lines (Robbins, 
1983) • 

dGroup comprised of one limb-girdle, two Becker, three myotonie, 
and three Duehenne muscular dystrophy fibroblast lines treated 
with MNNG (Tarone et al., 1983). 
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patients' cells, a slightly higher fraction may not be repaired 
due to an inability to repair an infrequent type of normally re
pairable lesion. Thus, the slight increase in number of unrepaired 
lethai lesions remaining in the patients' ce1ls would cause the 
small (but statistically significant) hypersensitivity demonstrated 
(Figs. 3 and 4). Presumably, greater differences between disease 
and normal cel1s in vitro would be evident if more selective 
DNA-damaging agents were-used. It should be noted that the 
absence of a large hypersensitivity to the pertinent DNA-damaging 
agent does not mean that the ce11 line has no DNA repair defect. 
Thus, the lymphoblastoid line tested (Moshell et a1., 1981) from 
one member of the XP comp1ementation group E kind red which has 
proven DNA repair defects (Friedberg et al., 1979), as weIl as 
the fibroblast line (Barrett et al., 1981) from the other member 
(line XP2RO of Fig. 1), had post-UV survival in the normal range. 

Except in the case of ataxia telangiectasia, the survival 
tests used to detect radiosensitivity in cultured ce1ls from 
patients with primary degeneration of neurons, musc1e, and photo
receptors are currently not sensitive enough for use in either 
presymptomatic or prenatal diagnosis. However, more sensitive 
tests are likely to be developed by using different experimental 
conditions during irradiation (Cox and Masson, 1981; Paters on et 
al., 1984) or by using more suitable DNA-damaging chemicals (Shiloh 
et al., 1982). Furthermore, abnormal numbers of radiation-induced 
chromosome aberrations or sister chromatid exchanges can be 
obtained in XP, Cockayne syndrome, and ataxia telangiectasia cel1s 
in vitro (Kraemer, 1977; Friedberg et al., 1979). It is therefore 
possible that such increased numbers of cytogenetic abnorma1ities 
will occur in vitro in cells from patients with most of the dis
orders described above which have the newly defined hyper sen
sitivity to X rays and MNNG. Such induced chromosome abnor
malities have already been reported in cultured cells from patients 
with Huntington disease (Chen et al., 1981) and Friedreich ataxia 
(Evans et al., 1983). 

Burnet (1974) suggested that the death of neurons in degener
ative diseases of the nervous system, such as Huntington and 
Alzheimer diseases, could be caused by a cumulative deve10pment 
of somatic mutations in ac cord with the earlier error catastrophe 
concept of Orgel (1963). While Burnet's suggestion was based 
primarilyon the late onset of many ofthese diseases and on his 
concept of the relationship between intrinsic mutagenesis and 
aging, defective repair of damaged DNA would be consistent with 
his proposal as weIl as with the neuronal DNA damage theory. 

In presenting the neuronal DNA damage theory of XP (Robbins, 
1983; Robbins et al., 1984), an explanation for the death of cer
tain neuron groups and the survival of others was proposed. This 
proposal could also explain how different DNA repair defects could 
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produce the different neurodegenerations or the degenerations of 
ske1eta1 musc1e or photoreceptors (Robbins et a1., 1984). The 
DNA of postmitotic excitab1e tissue is constant1y being damaged 
in vivo by intrace11u1ar metabolites, reactive forms of oxygen, 
and spontaneous hydro1ytic reactions (Lindah1, 1977; Barrows and 
Magee, 1982; Set1ow, 1982; A1berts et a1., 1983). Due to differen
ces in the intrace11u1ar or extrace11u1ar environments, the 
types and quantities of this DNA damage wou1d differ among neuronal 
groups and among different excitab1e tissues (Robbins, 1978a, b, 
1983; Lyt1e, 1983; Robbins et a1., 1984). A defect in a DNA 
repair process wou1d 1eave unrepaired on1y that type of damage 
which is norma11y the substrate for the defective repair process. 
On1y neuron groups or excitab1e tissue in which this irrepairab1e 
type of damage represents a re1ative1y 1arge proportion of the 
potentia11y lethallesions induced wou1d undergo premature death. 
Thus, different defects in DNA repair processes wou1d lead to the 
degeneration of different neuronal groups or different excitab1e 
tissue (Lyt1e et a1., 1983; Robbins, 1983; Robbins et a1., 1984). 
In recessive1y inherited degenerations and dystrophies the defect 
is 1ike1y to be in DNA repair enzymes or in other enzymes invo1ved 
in reactions affecting DNA repair processes; dominant1y inherited 
and sporadica11y occurring degenerations and dystrophies are 
1ike1y to be due to the production of abnormal proteins invo1ved 
with the structure and configuration of DNA and chromatin, 
thereby indirect1y affecting the enzymatic repair of DNA. 

Recognition of the hypersensitivity to DNA-damaging agents in 
cu1tured ce11s from patients with neurodegeneration, muscu1ar dys
trophy, and retinitis pigmentosa may provide an approach not on1y 
for e1ucidating the mo1ecu1ar basis for the premature death of 
excitab1e tissue in these diseases but also for correcting the 
abnormal responses. Comp1ementation studies of XP (De Weerd
Kastelein et a1., 1972; Robbins et a1., 1974; Kraemer, 1977; 
Friedberg et a1., 1979; C1eaver, 1983), Cockayne syndrome (Tanaka 
et al., 1981; Lehmann, 1982), and ataxia telangiectasia (Paterson 
et a1., 1976; Jaspers and Bootsma, 1982; Murnane and Painter, 1982) 
have shown that certain defects can be corrected in vitro by 
fusing cells from one patient with cells from another patient. 
Hopefully, as new and better tests are applied to cultured cells 
from patients with the other diseases manifesting hypersensitivity 
to DNA-damaging agents, approaches to correct the deficiencies will 
be forthcoming. If these diseases are, in fact, caused by the 
accumu1ation of damaged DNA, methods for increasing the efficiency 
of the DNA repair processes, or for 1essening the amounts of DNA 
damage, may provide the basis for deve10ping in vivo therapies 
to prevent the premature death of excitab1e tlSsU;:-
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INTRODUCTION 

Studying the processes of senescence is, in asense, equivalent to study
ing the processes of longevity. In studies of this type we may ask a variety 
of questions concerning the longevity of a specified biological organism. For 
example, given that a specified organism has survived until time t , what 
is the chance that it will survive until time t + At (where At is a small 
increment in time)? 

One of the most common means for analyzing senescence data lies in the 
form of survival curves. In particular, one may plot (a}Percent survivorship 
vs. age, (b)Percent original population dying per year vs. age, or (c)Percent 
mortality rate per year vs. age. It is weIl known that each of these curves 
has a characteristic form associated with it. Most commonly, biologists plot 
percent or fraction survivorship vs. age. That is, one is plotting the number 
or fraction of individuals which have survived until a certain chronological 
age a . One of the classic survival curves that is manifested in the biological 
literature is the Gompertzian survival curve(Gompertz 1825). Strehler(lg77) 
illustrates the curve for U.S. white males. Johnson and Wood(lg82) illustrate 
the same curves for various populations of the nematode C. elegans. Smith
Sonnenborn(lg84) illustrates Gompertzian survival for Paramecia, and Hirsch 
and Peretz(lg84) illustrate it for the marine mollusk Aplysia californica. A 
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Fig.1. An illustration of Gompertian curves. 

most recent discussion 01 mortaIity, which exhibits excellent survival curves, 
is the paper by Myers and Manton(lgS4). The general Gompertz equation is 
given by the lollowing equation: 

N(t) = No exp [~ (1- exp (')'t))] (I) 

Fig.1 illustrates equation(l) for the hypothetical values of ho = 0.001 and 
'Y = 2(I-j) where j = 1,2, ... ,5 . The parameters 'Y and ho are 
entities who's meaning we will address at a later stage of this paper; when we 
address the question of the biologie al interpretation of the Gompertz equation 
illustrated by equation(l) above. Observe that as 'Y is deereased, the N(t) 
eurve shows a more gentle and gradual slope; thereby allowing for potentially 
greater lifespan in the population. 

Of great interest is why, given the variety of possible biologieally reason
able survival curves, the Gompertz eurve manifests itself as the charaeteris
tic descriptor of aging organisms. Further, why should it be so uniformly 
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common amoung living systems? It is the purpose of this chapter to address 
this questionj to demonstrate that, under certain reasonable assumptions, the 
complexity of biological systems requires Gompertzian-like survival. In order 
to do this, we will need to define certain mathematical concepts which appear 
in the field of reliability theory. 

ABRIEF INTRODUCTION TO RELIABß..ITY THEORY 

Reliability theory appeared as an outgrowth of the need to predict 
failure in complex engineering structures. That is, when engineering systems 
became more complex, there came an increased need for effective maintenance 
and cost evaluation of these same systems. As repeated system failure exacts 
a price, it so on became clear that it was necessary to understand how systems 
fail. The outgrowth of these early researches was the field of reliability theory. 

When we think of reliability, we think of the chance a component of a 
system, or the whole system, fails at a given time t. Hence, it is natural to 
think of the reliability R(t) as a probability. That is, it is the probability 
that a component or system fails in the time interval (t, t + ~t) , given that 
it survives until a time t. The instantaneous failure rate is defined as folIows: 

R(t) = Prob[ a component survives until a time> tB (2) 

We denote the system reliability Rsys(t) and we define it in precisely the 
same manner as we did for the component reliability R( t) . Since a com
ponent(or system) is either reliable or unreliable, we define the unreliability 
as U( t) = 1 - R( t) . 

The biologicalliterature of aging is replete with examples of mortality 
curves. Hence, let us define the mortality m( t) of a component or of a 
system. 

m( t) = Prob[ a component will faH at time t » (3) 

We may relate the mortality m(l) to the reliability R(t) as folIows. If we 
choose ~t to be a small time interval, then the probability a component(or 
system) will faH in (I, I + ~t) is given by m(I)~I. However, from our 
definition of the reliability R( t) , we see that 

m(t)~t = R(t) - R(t + ~I) (4) 

Dividing both sides of equation(4) by ~t and letting ~t go to zero, we 
obtain 

m(l) = _ dR(t) 
dl 

(5) 
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It is important to realize that the mortality, as we have defined it, is the 
apriori probability that a component or system will faH at time t . It is not 
what biologists normally think of when they speak of mortality. 

When a biologist speaks of mortality or mortality rate, he is actually 
speaking of what we call the instantaneous failure rate or hazard rate. This 
failure rate is a conditional probability defined as follows: 

>'(t) = m(t) 
R(t) 

Replacing equation(5) in equation(6) we obtain, 

>'(t) = __ 1_ . dR(t) 
R(t) dt 

(6) 

(7) 

Observe, however, that we may replace R(t) with R(t) = N(t)/No where 
N( t) is the number of individuals in the population at time t ,and No is thE 
initial number of individuals in the population. Ir we make this replacement, 
we obtain 

>'(t) = __ 1_. dN(t) 
N(t) dt 

(8) 

By me ans of illustration, let us consider the Gompertz survival function. As 
given in equation(I), it is easy to show that the mortality m(t) is given by 

dR(t) 
m(t) = -~ = hoexp(1t)R(t) (9) 

Combining equations(l) and (9) in (7) we obtain the instantaneous failure rate 
>.( t) which is given by 

>'(t) = ~::: = ho exp(1t) (10) 

Observe, that if we plot the naturallogarithm of both sides of equation(10), 
we would obtain a straight line. A sampie of this type of calculation is 
illustrated, for real data, in Fig.2. 
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Fig.2. An illustration of ).( t) for realworld data. Courtesy of Ingram 
et al.(lgS2). AL = Ad libitum, EOD = Every other day. 

Notice that we may rewrite equation(7) as a differential equation for 
the reliability when we are given the instantaneous failure rate ).( t) . That 
is 

dR(t) = -)'(t)R(t) 
dt 

Let us brießy see why equation(l1) is of interest. 

(11) 

Equation(l1) describes the reliability R(t) for any instantaneous failure 
rate )'(t) that we might choose to specify. Further, since it is a simple 
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differential equation, we may solve it very generally to yield the following 
equation for R( t) 

R(t) = exp [- Jot X(T)dT] (12) 

Ir we assume that X(t) = Xo where Xo is a constant(this is equivalent 
to the biological condition that the probability an organism falls in the age 
interval (a, a + ~a) ,given that it has survived until age a ,is independent 
of age), then we obtain the exponential reliability or survival curve 

R(t) = exp [-Xot) (13) 

Ir we assume that the instantaneous failure rate is a function of the form 
X(t) = Xlt + Xo (that is, failure is a linear function of time), then we obtain 
Gaussian or bell-shaped curves. And, as we have seen in our previous discus
sion, if we assume an exponential instantaneous failure rate then we arrive at 
the Gompertzian survival curve. For further discussion on reliability theoretic 
methods, see Witten( 1983a,b, 19S4). 

In the next seetion, we show how we ean apply the eoneepts of reliability 
to two simple networks: (l)A series network and (2)A parallel network. This 
will lead us naturally into the applieation of reliablity methods as applied to 
biologieal systems. 

RELIABILITY OF lllERARClßCAL STRUCTURES 

In this section we will consider how to apply the basic concepts that we 
have just discussed, to the problem of finding the reliability of aseries network 
and to the problem of finding the reliability of a parallel network. The goal 
of this diseussion is to begin to understand how the system reliability may be 
constructed out of the reliability of its components and an understanding of 
how the system might faH (a failure rule). Fig.3 illustrates a hypothetical series 
network. Here, we have aseries of connected components which are denoted 
Ci for the ith component. 
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Rn 

Fig.3. An illustration of a bypotbetical series network. 

Assume tbat we bave n of tbem. Tbe failure rule for aseries circuit 
is simple: Tbe moment one element in tbe circuit (network, bierarcby) fails, 
tbe wbole network fails. Hence, tbe system reliability (probability it survives 
until a time > t) is given by tbe system reliability Rgy s( t) wbicb must 
satisfy 

Rsys( t) = Prob[all components Ci survive past time t] (14) 

However, tbe rigbtband side of equation(14) may be rewritten as follows 

Rsys(t) = Prob[CI and C2 and , ... , Cn survive past time t] (15) 

Observing tbat the components fail in an independent manner, we may rewrite 
equation( 15) as 

n 

Rsys(t) = 11 Prob[Ci survives past time t] 
i .... 1 

or, if we simplify our notation, we obtain: 

n 

Rgys(t) = 11 ~(t) = RI(t)R2(t) ... Rn(t) 
i=1 

(16) 

(17) 

wbere Ri( t) is tbe reliability of tbe i th element in tbe series. Ir we 
furtber assume tbat tbe bierarcby is a bomogeneous bierarcby (everybody is 
identical), tben equation(17) reduces to tbe very simple 

Rgys(t) = [R(t)]n (18) 

wbere we assume tbat R( t) is tbe reliability of tbe bomogeneous element 
in tbe series bierarcby. For tbe purposes of example, let us assume tbat 
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Fig.4. Sampie reliability curves for aseries hierarchy. 

R(t) = exp [->'ot] . Replacing this into equation(18), we find that the systelI! 
reliability, for aseries structure in which all of the homogeneous elements 
have exponentially decreasing reliability, is given by 

Rsys(t) = exp [-n>'ot] 

Fig.4 illustrates sampie curves for equation(lg). Notice, in this figure, that in
creasing the number of elements n in the hierarchy decreases the prob ability 
of survival for the hierarchy. This is natural as increasing the number of ele
ments in the hierarchy increases the number of chances that the system can 
fail; hence decreasing the survival probability. 

Let us quickly look at a parallel hierarchy. This is illustrated in Fig.5 . 
Here, the failure rule is simple: AB long as any single element in the hierarchy 
functions, the whole hierarchy will function. Again, assuming that there are 
n elements in the structure, we follow the same line of arguments as for the 



RELIABILITY THEORETIC METHODS AND AGING 353 

I 
C1 C2 C3 . . . C· ... Cn I 

I 
Fig.5. An illustration of a parallel hierarchy. 

series hierarchy, this leads to the following equation for the reliability of a 
parallel network 

n 

Rsys(t) = 1- n [1- Ri(t)J (20a) 
i .... l 

or, rewriting equation(20a) in an alternate manner, we obtain: 

Rsys(t) = 1- (1- R1(t))(I- R2(t)) ... (1- Rn(t)) (20b) 

Ir we have a homogeneous network, equation(20b) simplifies to: 

Rsys(t) = 1- [1- R(t)t (21) 

where, as before, R(t) is the reliability of the homogeneous element in 
the parallel hierarchy. Fig.6 illustrates sampie reliability curves for a parallel 
network in which each element has an exponential reliability. Notice their 
striking similarity to Gompertzian curves. 

In the next section, we brießy introduce the concepts of a graph, and 
how these give rise to critical elements. 

GRAPH THEORY AND CRITICAL ELEMENTS 

In Witten(lg84a) we discussed the concept of representing the com
plexity of biologie al systems in terms of graphs. The essen ce of this argument 
was to reduee the complexity of a biological organism to basic biological fune
tions that were eonnected to each other in terms of a natural dependency 
ordering. We assumed that each biological function was the node of a graph, 
and the ordering was in terms of the dependence of each function on another. 
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Fig.6. Reliability curves for a parallel network. 

Fig.7 illustrates a hypothetical hierarchy in which each element Mi per
forms a certain biological function of interest, and each element ~ is its 
associated repair function. Notice that, if Ma were damaged or failing, Ra 
could repair it as long as MI were functioning correctly. This is because 
Ra needs the output of MI in order to function properly. However, if 
MI were to faH, then Mo would not function properly (as it depends 
upon output from MI ). However, faHure of Mo will cause RI to faH; 
thereby making it impossible to repair MI . Such an element is said to be 

non-reestablishable or critical in the hierarchy. In Witten(19S4a), we further 
proved that every hierarchy of this type must contain at least one critical 
component or critical element. A trivial example of such a component, if we 
were to look at the human being in terms of its organ structure, would be 
the heart. When it faHs, the organism "usually" dies. 

Suppose we ass urne that there are n such critical elements in a 
biological organism. Further, suppose that the organism fails when all of 
the critical elements faH. Further, suppose that the reliability of the critical 
elements is given by R(t) , then Witten(19S4a,b) has shown that the reliability 
of the system is obtained by observing that all of the elements must fail in 
order for the system to faiI. Hence, 

Rsys(t) = [R(t)]n 
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which is just our equation Cor aseries hierarchy oC n components. 

CRITICAL ELEMENTS AND THEffi RELIABILITY 

In Witten(1983b) we introduced the concept oC how a cell, or other 
biölogical entity, might view its Cunctional role. Witten(1983b) pointed out· 
that biological organisms have a certain role to perCorm, and they have a 
certain leeway in which to perCorm that role. We might say that, iC d(t) was 
an element's deviation Crom normality at a given time t, then ff is the 
critical deviation beyond which the element cannot Cunctionj hence it dies. 

Before we construct our Gompertzian distribution and obtain an es
timate for the critical number oC elements in our system, we must first describe 
the reliability distribution Cor R( t) . We know that the average element in 
our hierarchy will fail when d( t) > d· . Since, as Car as we have been able to 
determine, biological systems have finite lifespan, we will assume that there 
is a finite time ,. such that d(") = d· . That is, there is a critical time 
,. at which the critical deviation d· is reached. However, most prob ability 
distributions assume that any liCespan is possible. Hence, iC we are to assume 
the existence oC a finite lifespan, we must truncate our probability distribution 
so that it is zero beyond the critical time ,. . 

Letting T be the random variable describing the time-to-Cailure oC 
our arbitrary critical element, then the prob ability it fails before time t is 
given by 

Prob[T < tD = Jot f(~ )d~ (22) 

where f(~) is the density tunetion tor the probability distribution oHnter
est. One common choice Cor such a Cunction is the exponential distribution 
satisfying 

f(~) = ~o exp [-~o~] (23) 

Hence 

Prob[T < tD = 1 - exp [-~otl (24) 

Up to this point, our discussion has assumed that the random variable T 
could be infinite. As we wish to restrict T, the time-to-Cailure to the interval 
o > T = t < t· we truncate the prob ability as follows 

Prob[T < tD = f~f(f)df 
IJ f(f)df 

(25) 
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E 

Fig.7. A hypothetical hierarchy of process and repair elements. 

Combining equations(23-25) we obtain, 

Prob[T < tD = 1 - exp [->'o~ 
- 1 - exp [->'ot ] 

(26) 

Which represents the truncated time--to-railure prob ability distribution. 

Observe, however, that equation(26) is the unreliability of our sys
tem(see Section 2.0 for the definition of unreliability). Hence, the required 
reliability is 

R(t) = 1- ProbaT < tB (27) 

Combining equations(18,2&--27), we obtain the following system reliability: 

Rsys(t) = [1- 1- exp [->'o~ ]R 
1 - exp [->'ot ] 

(28) 
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Defining K as 

1 
(29) K=------

1 - exp [->'0"1 

it is possible to show that 

Rsys(t) R:i exp [-nK(l- exp (->'ot))] (30) 

Comparing the parameters in equation(30) with those in the exact Gompertz 
equation given by equation( 1), we have that the critical number n is given 
by 

n = -( ~ )[1- exp (-,.(t*)] (31) 

Thus, knowledge of the parameters ho , "I, and t allows us to calculate 
the number of critical elements in the hierarchy. 

Cutler(1984) calculates a maximum lifespan for humans at 95 years. 
From Strehler and Mildvan(1960), we find values of 0.0612 < "I <0.119 per 
year and 0.022 X 10-3 < ho < 0.820 X 10-3 • Combining this data with 
equation(31), one can show that the critical element number must lie in the 
range 5 < n < 15 . 

It is important to examine the meaning of these results within the con
text of survival data of the type usually obtained in longevity studies. Observe 
that if we compare equations(l) and (30) we see that a change in "I cor
responds to a change in ,>'0 . That is, a statistically significant change in 
the slope of the population instantaneous failure rate curve implies that the 
instantaneous failure rate of the average element(organism) in the population 
has been changed. Or, biologically speaking, if there is a significant change in 
the slope of the mortality curve(in the biological sense of mortality), then we 
may say that the biological protocol inducing this change has had an affect 
upon the individuals in the population. However, a change in ho may 
be interpreted as a population effect; not necessarily changing the instan
taneous failure rate of an individual in the population. Thus, the results of 
Masoro(1984) may now be biologically interpreted. In the cases where Masoro 
obtains a significantly different mortality curve(slopes are different), we may 
interpret the diet restriction protocol as having an effect upon the actual in
dividual aging processes. However, in the case where the intersection point ho 
is changed, this represents an overall response by the whole population; pos
sibly shifting the lifespan, but not refiecting an intrinsic change in individual 
aging mechanisms. 
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CRITICAL ELEMENTS AND PARAMETER CHANGES 

Numerous investigators have demonstrated that a variety of factors 
can change the shape of the Gompertzian curve. We often hear of "squaring 
the curve" in discussions of longevity and survival. Clearly, environmental 
factors can come into play. Cleaner environments, better health facilities, and 
better medical treatments aU play into extending the longevity of the human 
species. However, more subtle factors can come into play. For example, Smith
Sonnenborn(1984) has demonstrated the ability of electromagnetic waves to 
extend the lifespan of paramecia. 

The literature on diet restriction and its role in inßuencing aging processes 
is now weil known. Fig.8 illustrates the data of Yu et al.(1982) on lon-
gevity. Clearly, we see that lifespan is extended. However, we also see that 
the character of the Gompertzian curve is changed. This immediately im-
plies that the Gompertzian parameters ho and "y are changed. However, 
if these parameters are changed, and if t is changed then, from equa
tion(31) we would expect the number of critical elements to change. Clearly, 
this is an unreasonable assumption. One would not expect the appearance 
or disappearance of critical elements to be left to the whimsical nature of 
the parameters in the Gompertz function. Rather, the implication is that 
the changing Gompertz parameters are somehow affecting a change in the 
interaction of the critical elements. Ir you will remember, our whole analysis 
was based upon the argument that the critical elements were functioning 
independently of each other. Clearly this is not a realistic assumption. For 
example, if the kidneys, or lungs, or liver begin to fail, we might expect 
to see certain ramifications in other physiological systems. Hence, indepen
dently functioning critical elements is a very naive assumption. To more 
accurately reßect the reality oe biological organisms, we must incorporate 
an interplay{of some type)between the critical elements. We must also in
corporate the fact that some systems may have backup or standby replace
ment systems, redundancy, degraded performance with time, various monitor
ing strategies as weIl as a variety of other sophisticated operation al schemes. 
The complexity of these problems will be lett for future papers. An exten
sive discussion of the material of this paper may be found in Witten{1984b). 

It is also important to address issues of parameter estimation in survival 
models. Ir we are to make conclusions based upon the results of experimental 
data, we must have accurate methods with which to estimate the parameters 
in our survival models. Seemingly small errors in the values of our parameters 
might lead to incorrect results in a statistical analysis, or rejection of an other
wise acceptable hypothesis. In an equally bad outcome, incorrect parameter 
estimates might cause us to accept a null hypothesis Ho that there is no 
biological difference between two slopes when, in point of fact, there actually 
is a meaningful difference. Thus, not only must we have an accurate method 
for estimation of 9ur survival model parameters, but we must also have a 
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Fig.8. An illustration of the effects of diet upon survival. Courtesy of Yu 
et al.(1082):A = Ad libitum, R = Restricted. 

means to interpret meaningful differences between those parameters. It is the 
attempt of this series of papers to address these very issues. 
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THE ODDS ON NORMAL AGING 
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In spite of today's ignorance about so many different dis
eases, including most of the chronic illnesses associated with 
aging, there is the most surprising optimism, amounting to some
thing almost like exhilaration, within the community of basic 
biomedical researchers. There has never, I think, been a time 
quite like the present. Most of the investigators, the young ones 
especially, have only a remote idea of the connection of their 
work to human disease problems, although they have an awareness 
that sooner or later something practical and useful may come from 
their research. But this possibi1ity is not the driving force 
behind their endeavors. The main impetus is that researchers are 
becoming confident about finding out how things work. This is 
true for the immunologists threading their way through the unimag
inably complex network of cells and intercellular messages com
prising the human immune system. It is true for the experimental 
pathologists and biochemists at work on the components of the 
inflammatory reaction and turning up new regulatory cell products 
and signal1ing devices almost every month. The cancer biologists 
are totally confident that they are getting c10se to the molecular 
intimacies of cellular transformation, and the viro10gists are 
riding high. Out in the front lines are the mo1ecular biologists 
and the geneticists in possession of research techniques that 
permit them to ask (and answer) almost any question that pops into 
their minds. 

The science underlying the aging problem, including the 
problem of cancer, relies on basic research for finding out how 
things work in anormal cell; but, at the same time, it is a 
venture in applied science, for no one doubts that we will not 
only be provided with a clear comprehension of how cells age and 
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become cancerous, but we will very likely develop some useful 
methods to reverse or control these conditions. Aging research 
provides a good example of the way in which biomedical science in 
re cent years has become an international venture moving back and 
forth across national boundaries. If the problems of human aging 
and of cancer are solved by one or more of today's research ap
proaches, the ultimate solution cannot be fairly claimed by any 
nation or by any particular laboratory or group of laboratories. 
The work has reached its present state of high promise as the 
result of an intricate network of international collaborators, and 
it will have to progress in the same way if it is to be ultimately 
successful. To be sure, there will be the usual strident claims 
on priority by whomsoever is successful in putting the final piece 
of the puzzle in place, but everyone will know, and I hope remem
ber, that the puzzle itself could not have been shaped into being 
without the most intense international cooperation over at least 
the last 35 years. Crucial bits of information, indispensable for 
today's level of incomplete comprehension and even more indispens
able for framing the questions that lie ahead, are coming from 
laboratories all over the world. The scientists in the field have 
been keeping in such close touch with each other that everyone 
knows the contents of the latest paper months before its publica
tion. The results of the latest experiment in Edinburgh or Boston 
are known to colleagues in Melbourne or Tokyo almost as soon as 
completed: The mechanism for the international exchange of scien
tific information is informal and seemingly casual, resembling 
gossip more closely than any other sort of information system, 
except that gossip has a reputation of unreliability, and this 
scientific exchange is gene rally solid and undistorted. The 
information is not just passed around automatically; it is liter
ally glven away, a curlous phenomenon In Itself, looklng somethlng 
like altruism in the biological sense of that term. It is intui
tively recognized by the participant that free exchange of data is 
the only way to keep the game going. If one's own new information 
is withheld from another laboratory in the interests of secrecy, 
the flow of essential information from that laboratory will itself 
be stalled, and the whole exchange may slow down and perhaps stop 
altogether. 

There was not this sense of opt1mism in cancer research not 
very long ago. Around twelve years ago, while I was busy doing 
research on various problems of immunity and infection, I could 
not have imagined a scientific problem less attractive than the 
problem of cancer. I thought of cancer research as an impossible 
undertaking, and I had the same hunch about aging: they appeared, 
at that time, insoluble. I wondered at the zeal and courage of my 
colleagues who were engaged in research in those fields and feIt 
sorry for their entrapment in a scientific "blind alley." Aging 
and cancer then seemed to be not single problems but a hundred 
different problems, each requiring its own separate solution, and 



THE ODDS ON NORMAL AGING 363 

all of the quest ions that arose were not on1y very hard quest ions 
but had the look of being unanswerab1e ones. How cou1d anyone 
begin to seek answers to questions about a process such as cancer 
that seemed to encompass almost every discip1ine in biomedica1 
science: viro10gy, immuno10gy, ce11 bio10gy, and membrane struc
ture and function. Aging as a research problem seemed worse. I 
knew that a few peop1e here and there were doing c1inica1 research 
and had discovered that a few chemica1 agents had a modu1ating 
effect in the 1eukemias of chi1dhood. The chemica1s were danger
ous and toxic and difficu1t to handle, and, whi1e the c1inicians 
were hopefu1, as an outsider I was not. If any young post-doc
tora1 student or M.D. had asked me about the advisabi1ity of going 
into cancer or aging research in the 1ate 1960s, my advice wou1d 
have been to stay away and pick a fie1d where things were moving 
a10ng nice1y, 1ike immuno10gy. Even in the ear1y 1970s when the 
National Cancer Program was being put together for the declared 
purpose of 1aunching the so-ca11ed conquest of cancer, with a 
substantia1 infusion of new funds for the support of cancer re
search, land many of my co11eagues remained skeptica1 about the 
who1e venture. "It is just too ear1y for a crash program," we 
said. "Bio10gica1 science is not ready for this. We do not know 
enough." Some of us even said in testimony before various congres
siona1 committees that the problem of cancer wou1d not become 
approachab1e for another 50 years. Then, still in the ear1y 
1970s, things began to change at a great rate, and they have been 
changing with stunning speed ever since, astonishing everyone. 
Now, in 1984, work that had been the state-of-the-art just three 
or four years ago has a1ready an antique look, and the most ta1-
ented of the rising generation of scientists are streaming into 
cancer research everywhere. Best of all, they are entering the 
fie1d because it is becoming one of the most exciting and enchant
ing of all problems in bio10gy and a1ive with possibi1ities; it is 
beginning to look 1ike an approachab1e problem and even a soluble 
one. 

What has happened to bring about this change? I suppose 
money had something to do with it at the outset, but it was not 
primari1y responsib1e. What happened was that basic science did 
what basic science tends to do every once in a whi1e; name1y, it 
produced by 1uck an overwhe1ming, tota11y unp1anned-for set of 
surprises. There were two outstanding and memorable surprises, 
both of which turned out to be indispensable for research not on1y 
on cancer but on a who1e range of human diseases, inc1uding aging. 
The first astonishment was the techno10gy of recombinant DNA, 
enab1ing an investigator to ask almost any question about the 
intimate details of a 1iving ce11's genes and then to receive 
sharp, c1ear answers. Using these techniques, it so on became 
plain that there were cancer genes and also other genes that 
restrain the cancer process. Now we have 1earned how chemica1 
carcinogens and cancer viruses can change and switch on such 
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genes. The whole field of specific intracellular systems and 
their specific signals and receptors is being transformed by the 
new recombinant DNA technologies. The other big development was 
the discovery of cell fusion and then the formation of cell fac
tories for making monoclonal antibodies. 

With these tools, it is now possible to identify gene prod
ucts that are elaborated by cancer cells and other abnormal cells, 
and to examine with a high degree of precision and specificity the 
changes that take place in the cell membrane when the normal cell 
is switched to a cancer cell and probably we soon will discover 
why anormal cell becomes an aging cell. The virologists are 
having a perpetual field day; the immunologists are ready to claim 
the whole problem of cancer as weIl as aging as their own; and the 
biophysicists, the nucleic acid chemists, the geneticists, the 
cell biologists are falling all over each other in the race to 
final answers. There has never been aperiod of such high excite
ment and such exhuberance and confidence in any field in biology. 
It begins to resemble what one reads about in the early days in 
twentieth century physics, when quantum theory was just beginning 
to take shape. Biological science is in the process of upheaval 
by what is being discovered about cell biology, and nobody can be 
sure what lies ahead beyond the certainty that there will be 
brand-new information at the deepest levels and therefore impor
tant and useful. 

!wo aspects of this scientific phenomenon seem to me remark
able in terms of public policy and the implications for the future 
of the health sciences. First, no committee anywhere could possi
bly have predicted any of the events that have taken place. We 
are observing basic science at its best, moving along from one 
surprise to the next, capitalizing on surprise, following new 
facts wherever they seem to lead, taking chances and making guess
es all the way and driving the problems along toward their ulti
mate solution; the researchers are not following any rule book or 
any long-range plan but playing hunches. The second remarkable 
feature is the sheer spread of biomedical territory that is open
ing up as the work goes along. Cancer itself is turning into a 
soluble problem, although I have no way of guessing at the likeli
est outcome. The answer may lie in gaining control pharmacologi
cally or immunologically over the switching mechanisms responsible 
for the activation and transformation of cells, or it may lie in 
the chemical nature and mode of action of protein gene products 
coded by oncogenes. On the other hand, a set of signalling events 
occurring at the cell surface orwithin the cell membrane may be 
responsible for transforming anormal cell into a neoplastic 
cell. The point is that whatever it is, the research technologies 
are becoming sufficiently powerful and precise that it is almost 
unthinkable that the inner mechanism can long remain hidden. And 
at the same time, cell biology advances as a huge new enterprise 
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in biology, quite independent of the cancer problem. Within a 
decade, cellular immunology has become one of the most sophisti
cated of biomedical displines, capable of opening the way into 
problems of the so-called autoimmune diseases, such as rheumatoid 
arthritis, diabetes, and multiple sclerosis. A combination of the 
forces of modern virology and cellular immunology has opened up 
new approaches to the mechanism of damage to pancreatic islet 
cells in diabetes and its eventual reversal. Neurobiology has 
also begun to take off in the last few years. The discovery of 
the endorphins, followed by a cascade of other internal hormones 
secreted by brain cells into the brain itself, is turning the 
central nervous system from an incomprehensible computer-like, 
hardwired apparatus into a chemically governed system of signals. 
Experiments with primitive marine organisms are revealing neural 
mechanisms and structures involved in short-term and long-term 
memory. Selective enzyme deficiencies have been observed in the 
brain tissue in patients with Alzheimer's disease, while other 
forms of senile dementia are known to be caused by a so-called 
slow virus, the CJ agent. 

Aspirin seems to work by inhibiting a chain of enzyme reac
tions converting arachidonic acid to one or another of the prosta
glandins. Components of that same chain are responsible for the 
stickiness of the blood platelets, which may become lodged against 
the inner wall of the coronary or cerebral arteries and be respon
sible for the first stage of coronary or cerebral thrombosis, 
respectively. Along the way, we may find ourselves with "spinoff" 
information important in preventing coronary occlusion and stroke. 
Indeed, it is conceivable that the rather spectacular and unac
countable decrease in the incidence of coronary thrombosis (a 
twenty percent drop since 1950) may have been due to the introduc
tion of television at that time, for the commercials touting 
headache remedies probably have raised the national blood level of 
salicylate and kept them high most of the time! Malignant hyper
tension has become a treatable disease, although, when I was an 
intern, it was a sure death sentence. Moreover, new drugs have 
been deliberately designed for inhibiting particular enzymes that 
lead to hypertension. Cardiovascular pharmacology is emerging as 
a field in which the chemists can call the shots in advance of 
making their chemicals. The whole field of biomedical science is 
on the move as never before in the his tory of medicine. 

I do not know what will happen over the next twenty years, 
but my guess is that we are on the verge of discoveries that will 
match the best achievements in infectious disease a generation 
ago. As we develop new decisive technologies that are based on a 
deep understanding of disease mechanisms, my guess is that they 
will turn out to be relatively inexpensive compared to the kinds 
of measures that medicine presently is obliged to rely on. A 
genuine high medical technology will make an enormous difference 
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to medica1 practice in the decades ahead, provided that we keep 
the basic biomedica1 sciences going and coup1e them as congenia11y 
as possib1e to c1inica1 research. We shou1d not forget how usefu1 
medicine can be when its scientific base is solid and effective. 
Fifty years ago, when I was a medica1 student, the diseases which 
ranked as the greatest menaces to human hea1th were, in order of 
the degree of fear which they caused: first, tertiary syphilis of 
the brain, which fi11ed more asy1um beds than schizophrenia; 
second, pu1monary tubercu10sis, especia11y in the very young and 
the very old, for whom it was a f1at death sentence; third, acute 
rheumatic fever, which was far and away the commonest cause of 
disab1ing heart disease and ear1y death; and fina11y, of course, 
poliomyelitis. These four diseases were feared by everyone as 
cancer is today. Thanks to some exce11ent basic science and some 
exceeding1y "c1assy" clinica1 research, all four have nearly 
vanished as pub1ic health problems. The vanishing involved the 
expenditure of pennies compared to what we would be spending if 
any of the four were still with uso I expect this level of effec
tiveness in the practice of medicine in the days ahead. 

The proceedings of this conference have already made it 
abundantly c1ear that the problem of aging is a proper field for 
scientific study and one of the broadest of all fields in human 
biology. The array of specific questions to be asked is long and 
impressive, and each question is a hard one requiring close and 
attentive scrutiny by the best practitioners of basic science and 
clinical medicine. And, as the answers come in, there is no doubt 
that medicine will be able to devise new techno10gies for coping 
with the things that go wrong in the process of aging. This is an 
optimistic appraisal but not overly so, provided we are careful 
with that phrase "things that go wrong." There 1s 1ndeed an 
extensive pathology of aging, one thing after another goes wrong, 
failure after failure, and the cumulative impact of these failures 
is what most people have in mind and fear as the image of aging. 
But behind these ailments, often obscured by the individual patho
logies, is a quite different phenomenon: normal aging, which is 
not a disease at all--but a stage of living that cannot be averted 
or bypassed except in one totally unsatisfactory way. Nonethe
less, we regard aging these days as a sort of slow death with 
everything going wrong. 

I wou1d like to separate these two aspects of the problem, 
for I think that the former can be approached directly by the 
usual methods of science. The list of pathologic events is long 
but finite. Away at the top are the disorders of the brain lead
ing to dementia, which is the single most dreaded disease by all 
aging people and their families; then there is cancer, of course; 
bone weaknes8; fractures; arthritis; incontinence; muscular wast
ing; Parkinsonism; eschemic heart diseasej prosthetic hypertrophy; 
pneumoniaj and a generally increased vu1nerability to infection. 
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They represent the discrete, sharply identifiable disease states 
that are superimposed on the natural process of aging, each cap
able of turning a normal stage of life into chronic illness and 
incapacity, or into premature death. Medicine and biomedical 
science can only attack them one by one, dealing with each by the 
established methods of science, which is to say, by relying on the 
most detailed and highly reductionist techniques for research. If 
we succeed in learning enough of the still obscure facts about 
Alzheimer's disease, we will have a chance to turn it around 
sooner or later, and, in the best of worlds, to prevent it. But 
lacking these facts, we have no way at all to alleviate it or to 
help the victims. If the scientists are successful, we can hope 
for a time when the burden of individual disease states can be 
lifted from the backs of old people, and they are then left to 
face nothing but aging itself. 

And what then? Will such an achievement remove aging from 
our agenda of social concerns if old people do not become ill with 
outright diseases right up to the hours of dying? Are their 
health and social problems at an end and shall we then give up the 
profession of geriatrics and confine our scientific interest to 
gerontology? Of course not, but it is likely that there will be 
fewer things to worry about for old people than is the case today 
and fewer of them coming to the doctor's office for help. Even 
so, aging will still be aging, and astrange process posing prob
lems for every human being, and perhaps their approach should 
become less reductionist and more general. They may wish to view 
the whole person rather than concentrating on the singularities of 
individual diseases. The word "holistic" was invented in the 
1920s by General Jan Smuts to provide shorthand for the almost 
self-evident truth that any living organism, and perhaps any 
collection of organisms, is something more than the sum of its 
working parts. I wish holism could remain a respectable term for 
scientific usage, but, alas, it has fallen in bad company. Sci
enee itself is really a holistie enterprise, and no other word 
would serve quite as weIl to describe it. Years ago, the mathema
tician Poincare wrote, "Science is built up with facts as a house 
is with stones, but a collection of facts is no more a science 
than a heap of stones is a house." The word is becoming trendy, a 
buzzword now, almost lost to science. What is called holistic 
thought these days strikes me as more like the transition from a 
mind like a steel trap to a mind like steel wool. What is some
times called holistic medicine these days, if it is anything, 
strikes me as an effort to give science the heave-ho out of medi
cine, and to forget all about the working parts of the body and 
get along with any old wild guess about disease. We need another 
word, a word to distinguish a system from the components of a 
system, and I cannot think of one. 

So, at present, we should continue to look at aging from the 
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point of view of a biomedical scientist, which is the reductionist 
approach. In this way, we can construct hypotheses about the 
possible mechanisms of such problems as senile dementia and set 
about looking for selective enzyme deficiencies or scrapie-like 
slow viruses in the brain. Or we can theorize about the failure 
of cell-to-cell signals in the cellular immune system of aging 
animals and examine closely the vigor of lymphocytes at all stages 
of development; in the end, we may find out what goes wrong in an 
aging immune system. And perhaps we have within our grasp the 
information needed for explaining bone demineralization and re
solving the problem, and we can track the neural pathways involved 
in incontinence and may learn to do something about that. Given 
some luck and a better knowledge of immunology and microbiology, 
we ought to be able to solve the problems of rheumatoid arthritis 
and osteoarthritis once and for all. We are learning some facts 
about nutrition and longevity that we never understood before. 
But we will still have people who will grow old before dying, and 
medicine will have to learn more about what growing old is like. 
The behaviora~ scientists, the psychiatrists, the psychologists, 
the sociologists, the anthropologists and probably the economists, 
too, will all have a part in the work that needs doing, obtaining 
data, piecing information together, trying to make sense of the 
whole out of separate parts of the problem; but their individual 
efforts, although useful, may not be enough. 

I suggest that we need a reading list for all young investi
gators and physicians to consult at the outset of planning for 
their careers in the scientific study of aging. Young people find 
it hard to begin constructing hypotheses without having the ghost 
of an idea what it means to be old. To get a glimpse of the 
matter, you have to leave science behind for awhile and consult 
literature, not "the" literature, as we call our compendiums of 
research, just plain old, pure literature. I have a few source
books in mind. At the top of my list is the novelist, Wallace 
Stegner, as good or better a writer as anybody around, who wrote 
"The Spectator Bird" in 1976 about a literary man and his wife in 
their 1ate sixties and early seventies. To qualify for my list, 
you have to be old enough to know what you are writing about, and 
Stegner was the right age for his book; his novel should be re
quired reading for any young doctor planning on geriatrics. 
Indeed, "The Spectator Bird" is good enough to help educate any 
young doctor for any career. Stegner was a friend of Bruce 
Bliven, the former editor of "The New Republic," and Bliven is 
brought into the novel for a brief episode and provides a wonder
ful quotation. Somebody asked him, when he had reached the age of 
82, what it was like to be an old man. Bliven said, "I don't feel 
like an old man; I fee I like a young one with something the matter 
with him." Number two on my list is Maleolm Cowley and his book 
of personal essays called, "The View from Eighty." This book is 
better than any textbook on medicine, infinitely more informative 
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than most monographs and journals on geriatrics. Cowley writes 
with a11 the authority of a man who has reached 80 "on the run" 
and is just getting his second wind. He, like Wallace Stegner, 
was also attached to Bruce Bliven, and quotes Bliven, who wrote, 
"We live by the rules of the elderly. If the toothbrush is wet, 
you have cleaned your teeth. If the bedside radio is warm in the 
morning, you left it on all night. If you are wearing one brown 
and one black shoe, quite possibly, there is a similar pair in the 
closet." Bliven goes on, "I stagger when I walk, and small boys 
follow me making bets on which way 1'11 go next. This upsets me; 
chUdren should not gamble." Malcolm Cowley writes in good humor, 
and most of the people he admires who have reached their eighties 
and nineties seem to share this gift, but the humor is not always 
as light as it seems. An octogenarian friend of his, a dis tin
guished lawyer, said in a dinner speech, "They tell you that you 
lose your mind when you grow older, but what they don't tell you 
is that you won't miss it very much." Stegner's central character 
in "The Spectator Bird" recounts crankily that among his other 
junk mail there was a questionnaire from some research outfit that 
was sampling senior citizens and wanted to know intimate things 
about his self-esteem. He writes, "The self-esteem of the elderly 
declines in this society, which indicates in every possible way 
that it does not value the old in the slightest, finds them an 
expense and an embarrassment, laughs at their experience, evades 
their problems, isolates them in hospitals and sunshine cities, 
and generally ignores them, except when soliciting their votes or 
whipping off their handbags and Sodal Security checks." A few 
other old people have written seriously about their condition with 
insight and wisdom. Florida Scott Maxwell, a successful British 
actress, a scholar and always a writer, wrote, "Age puzzles me. I 
thought it was a quiet time. My seventies were interesting and 
serene, butmy eighties are passionate. I grow more intense with 
age. To my own surprise, I burst out in hot conviction. I have 
to calm down. I am too fraU to indulge in moral fervor." Living 
alone in a London flat after the departure of her grandchildren 
for Australia and nearing her nineties, she wrote, "We who are old 
know that age is more than a disability. It is an intense and 
varied experience almost beyond our capacity at times but some
thing to be carried high. If it is a long defeat, it is also a 
victory, meaningful for the initiates of time if not for those who 
have come less far." She also wrote, "When a new disability 
arrives, I look about me to see if death has come, and I call 
quietly, 'Death, is that you? Are you there?' and so far the 
disability has answered, 'Don't be s11ly. It's me.'" 

It is possible to say all sorts of good things about aging 
when YOü are talking about aging free of meddling diseases. It is 
an absolutely unique stage of human life--the only stage in which 
one has both the freedom and the world's blessing to look back and 
contemplate what has happened during one's lifetime instead of 
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pressing forward to new high deeds. It is one of the three mani
festations of human 1ife responsib1e for passing a10ng our cu1ture 
from one generation to the next. The other two are, of course, 
the chi1dren who make the 1anguage and pass it a10ng and the 
mothers who see to it that whatever love there is in a society 
moves into the next generation. The aged, if they are 1istened 
to, hand a10ng experience and wisdom, and this trans ference , in 
the past, has a1ways been a centra1 fixture in the body of any 
cu1ture. We do not use this resource we11 in today's society. We 
tend a1ways to think of aging as a disability in itse1f--a sort of 
long i11ness without any taxonomie name, a disfigurement of both 
human form and spirit. Aging is natural, as we say, just as death 
is natural, but we pay our respects to the one no more cheerfu11y 
than to the other. If science cou1d on1y figure out a way to 
avoid aging a1together, zipping us all straight from the tennis 
court to the deathbed at the age of, say, 120, we wou1d probab1y 
all vote for that. But even if this cou1d be accomp1ished by 
science, which is we11 beyond my imagining for any future time, 
society as a who1e wou1d take a 10ss. In my view, human civi1iza
tion cou1d not exist without an aging generation for its tranqui1-
ity, and every individual wou1d be deprived of an experience not 
to be missed in a we11-run wor1d. Aging is not universal in 
nature; it is not even common. Most creatures in the wild die off 
or are ki11ed off at the first 10ss of physica1 or mental power, 
just as our own 01ympic gymnasts lose their powers in their 1ate 
teens and tennis stars begin to drop off in their twenties, and 
virtua11y all of our athlet es become old for their professions 
long before late midd1e age. Aging, real aging--the continuation 
of 1iving throughout a long period of senescence--is a human 
invention and perhaps a re1ative1y re cent one at that. Our remot
est ancestors probably dealt with their aging relatives much after 
the fashion of more primitive cu1tures; that is, by one or another 
form of euthanasia. It took us a 10ng time and a reasonab1y 
workab1e economy to recognize that hea1thy, intelligent, old human 
beings are an asset to the evolution of human cu1ture. It was a 
good idea, and we shou1d keep hold of it; but if the concept is to 
retain its ear1ier meaning, we will have to find better ways to 
make use of the older minds among uso We need reminders that 
exceeding1y usefu1 pieces of work have been done in the past and 
are still being done by some extreme1y ab1e peop1e, sometimes in 
good hea1th and sometimes in bad. Johann Sebastian Bach was 
re1atively old for the eighteenth century when he died at age 65, 
but he had just discovered astrange, new kind of music and was 
working to finish the incorporation of the art of the fugue into 
an astonishing piece based on the old ru1es but turning the form 
of composition into the purest of abso1ute1y pure music. Mon
taigne was even younger at his death at 59, but that was an old 
age for the 1500s. He was still revising his essays and making 
notes for a new addition for which he had chosen the appropriate 
tit1e, "He Picks Up Strength as He Goes." And in our own time, 
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Santayana, Russeli, Shaw, Yeats, Frost, and Forster--and I could 
lengthen the list by the score--were busy thinking and writing 
their way into their 70s and 80s and beyond. The great French 
poet, Paul Claudel, wrote on his birthday, "Eighty years old. No 
eyes left. No ears, no teeth, no legs, no wind, and, when all is 
said and done, how astonishingly weIl one does without them." 

Of all the things that can go wrong in aging, the loss of the 
mind is far and away the worst and the most feared. And here, I 
believe, is the greatest of all opportunities for medical science 
in the improvement of the human condition. I think that most 
aging people would willingly put up with all the other inconveni
ences of age, the awkwardnesses, the enfeeblements, even the 
assorted pains and aches, in trade for the assurance of hanging 
onto their minds. I cannot think of a higher priority for biomed
ical science today, and I believe that most younger people, now at 
no threat from Alzheimer's disease or any other kind of dementia, 
would agree with the priority. As matters stand today, with the 
recent increased public awareness of this disease, whole families 
are beginning to worry about the problem, scrutinizing their 
parents and grandparents for any tell-tale sign of mental failure 
and wondering whether and when the entire family will toppie in 
the devastating aftermath of this one disease. We need more and 
better research on the aging brain, on the biochemie al and struc
tural changes associated with dementia, on strokes and their 
prevention, on the slow viruses, and on autoimmune mechanisms. We 
need better ways of looking after afflicted patients than have yet 
been devised and more improvements in our facilities for institu
tional and home care and more help for the families. But, most of 
all, if we hope to rid ourselves of this disaster, we need re
search, good, old-fashioned, obsessive, reductionist science. 

So I conclude on the same note of qualified optimism with 
which I began. If we keep at it, sticking to the facts at our 
reductionist best, we should be able to move gerontology onto a 
new plane among the biomedical sciences. The odds on success are 
very high indeed, provided that international cooperation in basic 
biomedical science is sustained and fostered in the years ahead. 
The odds on normal aging are already better than ever before in 
human history, and with a lot of work and a lot of scientific 
luck, the odds can eventually become wholly on our side and medi
eine will have earned its keep. 

DISCUSSION 

Question: You believe that old people have got a lot to 
offer, and, as biomedical research improves and problems like 
Alzheimer's disease are cured, there will be a lot more old peo
pIe. But that will not help our social problems. How do we get 
the old people back into the community? 
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Thomas: God knows. 

Question: You have said that aging is not a disease, but 
would you define disease? 

Thomas: Aging is both an inevitable and a normal stage of 
living for all living things on the planet, and if science pro
gresses as weIl as I hope that it will, aging will not be associ
ated with any particular disease state. The only analogy I can 
think of that makes any sense to me is contained in Oliver Wendeil 
Holmes' celebrated poem called, "The Deacon's Masterpiece," about 
tne famous one-horse shay that was designed and manufactured in 
such absolute perfection that it could not have had a disease. 
When its time came, it simply fell apart in dust on the road. 

Question: You have given us a glowing picture of the way in 
which all of this scientific information is shared, yet it seems 
to me that there may be a cloud the size of a man's hand, if we 
put it biblically, on the horizon. Small companies engaged in 
genetic engineering do not seem to me to be devoted to sharing 
their kind of information. Would you comment on that? 

Thomas: I am worried about the situation, and I think every
body is worried about the effect that biomedical technology (as it 
is called in the marketplace) will have on what has up until now 
been the almost absolutely free exchange of basic scientific 
information. It may be that, if some of the existing arrangements 
that have been made between several of the big pharmaceutical and 
chemical industries and the universities specifying that secrecy 
and withholding of information from publication is against the 
rules succeed, it will relieve us of this anxiety. Yet I would 
not worry about it unduly, because the secrecy usually involves 
pieces of information that I would regard as applied science 
rather than new and astonishing pieces of fundamental information. 



[NTRODUCTORY REMARKS, SESSION VI 

Leon Sokoloff 

Health Sciences Center 
State University of New York at Stony Brook 
Stony Brook, NY 11794 

A useful distinction has already been made between processes 
of aging and diseases of aging. The present session is devoted to 
several diseases of aging that may provide insights into broader 
mechanisms of aging processes. Three of the papers address the 
significance of disorders featuring apparently accelerated rates of 
aging--more particularly Hutchinson-Gilford progeria and Werner's 
syndrome. The presentations of Dr. Brown and Dr. Salk will inquire 
into the extent that these rare conditions reflect authentic exag
gerat ion of certain aging events as distinct from only mimicking 
them. Dr. Gracy will examine the molecular basis for protein er
rors in progeric fibroblasts and its relevance to aging in normal 
tissues. The mechanism he proposes--accumulation of deamidated 
forms through failure of proteolysis--should be juxtaposed to the 
conformational changes previously suggested by Dr. Rothstein. 

I regret that there is insufficient time to consider more sys
tematically recent developments in thinking about Down's syndrome 
and Alzheimer's disease. The improved prognosis for life in Down's 
syndrome, that has resulted from modern cardiac surgery and control 
of infections, has uncovered a consistent pattern of mental dete
rioration in the fourth decade that resembles senile dementia of 
the Alzheimer's type clinically and pathologically. As such it 
represents the most common model of accelerated aging. Furthermore 
the chromosomal abnormality servesas a handle for identifying gene 
products that may be involved in the pathogenesis of Alzheimer's 
disease. Any one interested in this subject is referred to a 
recent symposium of the New York Academy of Sciences (1982). 

Dr. Gorevic's paper will take a different turn. It deals with 
what is at one time a common but heterogeneous group of diseases 
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and also a special process of protein alteration. Certain vari
eties of amyloidosis are clearly related to aging while others are 
not. What they share is precipitation of certain normally soluble 
proteins--or portions of them--in a particular configuration in 
various tissues. We have then an additional type of protein abnor
mality that ramifies widely in diseases of aging as diverse as 
senile dementia and cardiac amyloidosis. 
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INTRODUCTION 

The cause of aging is 1itt1e understood at the present time, 
but it does appear to have a strong genetic component. This is 
reflected by the wide variation of approximately 50000 fold, in 
the maximal lifespan potential (MLP) , seen in the various animal 
species (Brown, 1979). Among even mammals, approximately a 
100-fold variation in MLP is seen. The smokey shrew has a 
lifespan of only about one year, whi1e the oldest documented 
human died at the age of 118, and second to him the oldest human 
lived to 113 (McWhirter, 1984). 

An analysis of the degree of genetic complexity underlying 
longevity has suggested it may be encoded by a limited number of 
genes, perhaps 20-50, which have a major gene effect on aging 
(Cutler,1980; Sacher,1980). A useful approach to understanding 
the genetic basis of aging may be to study appropriate genetic 
mutants which appear to affect that process. Although no 
mutations are known to extend the maximal human 1ifespan, there 
are a number which shorten the 1ifespan. Several genetic 
diseases have mutations which appear to accelerate many but not 
all features or segments of the aging process. Tbey bave been 
described as "segmental progeroid" syndromes by Mart in (I 977). 
It is our conviction that diseases can serve as useful models for 
the study of aging. Insight into the nature of the basic 
mutations in these syndromes may identify genes which playa 
major role in aging. 
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The two genetic diseases which appear to us to show the most 
striking features suggestive of accelerated aging are the 
Hutchinson-Gilford Progeria Syndrome (progeria) and the Werner 
Syndrome (WS, also called progeria of the adult). The basic 
mutations underlying these two diseases are not known. Recent 
findings in several laboratories including our own indicate that 
patients with these two diseases may excrete an excessive amount 
of the glycosaminoglycan, hyaluronic acid (HA) (Takunaga et al., 
1975,1978, Goto et a1., 1978; Brown et al., 1985, Kieras et a1. , 
1985). Cultured cells from patients with these diseases show an 
excessive amount of HA accumulation (Tajima et al., 1981; 
Zebrower et al., 1985). Experimentally, excess HA has also been 
shown to inhibit vascular development, and may act as an 
anti-angiogenesis factor (Feinberg and Beebe, 1983). These 
findings raise the possibility that one or several major genes 
affecting aging may relate to HA metabolism. Understanding the 
basis and nature of these genetic abnormalities may help to 
elucidate further the basis of normal aging. In the following, 
we review clinical aspects, genetic features and laboratory 
investigations of progeria as a model of accelerated aging. 

THE HUTCHINSON-GILFORD PROGERIA SYNDROME 

Progeria, illustrated in Fig. 1, is a rare genetic disease 
with a reported birth incidence of about 1 in 8 million and with 
striking clinical features that resemble premature aging (Debusk, 
1972). Patients with this condition genera1ly appear normal at 
birth but by about one year of age, severe growth retardation is 
usually seen. Balding occurs, and loss of eyebrows and eyelashes 
is common in the first few years of life. Widespread loss of 
subcutaneous tissue occurs. As a result, the veins over the 
scalp become prominent. The skin appears old, and pigmented age 
spots appear. The patients are very short and thin. They average 
about 40 inches in height, but they usually weigh no more than 25 
or 30 pounds even as teenagers. The weight-to-height ratio is 
thus very low. The voiee is thin and high pitched. Sexual 
maturation usually does not oeeur. They have a characteristic 
faeial appearanee with prominent eyes, a beaked nose, a 
"plucked-bird" appearance, and faeial disproportion resulting 
from a small jaw and large cranium. The large balding head and 
small face give them an extremely aged appearance. The bones 
show distinctive changes, with frequent resorption of the 
elavicles and replacement by fibrous tissue. Resorption of the 
terminal finger bones (acroosteolysis), stiffening of finger 
joints, elbow and knee joint enlargement, coxa valga, and a 
resulting "horse-riding" stance are a11 seen. Asceptic necrosis 
of the head of the femur and hip dislocation are common (Moen, 
1982) • 
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Fig. 1. Progeria and Werner syndrome subjects. A. A 10 yr. old girl 
with progeria (TS). By this age she had suffered a stroke and 
had bilateral hip dislocations. B. Same subject at the age of 14 
yrs. She died of cardiac arrest 4 months later. C. Another 10 
yr. old girl with progeria. Note arthritic changes of knees. 
She (BS) had developed heart disease by age 13. D. A 13 yr. old 
boy with progeria (FM). He died at age 15 of cardiac arrest. 
E. A 37 year old woman with Werner syndrome (NV). She had a 
history of premature white hair (age 13), cataract extractions 
(age 26), bilateral femoral-popliteal bypass surgery (age 31), 
diabetes mellitus, and left leg amputation for ulcers. 
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Progeria subjects have anormal to above-average 
intelligence. The median age of death is 12 years. Over 80% of 
deaths are due to heart attacks or congestive heart failure. 
Widespread atherosclerosis, with interstitial fibrosis of the 
heart, is usually seen at postmortem examination (Baker et al., 
1981). Occasionally marked enlargement of the thymus gland is 
noted. However, some features often associated with normal aging 
such as tumors, cataracts, diabetes, and hyperlipidemia although 
occasionally reported (King et al., 1978, Villee and Powers, 
1978, Rosenbloom et al., 1983) are not usually present. 

Over the past 10 years, we have had the opportunity to 
examine 24 cases of progeria. Information on these cases is 
summarized in Table 1. Recently we have established an 
International Progeria Registry. As of late 1984, the Registry 
included 20 living cases: 15 living in the United States, 3 in 
Canada, 1 in Holland, and 1 in South Africa. We have had 
correspondence regarding three other cases from Russia, China and 
Iran, but confirmation that they have true progeria is lacking. 
We have helped to organize an annual progeria family conference. 
Beginning in the summer of 1981, all interested progeria families 
have been brought together for one week. At each meeting there 
have been 8 to 14 progeria children and their families present. 
This has allowed the children and families to meet each other, 
and to share common experiences. Several interested physicians 
have been present. Genetic counseling has been given to the 
families regarding this rare condition. 

A consideration of the mode of inheritance in progeria is 
important for genetic counseling and may help to understand the 
nature of the underlying mutation. Recessive diseases often 
appear to be due to enzymatic deficiencies which lead to 
metabolic abnormalities. Dominant diseases often involve 
structural proteins. However, they may be due to partial 
deficiencies of rate-limiting enzymes (i.e., Porphyria) or 
cell-surface receptors (i.e., familial hypercholesterolemia) 
where half the normal level of the gene product can lead to a 
disease. 

Several genetic considerations suggest progeria is most 
likely a sporadic dominant mutation. First, high rates of 
consanguinity, i.e. first cousin marriages, are expected in rare 
recessive diseases. High consanguinity is not seen in progeria. 
Debusk (1972) noted that consanguinity was present in only 3 out 
of 19 families in which it was specifically discussed. Some of 
these cases had come from areas of the world with high background 
population levels of consanguinity. It addition, it was not 
reported in 41 other families. Thus, 3 of 60 or 5% was the 
reported frequency as of 1972. A family his tory of consanguinity 
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Table 1. Summary of 24 cases of progeria. 

Age At A&~~1-~i!lb_JJ!~~2 Age Normal Half 
~ !l!.. ~ ..lB!!L Birtb!!IU ~ IIl!U!U ,[atl!el: lliL. -!ili.... illL-

1 MC F 27 10/01/55 OS/25/85 40.0 45.8 5.8 6 
2 RH F 15 08/06/66 04/24/83 27 27 0 1 
3 FM M 13 1966 1981 28 25 -3 2 
4 KC M 10 1968 24 24 0 2 
5 TS F 10 02/01/68 09/11/82 25.8 26 0.8 3 
6 AF F 12 09/12/69 37.4 45.6 8.2 3 
7 AG F 13 02/20/70 04/01/85 24.5 49.11 25.6 6 
8 BS F 10 1970 26 38 12 2 
9 MB M 11 06/30/72 19 26 7 1 
10 FG M 11 12/31/72 21.0 27.0 6 1 
11 SK F 2 06/09/76 33 47 14 1 6 
12 RP M 9 11/26/73 06/20/73 20.0 27.4 7.4 1 
13 JE M 9 08/16/74 17 17 0 1 
14 PS M 6 05110/77 24.0 23.9 -0.3 2 
15 AK F 5 06/28/78 29.11 34.10 4.11 1 
16 AB F 6 09/10178 16.11 16.9 -0.2 1 
17 LC M 4 08/20/79 33.0 41.4 8.4 3 
18 AF F 3 04/18/80 23.0 23.0 0 1 
19 BS M 3 07/26/80 28.8 28.8 0 1 
20** C/CR M/M 2 01/26/81 25.6 26.2 0.8 1 
21 MB M 2 05/02/82 31.8 39.1 7.5 1 
22 KS F 1 06/22/82 26.4 28.3 1.11 1 
23 MS F 1 07/11/82 28.6 25.3 -3.3 
24 ZW M 1/2 12/22/83 35.8 40.6 4.10 3 

Total (Average) (26.9) (31.4) (4.5) 45 15 

**Twins 

was not present in any of the 24 progeria cases that we have 
examined. Thus, we estimate the frequency of progeria cases born 
to consanguinious marriages to be less than 3/84, (3.6%). For 
rare recessive diseases, an estimate of expected frequency of 
consanguinity can be derived using the Dahlberg formula (Epstein 
et al., 1966). Assuming a birth incidence of progeria to be 1 
per 8 million, and a background population consanguinity 
frequency of 1%, leads to an estimate of expected consanguinity 
of 64% in progeria families. Thus, the 3.6% observed 
consanguinity frequency in progeria is much lower than the high 
level that would be expected for such a rare recessive disease. 

Although the reported incidence of progeria in the United 
States is about 1 in 8 million births (Debusk, 1972), the true 
population incidence may be somewhat higher as not all cases are 
reported. Based on our experience, we estimate that about 50% of 
all cases in the United States do get reported, which leads to an 
estimate of 1 in 4 million births. Even if progeria were to have 
an incidence of 1 in 1 million, this would still lead to a much 
higher expected consanguinity frequency, 45%, than the low 
frequency that is seen in progeria families. This lack of 
consanguinity suggests progeria is unlikely to be a rare 
recessive. 
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Secondly, a paternal age effect is seen in progeria which is 
also observed in some other sporadic dominant type mutations. 
Jones et al (1975) reported that among 18 progeria cases the 
fathers were older than expected by an average of 2.56 years when 
controlled for maternal age, a difference which was highly 
significant (p = 0.005). In addition to progeria, they reported 
a paternal age effect in seven other disorders (Basal Cell Nevus 
Syndrome, Waardenburg Syndrome, Crouzon Syndrome, Cleido-cranial 
dysostosis, Oculo-dental-digital Syndrome, Treatcher-Collins 
Syndrome, and multiple exostoses) involving new mutations for 
which autosomal dominant inheritance had been clearly established 
and in four disorders (Achondroplasia, Apert Syndrome, 
Fibrodysplasia ossiicans progressiva, and Marfan Syndrome) in 
which older paternal age in the setting of new mutation had been 
previously shown. 

We have also observed a paternal age effect in the 24 cases 
of progeria we have examined (Table 1). The fathers were older 
than the mothers by an average of 4.5 years which is higher than 
the expected control value of 2.8 years (Jones et al, 1975). The 
paternal age effect observed in these 24 cases confirms the 
previously reported paternal age effect in the 18 earlier cases 
by Jones et al (1975) and also suggests dominant inheritance. 
The paternal age effect appears to be due to an excess of a few 
older fathers which produces a secondary age peak as is 
illustrated in figure 2. A similar secondary paternal age peak 
has been reported in new cases of neurofibromatosis, another 
dominant disease (Riccardi, 1983). 

Third, for a recessive condition, the proportion of affected 
sibs is expected to be 25%. In progeria it is elearly much less 
than 25%. The majority of eases are sporadie. A ease of 
identieal progeria twins with 14 normal sibs was reported (Viegas 
et al, 1974). Here, 3 or 4 affected sibs would be expected if it 
was a recessive disease. It is recognized that for new dominant 
mutations, occasionally the mutation can occur in a germ line 
leading to somatie mosaicism within the ovary or testes 
(McKusick, 1982). Several cases could then occur within one 
family. Probable cases of familial progeria have been reported 
in only a few instances among more than 100 families and some of 
these may have been misidentified (Mostafa and Gabr, 1954; Gabr 
et al., 1960; Rautenstrauch and Snigula, 1977; Franklyn, 1976). 
Among the 24 cases we have examined (table 1), no family had more 
than one affected child. There were 45 unaffected sibs. One 
would expect there to be 11 or 12 of the 45 sibs affected (25%) 
if a recessive mode of inheritanee were to apply to these 24 
progeria families. 
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Fig, 2. Paternal age effect in progeria. A secondary age peak 
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for father of 24 cases of progeria is sho~~. This secondary age 
peak is not seen in anormal age distribution of fathers, nor in 
the progeria mothers. 

In general, the lack of consanguinity, the paternal age 
effect, and the lack of affected sibs, argues that progeria is 
not a rare recessive, but most probably is a sporadic dominant 
mutation. Progeria was formerly eonsidered to be a reeessive 
disease and was so classified in early editions cf McKusick's 
Catalog of Mendelian Inheritance in Man. Because of a lack of 
consanguinity, a lack of affected sibs, and a paternal age 
effect, we suggested progeria should be classified as a sporadic 
autosomal dominant mutation (Brown and Darlington, 1980). 
Subsequently, it was moved from the recessive to the dominant 
section of the catalogue (McKusick, 1982). The possibility of 
genetic heterogeneity in progeria in which some cases have a 
similar clinieal presentation but with a reeessive mode of 
inheritanee seems possible but because of the rarity of the 
condition, quite unlikely. The majority of eases appear to 
represent isolated sporadic dominant mutations, although a few 
may be the result of a germ line mutations. For genetic 
eounseling of families with a progeria child, the reeurrence risk 
ean be stated to be very low, but may be on the order of 1 in 500 
with eaeh pregnancy. 
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WERNER SYNDROME 

Werner Syndrome (WS) (Fig. 1), also called progeria of the 
adult, has a number of features which resemble premature aging 
but in contrast to progeria has an adult age of onset (Epstein et 
a1., 1966; Salk, 1982; Brown, 1984). WS subjects generally 
appear normal during childhood but cease growth during teenage 
years. Premature graying and whitening of hair occurs at an 
early age. Striking features include early cataract formation, 
skin which appears aged with a sc1erodermatous appearance, a 
high-pitched voice, peripheral musculature atrophy, poor 
wound-healing, chronic leg and ankle ulcers, hypogonadism, 
widespread atherosclerosis, soft tissue calcification, 
osteoporosis, and a high prevalence of diabetes mellitus. About 
10% of patients develop neoplasms with a particular1y high 
frequency of sarcomas and meningiomas (German, 1984). The 
diagnosis of WS is usually made when patients are in their 30's. 
They commonly die of complications of atherosclerosis in their 
40's. The m:>de of inheritance of WS is clearly autosomal 
recessive. Thus WS and progeria subjects show many similarities 
but have many differences as weIl (Brown et al., 1985). 

BASIC RESEARCH ON PROGERIA 

Laboratory investigations of progeria have involved a search 
for a genetic marker in an attempt to help define the underlying 
defect. The cultured lifespan of progeric fibroblasts was 
initially reported to be very reduced (Goldstein, 1969). 
Subsequent studies have shown that although difficulties may 
sometimes occur in the initial establishment of a culture, once 
established, anormal or only a m:>dest reduction in lifespan is 
seen (Martin et al., 1970; Goldstein aud Moerman, 1975). We have 
examined the in vi!!2 lifespans of 11 progeria cell cultures, 4 
WS cultures, 4 parents of progeria subjects, and 3 control 
cultures (Fig. 3). The WS cell lines showed extremely rapid 
senescence with a range of 9-15 maximal population doubling 
levels. The progeria cell lines had a range from about 20 to 60 
population doubling levels. This was reduced by about 1/3 
compared to the parent 1ines and the normal contro1s. The WS 
line population doubling levels were greatly reduced. Thus, a 
marked1y reduced in vi!&Q 1ifespan of progeria cells such as was 
seen in WS was not present. The modest and variable reduction in 
lifespan in culture is un1ike1y to represent a useful marker for 
the disease. 

Goldstein and Moerman (1975) reported finding an increased 
fraction of abnorma1ly thermolabile enzymes, inc1uding 
glucose-6-phosphate dehydrogenase (G6PD), 6-phosphog1uconate 
dehydrogenase (6PGD), and hypoxanthine phosphoribosy1transferase 
(HPRT) in progeria fibroblasts. Based in part on the Orgel 
error-catastrophe hypothesis of aging (1963), it was suggested 
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Fig. 3. In vitro cell lifespans of Progeria and Werner syndrome 
fibrobla~ Cell cultures were initiated from skin biopsies 
(SK, FM, TS, KL, DC, MTS, FTS, B30) or were obtained from other 
investigators (AKl, BS, MM, KC, AK2, PT, MAK, FBS), or were 
obtained from the Camden Cell Repository (GMl178, GM99l, GM780. 
GM7l2, IMR90, WI38). Ages of subjects are indicated (F is 
fetal lung). Cultures were split 4:1 or 2:1 once a week which 
added 2 and 1 population doubling levels respectively. Where 
cells became too sparce to be subcultured in one month, they 
were judged senescent. Progeria cells showed a variably modest 
reduction. WS cells showed a marked reduction in comparison to 
parents and normals. 
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that diseases resembling premature aging may be the result of 
widespread errors in protein synthesis (Goldstein and Moerman, 
1976). Abnormally high thermolabile enzyme levels in circulating 
erythrocytes from one progeria patient with intermediate levels 
in the parents was also reported (Goldstein and Moerman, 
1978a,b). It was suggested that this would support autosomal 
recessive inheritance. Our studies of three progeria patients 
and their families did not confirm these elevations as no 
increased erythrocyte thermolabile enzyme elevations were seen 
(Brown and Darlington, 1980). In our opinion, this lack of 
confirmation indicates that a defect in protein synthetic 
fidelity is unlikely to be the basic defect in progeria, and does 
not support the suggestion of autosomal recessive inheritance. 
Subsequent work by Wojityk and Goldstein (1980) on cell-free 
protein synthesis using progeria fibroblast extracts also found 
no decreased translation ability, which also argues against a 
generalized defect in progeria protein synthesis. 

Abnormal immune function has been postulated as a defect in 
progeria. Walford suggested that progeria could reflect an 
abnormality of immune function because of the similarity to 
experiment graft-versus-host reaction and to runting disease 
(1970). In support of this concept, Singal and Goldstein (1973) 
reported that HLA expression on two cultured progeria fibroblast 
strains was absent. They later reported that there was not an 
absence, but a greatly reduced concentration of HLA cell-surface 
molecules (Goldstein et al., 1975; Goldstein and Moerman, 1976). 
In studies of ten progeria fibroblast strains, we were unable to 
confirm this reported abnormality. We found no evidence for 
either qualitative or quantitative abnormalities of HLA 
expression and no association with HLA type was detected (Brown 
et al., 1980a). Thymic hormone levels have been reported as age 
appropriate (Iwata et al., 1981). Tbus, no immune abnormalities 
have been established for progeria. 

An abnormality of X-ray DNA-repair capacity in progeria 
fibroblasts was suggested by Epstein et al. (1973, 1974) who 
detected decreased single-strand rejoining of gamma-irradiated 
DNA using alkaline sucrose gradients. The presence of altered 
DNA-repair capability was not found in another study. Using a 
somewbat modified metbod for assay of single-strand rejoining, no 
differences between one progeric strain and two atypical progeric 
strains were seen as compared to normals (Regan and Setlow, 
1974). Brown et al. (1976, 1977) showed that co-cultivation of 
two progeric cell strains with normal strains or with each other 
reversed the single-strand DNA-rejoining defect and suggested 
that complementation groups for DNA repair might exist in 
progeria. Weichselbaum et al. (1980) assayed the X-ray 
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sensitivity of various types of human fibroblasts by measuring 
their ability to form colonies following irradiation. They found 
two progeric strains with increased sensitivity and three strains 
with normal sensitivity. These studies suggested some increase 
in radiosensitivity but left open the possibility that damage to 
cellular components other than DNA might be responsible. Rainbow 
and Bowes (1977) using a sensitive host-cell-reactivation (HCR) 
assay of X-irradiated adenovirus reported that two progeric 
strains showed a deficiency of DNA-repair capacity. Brown et al. 
(1980b) studied HCR in two other strains and found one strain to 
show decreased HCR while another showed normal HCR under a 
variety of ce1l growth conditions. These resu1ts suggest that 
heterogeneity of DNA-repair capacity exists among progeria 
fibroblasts. Defective DNA-repair capacity therefore does not 
appear to be a consistent marker for progeria and it seems 
unlikely to represent a basic genetic defect. 

A few other isolated reports have suggested abnormalities in 
progeria. Elevated levels of fibrob1ast tissue factor were 
reported in both progeria and WS cells (Goldstein and 
Niewiarowski, 1976). This cou1d reflect variations in culture 
conditions or growth state of cells unre1ated to genotype, such 
as has been reported for other ce1l types (Magniord et al., 
1977). Anormal insulin-binding receptor response, but decreased 
binding of insulin to non-specific receptors in progeria cells 
has been reported (Rosenb1oom and Goldstein, 1976). Tbe 
significance of nonspecific receptor binding is unclear. 

HYALURONIC ACID (BA) URINARY LEVELS IN PROGERIA AND WS 

A potentially unique marker for both progeria and Werner 
Syndrome appears to be urinary BA excretion. BA excretion has 
been found to be elevated in these two syndromes and has not been 
reported to be elevated for any other genetic disease. HA levels 
in controls are norma11y considered to represent less tban 1% of 
total GAGs. E1evated BA levels have been reported to vary from 2 
to 22% in aseries of Japanesse WS subjects (Tokunaga et al., 
1975; Goto and Murata, 1978; Maekawa and Hayashibara, 1981; 
Murata, 1982). In progeria, urinary BA as apercent of total 
GAGs present was also reported to be e1evated to 4.4% in one 
Japanese subject compared to contro1s of 0.2 and 0.3% (Tokunaga 
et a1. , 1978). 

We bave determined the total urinary excretion of GAGs and 
BA in one Werner Syndrome patient, and three progeria patients, 
one patient with an atypica1 progeroid syndrome, and a contro1 
subject using standard methods for GAG analysis including CPC 
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precipitation, pronase digestion, TCA treatment, ethanol 
precipitation and uronic acid determination before and after 
hyaluronidase digestion (Kieras et al., 1985). Normal levels of 
total urinary GAGs were observed in all affected individuals and 
the control, as shown in Table 2. 

Table 2. Urinary Execretion of Hyaluronic Acid (HA) in Progeria 
and Werner Syndrome 

Sampie Age (yrs) HA as percent of GAG 

Pr~g;;I~----------------------------------------------~-----
1. (PS) 5 10 
2. (FC) 12 16 
3. (TS) 14 5 

WS 41 14 

Control 12 1 

HA analyses for the patients and for the control showed that 
the Werner Syndrome patient and 3 progeria patients had. increased 
levels of urinary HA which ranged from a high of 16% to a low of 
about 5%. The normal individual and the atypical progeroid 
subject showed no significant elevation of HA excretion. 
Although it has generally been accepted that urinary HA levels 
are normally less than about 1% of GAGs, tpere is no systematic 
study available. We have carried out a preliminary study of six 
normal individuals to determine HA excretion as a fdunction of 
age. These results are presented in Table 3. 

Table 3. Hyaluronic Acid Execretion in Normal Subjects vs Age 

Age (yrs) 

2 
12 
22 
30 
41 
65 

HA as % of GAGS 

0.3 
1.7 
1.1 
5.2 
6.7 
5.8 

--------------------------------------------------
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Our initial studies have verified that HA content in young 
children and adolescents was low but after age 30 there was an 
elevation to 5-6%. These results suggest that elevated excretion 
of urinary HA may be anormal characteristic of aging which 
occurs in these premature aging syndromes at an accelerated rate. 

HA AND GAG PRODUCTION IN CULTURED CELLS 
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Fig. 4. HA p~oduction by Progeria and Werner syndrome fibrob1asts 
as a function of ce11 density. HA assayed by 3H-g1ucosamine 
incorporation as described (Zebrower et a1., 1984). Three day 
cu1tures. Progeria and Werner Syndrome fibrob1asts were obtain
ed from the NIA Aging Ce11 Repository (AG 1972, AG 3513, AG 
4110, AG 5230) or were estab1ished from primary biopsies of 
Progeria subjects (SK). Contro1 fibroblast lines were establish
ed from age matched subjects with developmental disabilities but 
without acce1erated aging phenotypes. Approximately, a three
fold excess of HA production was observed in Progeria and Werner 
fibroblasts at all cel1 densities studied. 
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To determine if the elevated HA excretion seen in progeria 
was also reflected in cell culture, we analyzed HA and GAG 
production in normal, progeria, and WS fibroblasts <Zebrower et 
al., 1984). HA and GAG production by progeria, WS, and control 
cells were assayed by measuring both total glucosamine and 
sulfate incorporation into cells and media. HA production was 
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Fig. 5. GAG production by Progeria and Werner Syndrome fibrob1asts. 
GAG was assayed as described (Zerbrower et a1., 1984), fo110wing 
three day cu1ture of the same cu1tures in fig. 4. Approximate1y 
a three fo1d elevation of production was seen at all cell den
sities examined. 
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found to be elevated in progeria and Werner Syndrome compared to 
normal cultures at all cell densities measured, as shown in Fig. 
4., A pronounced difference in total GAG production was also 
observed when normal fibroblasts were compared with Werner and 
~rogeria fibroblasts as a function of cell density, as 
lllustrated in Fig. 5. A similar difference in GAG and HA 
excret~on into the media was seen in comparing Werner and 
proge~l~ to normals as a function of cell density. Non-HA 
contalnlng GAGs, as assayed by sulfur incorporation, were also 
found to decrease as a function of cell density, and were also 
found to be produced in excess in Werner and progeria 
fibroblasts. 
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In order to determine whether the overproduction of GAGs, in 
general, and HA, in particular, was related to increased 
synthesis or to faulty degradation, cultures from normal, Werner, 
and progeria lines were labe11ed for 4, 8, and 24 hours and then 
assayed. There was little comparative difference in either total 
tritiated GAGs or HA produced unlike the marked difference that 
was seen at 72 hours of cultivation.. This suggests a 
degradative pathway abnormality is apparently present since 
initial synthesis was relatively unimpaired. 

The quest ion of how this defect in GAG metabolism in 
progeria and Werner cases is media ted was studied by employing a 
complementation assay similar to that used in studies, of Hurler 
and Hunter syndromes (Fratantoni et al., 1968a, 1968b). As shown 
in Fig. 6, when Werner cultures were fed with conditioned media 
from normal lines, tritium incorporation into GAGs in both the 
cell and media fractions was decreased. Progeria fibroblasts 
were also complemented by Werner media in a similar manner. Less 
reduction was observed when progeria cells were cross-fed with 
normal media. 

FACTORS GOVERNING HA AND GAG PRODUCTION 

The relationship governing GAG production in fibroblasts 
appears to vary in a complex fashion as a function of age of the 
culture, age of the donor from which it was taken, the density of 
the culture, and possibly the disease afflicting the donor. The 
total production of GAGs and HA in fibroblast cultures has been 
found to vary inversely as a func~ion of ce11 density (Hronowski 
and Anastassiades, 1980) regardless of the source of the 
fibroblasts. The composition of GAGs though has been found to 
change as a function of the population doubling level (PDL) of 
the cultures. Schachtschabel and Wever (1981) examined the 
synthesis and distribution of GAGs as a function of PDL in human 
embryonic fibroblasts. It was observed that GAG synthesis 



390 

60 

z 
Q 40 
f-
Ü 
::J 
o 
UJ 
er: 

* 20 

o 

Werner 

W. T. BROWN ET AL. 

Gell Fraction Medium Fraction 

Werner 

Proger ia 
Proger ia 

Normal Progeria Werner Normal 

SOURGE OF GONDITIONED MEDIUM 

Fig. 6. Complementation of Werner and Progeria lines by conditioned 
media. Percent reduction in GAGs ~roduced by cross feeding with 
conditioned media was measured by H glucosamine incorporation. 
The graph shows the varying sources of conditioned media pro
duced differing degrees of reduction of the excess GAGs 
produced . 

declined only during the last 5 divisions before phaseout. This 
decline was accompanied by a decline in HA production both in 
absolute and relative quantity in cellular and media fractions. 
Production of another GAG, heparan sulfate, was found to increase 
continually during the very last population doublings. Vogel et 
al . , (1981) reported that HA production was found to increase in 
the medium fraction of an old donor relative to a young donor. 
Total GAG production appeared greater in the older than the young 
donor . One complication in the interperation of all these 
studies is that the data were normalized in terms of cell protein 
content as measured at the beginning of the labelling period 
rather thari cell density at the end of the labelling period. As 
the growth rates of the lines may be significantly different, 
vastly different incorporation rates may be present because of 
the relationship between cell density and GAG production. The 
underlying biochemical reasons for these changes in GAG 
production have not been explained. 
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Excess HA and GAG production has been reported by Tajima et 
al. (1981) for one line of WS fibroblasts; however, these workers 
did not normalize their data to constant cell densities. 
Fibroblasts from another genetic disease affecting connective 
tissue, Marfan Syndrome, have been observed to accumulate 
significantly greater amounts of HA than normal lines (Malaton 
and Dofman, 1968). This accumulation of HA was found to be 
related to an overactive synthetase rather than some degradation 
defect. In a cel1-free system, increased rates of synthesis were 
observed even though the physical properties of the particular 
enzymes involved did not seem to change (Appe1 et al., 1979). 
Production of HA in fibroblasts has been found to be elevated in 
Osteogenesis Imperfect (Turakainen et al.,1980). This elevation 
has also been found to be due to an aberrant synthetase as 
measured in a cel1-free system. 

HA and GAG production during embryogenesis is believed to 
playa very important role in morphogenesis. HA production in 
particular is associated with the formation of the primary 
mesenchyme and the first cell-free spaces in the rat embryo 
(Solursh and Moriss, 1977). In chick embryos, a striking 
correlation between hyaluronate synthesis and cell movement and 
proliferation is observed as weIl as between HA degradation and 
differentiation. For example, in the chick embryo cornea, a 
close correlation exists between the presence of HA and the 
per iod during which corneal mesenchyme migration and 
proliferation in the hydrated primary stroma occur. Both corneal 
mesenchyme migration and HA production occur during days 3-9 of 
development. The removal of HA by hyaluronidase begins on day 10 
and corresponds with the cessation of migration and proliferation 
of the mesenchymal ce1ls as weIl as their differentiation into 
corneal keratocytes (Bay, 1980; Toole and Trelstad, 1971; 
Tre1stad et al., 1974; Toole, 1981). 

HA appears to act as an anti-angiogenesis factor. During 
development tissue regions that are high in HA concentration are 
invariably avascular zones. HA containing implants were shown to 
cause avascularity when implanted into normal vascular wing 
mesoderm (Feinberg and Beebe, 1983). HA thus appears to be 
crutial in the morphogenesis of blood vessels in the embryo and 
may be expected to play an equally important role as an 
anti-angiogenesis factor during maturation and aging. 
Our results in progeria and WS suggest abnormalities of HA 
excretion on degradation may provide a consistent marker. 
Mutations of HA metabolism may underlie these diseases and relate 
to major genes affecting accelerated aging. 
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CONCLUSIONS 

Progeria is a rare genetic disease with striking features 
that resemble accelerated aging. The inheritance pattern, 
paternal age effect, and lack of consanguinity argue that it is 
due to a sporadic dominant mutation. We have observed elevated 
levels of Hl excretion in progeria and WS patients. Their 
cultured cells also accummulate excessive Hl. We hypothesize 
that the failure of patients with progeria and WS to thrive may 
be due to a lack of vasculogenesis caused by excess HA. Clinical 
features which supports this hypothesis include the 
sclerodermatous appearance of the skin, decreased number of blood 
vessels and increased incidence of death due to cardiovascular 
problems found in patients with these disorders. The nature of 
such a genetic mutation leading to an increase in Hl needs to be 
elucidated to understand the cause of progeria. Insight into the 
nature of this mutation may help in understanding a gene or genes 
with a major effect on aging. 
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Reeent advanees in our understanding of the bioehemistry and 
pathogenesis of the amyloid diseases have begun to provide infor
mation regarding the age-re1ated amy1oidoses in humans. Monospe
eifie antisera to fibri1 subunit proteins are being used for the 
immunohisto1ogiea1 typing of different forms of amyloid. This re
view will summarize eurrent information re1ating amyloid to aging, 
partieu1ar1y in regard to the pathoanatomie triad of is1et ee11 
hya1inization of the panereas (type 11 diabetes me11itus), senile 
eardiae amy1oidosis, and p1aques/eongophi1ie angiopathy in brain 
(senile dementia/A1zheimers disease). 

PATHOGENIC FACTORS 

Amyloid deposits are homogeneous, hyaline and extraee11u1ar 
bodies, with speeifie tinetoria1 properties, most notab1y metaehro
masia and birefringenee after staining with a1ka1ine eongo red. 
E1eetron mieroseopy revea1s that they are eomposed primari1y of un
branehing 100-150o A fibri1s. Fibri1s form in tissue due to po1y
merization of low mo1eeular weight subunit proteins that ean be 
iso1ated under dissoeiating eonditions. The eonsequenees of amy
loid deposition depend on the organ system invo1ved, the size of
the deposits, and their loeation. Sinee the ear1y pathologie de
seriptions of Virehow, it has been reeognized that systemie amy
loidoses may be assoeiated with striking eongophi1ie angiopathy, 
with vesse1 wall invo1vement eharaeteristiea11y eontiguous to ear1y 
tissue deposits. The 1atter, in turn, appears to ref1eet the ori
gin of some of these subunit proteins from the b1ood. In spite of 
u1trastruetura1 and tinetorial homogeneity, however, amyloid fibri1s 
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associated with different under1ying diseases may, in fact, be com
posed of distinct chemica1 types of subunit protein. Pathogenic 
factors identified to date inc1ude the presence of variant or ab
normal precursor molecules, structural "amyloidogenicity" (often 
associated with a beta pleated sheet configuration), polymorphism 
and proteolysis of subunit proteins. Levels at which genetic fac
tors may be operative include abnormal synthesis or translation of 
amyloid-related proteins, or faulty degradation of precursors or 
fibrils (Thomas 1975; Glenner, 1980; Gorevic et al., 1982). 

A nomenclature for the c1assification of the major types of 
systemic amy1oidosi! has been developed based on structural studies 
of fibril subunit proteins (Cohen and Wege1ius, 1980) (Table 1). 
These include so-called "primary" and myeloma-associated amyloid
osis, in which fibrils are composed of intact immunoglobulin light 
chains and/or fragments of light chain (AL), "secondary" amyloidosis 
and amyloidosi! associated with familial meditteranean fever (FMF) , 
and the prealburnin-related amyloidoses. All types of amyloid also 
contain a second, less prominent, structural component, designated 
the P, or "pentagonal" component because of its "doughnut" config~ 
uration in cross section as seen electron microscopica11y in ex
tracted material (Pepys and ßaltz, 1983). The bio1ogic signifi
cance of P-component for the pathogenesis of amyloidosis is not 
clear. This nornenclature includes the designation "AS" to be used 
for senile amyloid subunit proteins, further modified by a letter 
to denote the major organ system involvement, and subscript numbers 
for different amyloid fibril proteins identified in the same organ. 
Thus, amyloid ~ibril proteins isolated from senile brain will be 
designated ASbi , ASb2 etc. as they are characterized biochemically 
and/or immunoh sto10gically. 

AGE-RELATED AMYLOID IN OTHER SPEcrES 

Spontaneous amy1oidosis OCCUTS in a wide variety of mammalian 
species (Walford, 1967; Rigdon, 1974). However, most forms of age
related amyloid in animals so far characterized biochemica11y have 
proven to be simi1ar to human secondary (AA) amyloid (Gorevic et al, 
1977; Westermark et a1., 1979). Here the apparent relation to age 
may simplyreflect duration of exposure to causative factor(s), 
often a chronic inflammatory stimulus, such as chronic granuloma~ 
tous disease in monkeys. Studies in the duck (Rigdon, 1974) and 
mouse (Thung, 1957) have shown that genetic differences may pro
foundly influence the rate of development of spontaneous amY1oid
osis in these species. 

Amyloid deve10ping in the "senescence-accelerated mouse" (SAM) 
(Takeda et al., 1981), as weIl as the SJL (Scheinberg et al., 1976) 
and Low-Leukocyte Count (LLC) (Chai, 1976) strains of mice does not 
appear to be AA in nature biochemically and/or immunohisto1ogically. 
The fibril subunit proteins obtained in each of these strains have 
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Table 1. Nomenclature and Classification of Amyloid 

Structural Fibril- Amyloid-
Component Subunit Related 

Protein Serum 
Protein 

Primary Cl 0) 
Myeloma-Assoeiated AL SAL 

Amyloid Fibril 
(3 

Seeondary (2 ) 
Familial Meditteranean M SMl , Z' etc. 

Fever (FMF) 

FAP Syndromes AF a (P,J,etc) PA 
SCA ASeo 
Medullary Careinoma Thyrocalei-

of the Thyroid AE+ tonin 

P-Component All Types AP SAP 

AL - Immunoglobulin light ehain-derived; M - Amyloid A protein; 
Pa-Prealbumin (transthyretin]; SM1,Z etc. - SM isotypes; AP '" 
SAP serum and tissue forms of P-component appear to be identieal 
to eaeh other; AE - Endocrine organ-related. 

aFamilial amyloid subunit protein has been designated AF, with 
subseript referTing to specific ldndred (e.g. F'ortuguese, Japanese] 
Not all forms of PAP have been shown to oe Pa. 

bASe refers to subunit proteins oecurring in Senile Cardiae Amy
loidosis. So-ealled Isolated Atrial Amyloidosis (IAA) has oeen 
shown to be immunohistolocially and clinically distinet from the 
diffuse ventricular form (SeAl (Cornwell and Westermark, 19801 
and may be found eventually to contain other classes of subunit 
proteins. The two types of senile eardiae amyloid subunit have 
been designated ASe l and ASc Z (cohen and Wegelius, 1980). 

different amino acid eompositions from murine M protein. In the 
ease of the SAM and LLC mouse strains they also do not reaet with 
standard immunoglobulin light ehain determinants (Matsumura et al., 
198Z). The SAM strain has been advanced as a model for aeeeierated 
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senescence based on the fact that amyloid deposition occurs follow
ing normal development, involves articular structures and interver
tebral discs (Shimizu et al., 1981) in addition to a number of 
other organ systems, and is accompanied by other signs of premature 
aging such as cataracts, loss of hair and skin 'glossiness (Takeda 
et a1., 1981). The relavence of this animal model to human aging 
awaits further characterization of the subunit protein and its 
putative serum precursor. 

SENILE AMYLOIDOSIS IN HUMANS 

Age-related amyloidosis in humans tends to occur in certain 
organ systems as distinct pathologie entities (Wright et al., 1969), 
most notably the pancreas (Opie, 1901), heart (Soyka, 1876), lungs 
(Smith, et al., 1979), brain (Divry, 1934), aorta (Cornwell, et al., 
1982), seminal vesic1es (Pitkanen, et al., 1983) and osteoarticular 
structures (Ladefoged and Christensen, 1980), Although the inci
dence of amyloid in each increases with age, there is only a poor 
correlation between organ systems in any individual, perhaps sug
gesting different pathogenic factors for each entity. Consequently, 
it may be more correct to classify some of the "senile" amy10idoses 
as 10calized or organ-specific (G1enner, 1980) rather than systemic 
and to stress the importance of ground substance or local metabolie 
factors in explaining selective deposition in certain organs. Pan
creatic amyloid tends to occur ear1ier with a much flatter age
related incidence than brain, heart or aorta; there is also consider
able sampling variation when different series are compared (Wright, 
1969) . 

Originally, it was considered that secondary (AA) amyloidosis 
may relate to aging. However, older reports of increased levels 
of serum amyloid A (SAA) protein, a major acute phase reactant,in 
the blood of old people (Rosenthai and Franklin, 1975) independent 
of any disease processes present, have not been substantiated in 
more recent studies (Hijman and Sipe, 1979). 

ISLET CELL HYALINIZATION 

Postmortem studies have shown that the major correlate of 
is1et cell amyloid is a history of diabetes mel1itus and, although 
deposition also occurs in older nondiabetic persons, the relation 
to aging may be more apparent than real (Maloy, et al., 1981). 
Pancreatic amyloid deposits primarily involve individual is1ets, 
often in a spotty distribution (Fig. 1), more so the head than the 
tail of the organ and rarely extend to surrounding exocrine tissue 
or blood vessels. The degree of islet amyloidosis appears to 
correlate somewhat with the clinical severity of antecedent dia
betes, It thus appears that amyloid deposition in this setting 
is a concomitant,. but unlikely to be a cause of, clinical diabetes. 
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Fig. 1. Amyloid deposits in pancreatic is1ets; congo red stain 
viewed by po1arizing microscopy (x 75) . 
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Histochemica1 features of this form of senile amy1oidosis, 
inc1uding absence of tryptophan in deposits, has suggested simi1ar
ity to what Pearse has termed "Apudamy1oid" (Pearse, et a1., 1972), 
loca1ized forms occurring in association with tumors such as med
u11ary carcinoma of the thyroid (Westermark et a1., 1977). Amy
loid associated with the 1atter has been shown to contain thyroca1-
citonin by sequence analysis (Sletten et a1., 1976) and immuno
histo1ogy (Tab1e 1). By ana1ogy, severa1 investigators have sug
gested that is1et cel1 amyloid may prove to be composed of pro
hormones of insulin or glucagon, A1though this has yet to be sub
stantiated by direct amino acid sequence analysis of iso1ated 
fibril subunit protein, reactivity with an antiserum to insulin B 
chain was shown in arecent study, both by bin ding to purified 
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fraetionated fibri1s and immunohistoehemieally in tissue seetion 
(Westermark and Wi1ander, 1983). 

SENILE CARDIAC AMYLOIDOSIS 

Three forms of eardiovaseu1ar age-re1ated amyloid have been 
distinguished, ine1uding Isolated Atria1 Amy1oidosis (IAA, loeal
ized), Diffuse Ventrieu1ar Senile Cardiae Amy1oidosis (SCA, gen
era1ized) (Cornwe11 and Westermark, 1980), and a third form invol
ving the aorta (Cornwe11 et al., 1982). Each type oecurs with a 
distinet ineidence and immunohisto1ogy. Cardiae amyloidosis may 
be present in up to 50% persons over age 65 in postmortem series 
and is more eommon1y restricted to the atria (left > right) than 
the ventrie1es, with ear1iest deposits forming on the subendoear
dia1 surfaee (Wright and Calkins, 1975). Many eases are asympto
matie in 1ife and on1y discovered postmortem (Fig. 2). SCA may 
also be associated with the finding of sma11 deposits of amyloid in 
the lung, invo1ving primarily blood vesse1s and/or alveolar septa 
(Smith et a1., 1979). 

Fig. 2. Nodular amyloid deposit in left ventric1e found inciden
tia11y at post mortem; eongo red stain viewed by polariz
ing microscopy (x 250). 
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Two groups of researchers have isolated SCA amyloid fibrils 
and characterized the subunit protein as being thyroxine-binding 
prealbumin (transthyretin) (Sletten et al.,1980; Cornwell et al., 
1987; Gorevic et al., Submitted). The same serum protein has also 
been identified biochemically in fibrils isolated from at least 
five different kindred affected by Fami1ial Amyloidotic Polyneuro
pathy (FAP). Amino acid sequence studies of these proteins has 
shown some to be mutant or variant moleeules from the sequence of 
normal pooled plasma prealbumin (Pras et al., 1981; Saraiva et al., 
1984). The FAP syndromes are distinct from SCA, however, in that 
they occur in younger individuals, are inherited in an autosomal 
dominant fashion and, whereas the amyloid is often widespread, 
there is a distinct predilection for deposition in the peripheral 
nervous system. In both SCA and some FAP syndromes, the existence 
of prealbumin in tissue deposits can be demonstrated by immunoper
oxidase staining of formalin-fixed material (Fig. 3). 

SENILE PATHOLOGY IN BRAIN 

G1enner has termed Alzheimers disease "the commonest form of 
amy1oidosis" (G1enner, 1983) because of its preva1ence and the age
re1ated increased incidence of the characteristic pathologie lesions 
in the aging brain (Peress et al., 1973). The neurofibrillary 
tangle, neuritic plaque core and amyloid deposits in vessel walls 
(Kidd, 1964; Terry et al., 1964) are all congophilic, but none are 
unique to senility and each occurs in other disease entities (Table 
2), The structural components of senile pathology in brain may 
also be discordant in individual cases; thus, striking fibrillary 
pathology may be found in some instances of Alzheimers Disease, in 
spite of the presence of few senile plaques, and vi ce versa, Such 
observations suggest that the development of each lesion may be 
due to distinct pathogenic factors. Identical patho1ogy to Alz
heimers disease also occurs in high frequency in adult Down's syn
drome, making this disease an important model in which to study the 
clinica1 corre1ates of senile patho1ogy in brain (Epstein, 1983), 

Changes in the neuronal perikaryon inc1ude neurofibrillary 
(Al zheimer , 1906) and granulovacuolar (Simchowicz, 1911) degenera
tion, affecting up to 40% of the neurons in the hippocampa1 cortex. 
The u1trastructura1 corre1ate of the Neurofibrillary Tangle (NFT), 
seen both in tissue section (Kidd, 1964; Terry et al., 1964; 
Yagashia et al., 1981) and in purified material (Iqbal et al., 1975; 
Wisniewski et a1., 1983), is the "Paired Helical Filament" (PHF) or 
"Twisted Tangle", which is both argyrophilic and binds congo red. 
PHF are composed of 90-120 AO filaments with an 80 nm periodicity; 
recent electron microscopic studies of purified material have in-
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Fig, 3. Immunoperoxidase stain of cardiac museie from a case of 
diffuse ventricular "senile" cardiac amyloidosis (SeA), 
developed with an antiserum to prealbumin 1:200 dilution, 
showing masses of amyloid around museie fibers (x 125). 
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dicated that each filament may be composed in turn of four proto
filaments (Wisniewski et al., 1983). 

Enriched preparations of NFT have been obtained by utilizing the 
insolubility of these structures in urea, SOS, reducing agents, 
guanidine and acid/alkali (Selkoe et al" 1982). Purified NFT are 
remarkably resistant to all proteinases and yet appear to be pre
dominantly protein, yielding a reproducible amino acid composition 
on acid hydrolysis (Selkoe et al., 1982; Pons-Estel et al., Submit
ted), Iqbal et al (19) have reported that NPT repeatedly extracted 
in 10% SOS, 10% beta-mercaptoethanol, followed by serial sonication 
and sucrose gradient centrifugation have low molecular weight pep
tides in the range of 45,000-55,000 daltons which appear to be in
herent antigens that can be visualized on SOS gels (Iqbal et al., 
1984), Purified NFT have been used to raise antisera (Ihara et al., 
1983; Grundke-Iqbal et al., 1984) which recognize tangles in tissue 
section, both in affected neurons (Fig. 4a) and in dystrophie neu
rites of senile plaques (Fig. 4b). Ihara et al have reported that 
polyclonal anti-NFT does not react with normal brain proteins or 
recognize low molecular weight proteins on immunoblots of purified 
NFT or brain homogenates run onto SOS gels (Ihara et al., 1983). A 
series of monoclonal antibodies to NPT have also been recently de
veloped (Wang et al., 1984; Selkoe et al., 1984), some of which 
appear to be useful immunohistological reagents for the definition 
of neurofibrillary degeneration in tissue section. 

In spite of the above findings, the issue of shared antigeni
city between NFT and normal brain antigenie determinants is still 
unsettled. Grundke-Iqbal et al ( Grundke-Iqbal et al., 1979) have 
reported that antisera raised to microtubule-enriehed preparations 
of normal brain eross-reaet with NFT, and that on the basis of cross 
absorption studies the shared antigen is neither tubulin or neuro
filament protein. Several investigators have found some antineuro
filament antisera to react with NFT in tissue section, though not 
with NFT isolated in SDS/mercaptoethanol or Tris/saline (Dahl et al., 
1982; Anderton et al,. 1982; Gambetti et al., 1983), Anti-NFT, 
however, do not react with purified neurofilament proteins, Possible 
explanations for these cross reaetivities inelude a deformation in 
vivo of normal neurofilament ultrastructure (Sehlaepfer, 1978) to
produee NFT, or the elose association of altered neurofilaments 
with NPT strueture that is somehow lost during extraction. 

SENILE PLAQUE CO RE 

Structurally, the senile plaque is the most unique form of 
amyloid in aging, and potentially the most difficult to isolate to 
homogeneity beeause of its close association with other fibrillary 
structures, including the NFT (Fig, 4b) (Narang, 1980), In aging 
brains, plaques are found primarily in the hippocampus whereas in 
A1zheimers disease they are widely distributed throughout the cortex. 
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Fig. 4a. Immunoperoxidase stain of hippocampa1 cortex from a case 
of A1zheimers disease, deve10ped with a po1yc1ona1 anti
serum to NFT, 1:250 dilution, showing numerous neurons 
with intrace11u1ar neurofibri11ary patho1ogy (x 250). 

Fig. 4b. High power view of a fie1d of hippocampa1 cortex con
taining severa1 mature senile plaques, stained with anti
NFT showing neurofibri11ary degeneration of neuritic end 
processes, but no staining of the amyloid plaque core (x 
500). Courtesy Drs. B. Pons-Este1, F. Goni and B. Frangione, 
NYU Medica1 Center. 
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Corre1ates of the density of senile plaques inc1ude the degree of 
neuronal ce11 10ss, deficiency of cho1ine acetyl transferase and 
intellectual impairment. 

Ear1y anatomie studies noted the contiguity of plaques to sma1l 
b100d vesse1s, many of which were found to have amyloid in their 
walls (Scholz, 1938; Vander Horst et a1., 1960), A major unreso1ved 
controversy is whether contiguous congophi1ic angiopathy ref1ects 
the fact that the core originates from the b100d 1ike other forms 
of systemic amy10idosis, or whether it is 1aid down due to modifi
cation of 10ca11y synthesized protein in a fibri1lar configuration 
(Wisniewski and Terry, 1973). Histochemical1y, the senile plaque 
core also resembles Apudamyloid (Powers and Spicer, 1977) in 1ack
ing tryptophan and being permanganate-resistant (Wright et al., 1977). 
Various claims have been made for specific immunoreactivity of core 
protein in tissue section, including the demonstration of immuno
globulin determinants by electron microscopy (Ishii and Haga, 1976), 
staining of plaque amyloid and congophi1ic angiopathy by antibodies 
to neurofilament triplet proteins (powers et a1., 1981), and th~ 
presence of prea1bumin in neuritic plaque, NFT and angiopathy by 
immunoperoxidase staining (Shirahama et al., 1982). Of the three 
however, only congophi1ic angiopathy was found to stain positively 
for P-component (Westermark et al., 1982). A consistent finding 
so far is that anti-NFT does not cross react with plaque core 
(Fig. 4b). 

Al1sop et a1 (68)recent1y pub1ished amino acid compositions 
of senile plaque co re preparations iso1ated from cases of senile 
dementia by seria1 sieving of brain homogenates, fo110wed by sucrose 
gradient centrifugation under nondissociating conditions (contamin
ating neuronal ce11 nuclei and ce1l bodies were 1ysed by treatment 
of the preparations'with subtilisin). Purified plaque core protein 
was found to share with NFT the properties of insolubi1ity in SDS 
and urea, as weIl as resistance to proteolysis. The amino acid 
composition obtained differed from that of known AL, AA and Pa
re1ated proteins, suggesting the presence of a unique subunit pro
tein, 

A1though the exact nature of the plaque core protein remains 
unknown, some interest has centered on the Prion (Proteinaceous 
Infectious Partic1e) as a factor in its genesis, or as an actua1 
constituent of the plaque itse1f (Prusiner, 1984). Amyloid plaques 
histologically identica1 to those seen in senile dementia may occur 
in the subacute spongioform encephalopathies, including Kuru and 
Creutzfe1dt-Jakob Disease (sporadic and familial) in humans (Masters 
et a1" 1981), as weIl as natural1y occurring or induced scrapie 
in animals (Bruce and Fraser, 1975), In mice, the density and 
distribution of plaques vary with the route of infection and the 
genotype of the host (Bruce et al" 1976; Bruce and Fraser, 1981), 
Prusiner et a1 have iso1ated the scrapie agent to homQgeneity in 
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a hamster model and shown that it copurifies with rod~like struc
tures that bind congo red and are birefringent (Prusiner et al., 
1983). These rods appear to be composed exclusively of a subunit 
glycoprotein, designated PrP, which has a molecular weight of 27-
30,000 daltons and is also resistant to proteolysis (Prusiner et al., 
1984). Anti-PrP stains amyloid plaques in the infected hamster 
brain and can be used to demonstrate the agent immunohistologically 
during the preclinical period of scrapie infection (Bendheim et al., 
1984) • 

In spite of pathologic similarities, the relationship of 
Alzheimer Disease to the transrnissible spongioform encephalopathies 
remains unclear. Tbe latter are associated wixh the presence of a 
third type of filamentous structure, designated Scrapie-Associated 
Fibrils (ßAF) , which can be identified ultrastructurally (Merz et al., 
1981) in hornogenized brain fractionated on discontinuous sucrOse 
gradients. SAP are distinct fram amyloid fibrils or NPT in having 
a diameter of 11~14 nm, consisting of 2-4 twisted filaments with 
a 40-90 nm periodicity. One group has reported the presence in 
SAP preparations of a subunit protein with a molecular weight of 
26,000 (Diringer et al., 1983). Although SAP could be demonstrated 
in Kuru, Creutzfeldt-Jakob Disease and Scrapie-infected animals, 
they were not observed in Alzheimers Disease or other conditions in 
humans associated with neurofibrillary degeneration (Merz et al ..• 
1984) (Table 2). 

CEREBRAL AMYLOID ANGIOPATHY 

Congophilic angiopathy in brain primarily affects medium-
sized and small arteries of the leptomeninges and superficial cer
ebral cortex, with a predilection for the temporal and occipital 
lobes but generally sp~res the white matter, basal ganglia, cere
bellum and brainstem (pkazaki et al., 1979). It is usually not 
associated with systemic amyloidosis (including the PAP syndromes). 
cardiac or pancreatic amyloid of aging, or cerebral or visceral 
arteriosclerosis. Cerebrovascular amyloidosis may occur in several 
forms. It may be associated with plaques and tangles in Alzheimers 
disease (Mandybur, 1975) and adult Down's syndrome, or present as 
recurrent intracranial hemorrhages in younger individuals unaffected 
by hypertension. diabetes or arteriosclerosis, either in the sporadic 
or familial forms (~udmundsson et al •• 1972). Cerebrovascular 
amyloidosis has been reported to be present in as many as 90% of 
cases of Alzheimers disease (Glenner et al .• 1981). 

Amyloid fibrils have been isolated from dissected leptomeningeal 
vessels obtained postmortem from cases of a large Icelandic kindred 
affected by angiopathy. and from the brains of individuals with 
Alzheimers disease and Down's syndrome with senile dementia found 
to have prominent vascular involvement at autopsy. Subunit proteins 
obtained under dissociating conditions from Icelanders with amyloid 
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Table 2. Congophilic Structures in Alzheimers Disease 

A. Neurofibrillary Degeneration 

? Unique Protein 
? Deformation of Neurofilamentous Structure 
? Other Shared Antigens Ce.g. Microtubule-Associated 

Antigens) 

Found In CWisniewski et al., 1979) 

Aging Brain 
Presenile/Senile Dementia 
Down' s Syndrome 
Dementia Pugilistica 
Guam-Parkinson Dementia Complex 
CJncluding unaffected Guamanians) 
Postencephalitic Parkinsonism 
Amyotrophic Lateral 5clerosis 
Steele-Richardson-Olszewski 5yndrome 

B. Senile Plaques 

? Prion 

Experimental 

Aluminum Intoxication 
Spindie Inhibitors 

? Modification of Neurofibrillary Tangle ProteinCs) 
? Modification of Other Proteins (e.g. Neurohormones) 

Found In 

Aging Brain 
Alzheimers Disease 
Down t s Syndrome 
Kuru 
Creutzfeldt-Jakob Disease 
Gerstman-Straussler Syndrome 

C. Cerebrovascular Amylo~d 

Experimental 

Scrapie 
Aging Brain (Horses, 

Dogs, Monkey) 
Wasting Disease of 

Mule Deer 

? Beta Protein (Alzheimers Disease/AdultDowns Syndromel 
? Gamma Trace Protein (Familial Angiopathy) 

Age-Associated 
Sporadic 
Hereditary 
Alzheimers Disease 
Adult Down's Syndrome Cjrisomy 211 

409 
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angiopathy were found to have sequence homology to gamma trace 
(Cohen et al., 1983), a protein initially identified in normal 
cerebrospinal fluid and urine of patients in renal failure, which 
also appears to be selectively present in certain neuronal cell 
populations by immunohistology (Grubb and Lofberg, 1982). Amino 
acid sequence analysis of vascular amyloid fibrils from cases of 
Alzheimer's disease and Down's syndrome have disclosed a novel 
"beta" protein (beta pleated sheet by x-ray diffraction) with no 
sequence homology to any known brain or serum protein (Glenner and 
Wong, 1984; Glenner and Wong, 1984). 

IMMUNOPATHOLOGYOF THE AMYLOID DISEASES 

All the senile amyloidoses are distinct from the AA form of 
systemic amyloid on the basis of permanganate resistance (Table 
3) and lack of reactivity with antisera to AA protein. The iso
lated atrial form of cardiac, as weIl as islet cell and plaque 
core amyloids share with the Apudamyloids a lack of tryptophan 
(Pearse et al., 1972), assessed histologically by the p-dimethyla
minobenzaldehydenitrate method. However, this observation will 
need to be corroborated by detailed amino acid compositions of 
purified subunit proteins. It is of interest, nevertheless, that 
plaque core and congophilic angiopathy in brain differ histochemic
ally in regard to tryptophan reactivity, providing additional evi
dence that they may be biochemically different pathologic entities. 
All forms of senile amyloid excepting the plaque core (Powers et al., 
1981), appear to contain P-component, which has been demonstrated 
immunohistologically or by direct extraction (Westermark et al., 
1975) (Table 3). It should also be noted that in blood vessels 
AP reactivity may be difficult to interpret, as this protein has 
been shown to be a component of elastic fiber microfibrils in various 
normal tissues (Cornwell et al., 1982; Breathnach et al., 1981). 

The utility of immunohistochemical methods for the typing of 
the systemic amyloid in tissue has been established recently 
(Fujihara et al., 1980; Shirahama et al., 1981). Monospecific 
antisera to AA protein, P-component, prealbumin, thyrocalcitonin 
and, in some instances, light chain determinants, have increased 
the specificity and accuracy of the immunodiagnosis of the amyloid 
diseases. Recent studies in our laboratory have shown that the 
specificity of reactions with monospecific antisera in tissue section 
can be corroborated in immunoblots of small frozen biopsy specimens 
solubilized in dissociating buffers and run onto two-dimensional 
gels (Turner et al., 1983). To a great extent such approaches 
circumvent artefacts or inconsistencies of staining due to non
specific absorption of proteins onto amyloid deposits. Although 
the immunopathologic differentiation of the senile amyloidoses is 
still in its infancy, it may be anticipated that monoclonal or 
polyclonal antisera to core and beta proteins, PrP or SAF antigenic 
determinants, variant prealbumin molecules or fragments, or extracted 
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islet cell fibril fractions will further refine our ability to 
distinguish between the various forms age-related amyloid in humans. 

Table 3. Histochemistry of the "Senile" Amyloidoses in Humans 

Congo Red Bire-
fringence 

Fibrils (EM) 

Tryptophan-Con-
taining* 

Permanganate Re-
sistant (Narang , 
1980) 

P-Component 

Cardiac Pancreas 
SCA IM 

+ + + 

+ + + 

+ 

Brain 

+ 

+ 

Plaques -
Vessels + 

Yes· Yes Yes Yes 

+ + + Plaques-
Vessels + 

Aorta 

+ 

+ 

+ 

Yes 

?+ 

* Lacking in amyloid of polypeptide-producing tumors of endocrine 
tissue (Pearse et al., 1972). 

+ Background immunofluorescence due to reactivity of antiserum 
with aortic tissue (Cornwell et al., 1982). 

AMYLOID AND AGING 

Some amyloid-related proteins may prove to be biochemical 
markers for either the aging process, or for specific diseases 
associated with aging. Isolation and characterization of fibril 
subunit proteins in some instances has led to the identification 
of cross-reactive serum proteins, the development of sensitive 
quantitative assays and the characterization of abnormal polymorphs 
or mutant molecules which appear to be more susceptible to poly
merization, proteolysis and, perhaps in some instances, cross 
linking. Information regarding the biological functions of many 
of these proteins is still rudimentary. It is of interest,'however, 
that some, such as prealbumin and gammatrace share sequence homo
logies to various peptidergic gastroenteropancreatic neuroendocrine 
hormones (Grubb and Lofberg, 1982; Jurnvall et al., 1981), and 
others (prealbumin, SM) have been found to have immunoregulatory 
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properties in vitro (Burton et al., 1978). Deposition of these pro
teins in tissue is an important pathologie eorrelate of the fune
tional decline of specifie organ systems in humans. It is not elear, 
however, whether this process is a result of somatic mutation, is 
genetically determined but expressed late in life, or is the result 
of errors in translation, transcription, processing or degradation, 
perhaps related to abnormalities of specific enzyme or scavenger 
systems. Ultimately, these alternatives will require further bio
chemical characterization of the heterogeneous forms of amyloidosis 
in aging, cloning of the genes responsible for the production of 
these proteins, and the study of their elaboration in various amyloid 
diseases and in older persons in whom senile pathology is either 
clearly demonstrable or apparently lacking. 
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Foundation. The authors gratefully acknowledge the secretarial 
help of Mrs. Karen Abramowski, and the technical support of Ms. 
Eleanor Boss. 
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WERNER SYNDROME 

When he was a medleal student In the ophthalmology ellnle at 
Kiel University, Otto Werner (1904) deseribed four slbllngs who had 
"seleroderma In assoelation with cataracts." Al though he fel t that 
there was no "evldenee for a degenerative conditlon" In the famlly, 
the pedIgree Is elassleal for an autosomal reeessive eondltlon. 
Thannhauser (1945) reviewed published eases, listed twelve 
eharacterlstlcs of the syndrome, including the tendency to oceur In 
slblings, and pointed out that the skin changes were not true 
scleroderma. The modern era of Werner syndrome research was ushered 
in by the publication of Epstein et al. (1966), in which 125 eases 
were revlewed and the natural history, pathologIe ehanges, and 
genetics of the eondltlon were defined. 

Al though sometimes referred to as "progeria of the adul t", 
Werner syndrome Is more properly deseribed as a earleature of nor.al 
aglng rather than a proeess of rapId, premature aglng. There are 
many clinieal features si.ilar to those observed in normal elderly 
patients, but there are important distinctions as weIl (Table 1). 
An understandlng of the (presumably) single moleeular defect that 
can lead to multIple progerold features may shed light on the basic 
blology of the aging process or on the development of speeifle 
geriatrie disorders such as diabetes, atheroselerosis, osteoporosls, 
and the development of neoplasia. 8inee 1966, many studies have been 
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Table 1. Prineipal Differenees Between Werner SyndroMe and NorMal 
Aging. 

Inheritanee: 

Short stature: 

Laryngeal abnoraalities: 

Cataraets: 

Soft tisBue ealeifieations: 

Osteoporosis: 

Hypertension: 

Neoplasia: 

Central nervous systeM: 

Hyaluronic aciduria: 

Werner syndroae 

AutoBoaal 
reeessive 

Priaary 

COMMon 

Juvenile 

COMllon 

Peripheral (liabs) 

Uneouon 

Many sareoaas, 
lIeningiollas 

No ehanges 

Present 

Aging 

Universal; 
aul tifaetorial 

Aequired 

Senile 

Uneoa.on 

Central (spine) 

Couon 

Mostly carcinoaas 

Senil e ehanges 

Absent 

pursued in an atteapt to identify the underlying aolecular defeet in 
this eondition (for reviews, see Salk. 1982; Salk et al., 1984). In 
this ehapter I will su .. arize soae of the studies of growth and 
chrollosoMe behavior of Werner syndroae eultured skin fibroblasts and 
lyaphoblastoid cell lines. 

CELL GROWTH 

Cultured skin fibroblast-like (FL) cells froll patients with 
Werner syndrolle grow poorly: reduced growth potential has been 
reported by aore than 11 laboratories for cultures froll aore than 26 
patients, using .any different tissue culture aedia. It is not yet 
known whether this poor growth i8 a priaary or a secondary 
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aanifestation of the basic molecular defect, nor is the relationship 
clear between reduced growth of cultured skin fibroblasts and the 
other manifestations of Werner syndrome in vitro and in vivo. This 
characteristic also makes it difficult to obtain sufficient growth 
for clonal studies or for biochemieal studies that require a laree 
nuaber of cells. 

We previously studied the growth of 20 independently derived 
skin Pt cell strains from three patients with Werner syndrome in 
comparison with the growth of ten PL cell strains from non-Werner 
patients (Salk et al., 1981b). Population growth rates and total 
replieative lifespans of Werner syndrome strains averaged 55 percent 
and 27 pareent, respectively, of the growth rates and lifespans of 
non-Werner strains. In the first few passages, four Werner syndrome 
cultures had population growth rates in the low normal range, but 
the longest-lived Werner syndrome strain had only 75 percent of the 
total replicative lifespan of the shortest lived normal strain. 

Exponential growth rates, cloning efficiencies, and saturation 
densities of Werner syndrome Pt cell strains were also reduced, 
whereas cell attachment was noraal. Viable cells, identified by dye 
exclusion, were aaintained in postreplicative Werner syndrome and 
control cultures tor periods of at least ten .onths: there was no 
evidenee of accelerated postreplicative senescence or cell death of 
Werner syndrome PL cells. Co-cultivation of Werner syndrome and 
noraal strains did not influence population growth rates of either 
strain. !wo proliferating hybrid clones were obtained froa fusions 
of noraal and Werner syndrome PL cell~and these hybrids displayed 
the reduced growth potential typical of Werner syndrome PL cells. 

Recently, results suggest ~hat the poor growth of Werner 
syndrome cells is not llmlted to cultured skin fibroblasts. 
Bpstein-Barr (BB) virus-transformed lyaphoblastoid cells are 
generally considered to be continuously propagating cell lines with 
an indefinite in vitro lifespan, but two such cultures derived froa 
patients with Werner syndrome grew poorly and ceased replicating 
while we were maintainlng them for cytogenetic studies. We 
subsequently repeated the observation by using cryogenically 
preserved cells from these two cultures ~nd by using a third cell 
line derived trom another Werner patient. Although an established 
line derived from a non-Werner patient grew continuously in the 
laboratoryat the same time, all Werner lyaphoblastoid cel1 lines 
died out and had markedly reduced growth rates (Table 2). One cell 
line derlved from the brother of a Werner patient also ceased 
replicati~, although its growth rate appeared to be normal. 
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Table 2. Growtb of EB Virus Transformed Lymphoblastoid Cell 
Lines. All Cultures Except for the Noraal 
Established Line Ceased Replication After the Nuaber 
of Doublings and Number of Days Indicated. 

Population Cumulative Cuaulative 
doublings population days in 
per day doublings culture 

Noraal 0.72 180+ 256+ 

Werner syndrome 
brotber 0.64 158 254 

Werner syndroMe 
patients 

(DC) 66 

(KL) 0.44 54 106 

(TB) 0.44 88 193 

These studies have been extended to include eight newly 
transformed lyaphoblastoid cell lines froM Werner patients, four 
from normal persons, and one well-established line from anormal 
person. Preliminary results indicate that, wlth one exception, the 
Werner syndroae cultures have reduced growth rates (approxiaately 
74% of normal) and cease replicating. One of the newly transformed 
normal lines has also ceased replicating after continuous 
propagation although, like the cell line from the brother of a 
Werner patient, it bad anormal growtb rate, acbieved many more 
cumulative population doublings, and survived in culture far longer 
than any of tbe Werner cultures. 

CYTOGENETICS 

Cultured skin fibroblast-like (FL) cella from patients with 
Werner syndrome display frequent pseudodiploidy involving multiple, 
variable structural chromosome rearrangements that are clonal 
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(Salk et al., 1981a). This cytogenetic abnormality, which has been 
called variegated translocation mosaicis. (VTM), has also been 
observed in peripheral blood lymphocytes (Scappaticci et al., 1982). 
In the studies of FL cells, ninety-two percent of 1,538 Metaphases 
froM 29 independent FL cell strains from five patients with Werner 
syndrome demonstrated multiple, variable, stable chromosome 
rearrangements. In contrast, only eight (8.4 percent) of 95 non
Werner FL cell cul tures deaonstrated VTM: seven with low-grade VTM 
(approximately five percent of 300 metaphases) and one with VTM 
affecting 90 to 100 percent of aetaphases. Unlike the cytogenetic 
abnoraalities observed in the terMinal stages of normal FL cell 
cultures, VTM occurred throughout the lifespan of Werner syndrome 
cultures. 

Individual chromosomes are affected approximately in proportion 
to their 1 ength , but within chroMosoMes there is a nonrandoa 
distribution of rearrangement sites: four chromosomal sites (lq12, 
lq44, 5q12, and 6cen), representing only 3' of the identifiable 
breakpoints in 1134 banded metaphases, accounted for 13% of all 
definable rearrangeMents. The frequency distribution of 
rearrangement sites is consistent with a model of specific 
chromosomal hotspots overlying a Poisson-distributed background of 
random rearrangeaent events. The chroaosoMal hotspots are not 
reMiniscent of those for nonrandom structural chromosoae changes 
that are spontaneous, radiation-induced, or chemical-induced. 

Werner syndrome may be classified as a chroaosome instability 
syndrome beeause it is autosomal recessive, displays chromosome 
instability, and is associated with an increased incidence of 
neoplasia. Chromosome breakage and unstable rearrangements are the 
most obvious cytogenetic manifestations in the the other chromosome 
instability syndromes in humans (8loom syndrome, Fanconi aneaia, 
ataxia telangiectasia, xeroderma pigaentosum), but stable structural 
chromosome rearrangements are also seen with some frequency (Hoehn 
and Salk, 1984). The fact that chroMatid aberrations, unstable 
rearrangeaents, and chromatid exchange figures appear to be unco .. on 
in Werner syndrome suggests that the initial structural change in 
VTM occurs during the GO/Gl- or early S-phase of the cell cycle, 
and/or that the de novo formation of aberrant chrOMosomes is a 
rather infrequent event. 

Several observations have suggested that at least 80ae of the 
chromosome aberrations in Werner syndrome occur in vitro, but the 
studies have not been conclusive. We tested for the frequency of de 
novo chromosomal rearrangements in PL cells in vitro by preparing 
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multiple skin explants from one patient with Werner syndrome and 
studying the cytogenetics of colonies derived from single cells. We 
analyzed a total of thirty-one colonies derived from dilute platings 
of six independent primary cultures. Within each colony all of the 
metaphases had the same basic cytogenetic description. We observed 
fourteen instances of cells within a colony showing a new structural 
rearrangement in addition to the basic clonal karyotype: a number of 
these variants were chromosome breaks or deletions for which an 
exchange of material could not be documented. Twelve cells were 
single instances of different rearrangements and two cells in one 
colony showed identical new rearrangements, thereby fitting the 
definition of a de novo cytogenetic clone. In view of the variety 
and number of structural rearrangements observed in Werner syndrome 
PL cell cultures, these results demonstrate remarkable stability in 
vitro: 90% of 139 metaphases displayed only the basic karyotype 
characteristic of a given colony. 

Two cytogenetically identical clones appeared in more than one 
dilute-plated culture. These two cultures were independently 
derived from separate explants. Considering the stability we 
observed in vitro and the rarity of identical rearrangements in our 
previous studies, it appears that multiple cells with these two 
chromosome markers were already present in the piece of skin from 
which the explants were prepared. This observation indicates that 
chromosome rearrangements can occur in dermal cells in vivo in 
patients with Werner syndrome. 

Chromosome breakage and the formation of unstable aberrations 
have not been striking findings in Werner syndrome cultures when 
control cultures have not been simul taneously analyzed (Salk et a1., 
1981a; Schonberg et al., 1984). However, both Nordensan (1977) and 
Scappaticci et al. (1982) reported an increase in breakage in Werner 
syndrome cells compared with normal controls (Table 3). We have 
also analyzed both PL cells and peripheral blood lymphocytes from 
two Werner syndrome patients and controls, and consistently found a 
slight increase (2.6- to 4.6-fold) in the amount of gaps, breaks, 
and unstable chroaosoae aberrations in the Werner syndrome cells. 
We did not see a significant difference between the amount of 
chromatid and chroaosome lesions. The aaount of breakage reported 
by Nordenson seems auch greater, but the increase she observed was 
not as large as that for her patients with Fanconi aneaia. 

These recent results indicate that the chromosome instability 
associated with Werner syndrOMe is not liaited to stable chroMosoae 
rearrangeaents in cultured FL cells. Aberrations are observed in 
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Table 3. Unstable Structural Chroaosoae Lesions in Werner Syndroae. 

Cell Typet and no. No. of Aberration Relative 
Study type· of subjects cells frequency rates 

Nordenson PBL WS - " 650 .136 19 
(1977) NI - 3 300 .007 1 

Scappaticci PBL WS - 6 900 .140 " et al. Hz - 4 400 .040 1 
(1982) NI - 6 600 .040 1 

Scappaticci FL WS - 5 58 .260 2.6 
et al. Nl- 5 130 .100 1 

(1982) 

• PBL: peripheral blood lyaphocytes: FL: cultured skin fibroblast
like cells. WS: Werner syndroae; Hz: obligate Werner syndroae 

t WS: Werner syndroae; Hz: obligate Werner syndroae heterozygote: 
NI: noraal control. 

heaatopoetic cells, apparently occur in vivo, and there is an 
elevated level of chroaosoaal breakage, albeit auch less than that 
observed in the classical chroaosome instability syndromes. 
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INTRODUCTION 

The use of fibroblasts as in vitro models for the study of 
cellular and molecular changes which accompany aging was recognized 
almost twenty-five years ago. Fibroblasts exhibit a finite replica
tive capacity which is related to the age of the donor and the ex
pected longevity of the species (Hayflick, 1965). In addition, 
fibroblasts from individuals with premature aging diseases such as 
progeria and Werner's syndrome, exhibit decreased in vitro replica
tive capacities (Goldstein, 1969; Tollefsbol et al:: 1982; Martin 
et al., 1970). These observations have been interpreted as an 
indication of a biological barrier or clock for the survival of the 
cells. 

The accumulation of abnormal or modified proteins in aging cells 
including fibroblasts is also weIl documented and has been reviewed 
elsewhere (Gracy, 1983; Gafni and Noy, 1984; Dreyfus et al., 1978). 
Toward the end of the replicative lifespan fibroblasts accumulate 
large amounts of "defective" enzymes. Similarly, fibroblasts from 
individuals with premature aging syndromes also appear to accumulate 
these "abnormal" enzymes to a greater than normal extent. The 
accumulation of defective enzymes during aging has been thought to 
result in a diminished ability of cells to respond to environmental 
stresses, compromising their functional capacity and leading to 
senescence and death of the organism. Whether the accumulation of 
defective enzymes is a cause or effect of aging is not known, but 
if the mechanism(s) for the accumulation of these abnormal enzymes 
was understood, a much better picture of the aging process might 
be possible. Orgel (1963) originally proposed that alterations in 
transcription and/or translation could lead to the accumulation of 
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defective enzymes with age. Holliday and Tarrant (1972) proposed 
that the increase in labile forms of enzymes in progeria and Werner's 
cells might be due to a breakdown in the fidelity of protein syn
thesis resulting in the incorrect incorporation of amino acids into 
polypeptide chains. However, evidence exists against this hypothesis, 
and the fidelity of protein synthesis does not appear to decline 
during aging of cultured human fibroblasts or in cells from pre
mature aging diseases (Hariey et al., 1980; Wojtyk and Goldberg, 
1980). In addition, evidence against the involvement of protein 
synthetic errors has arisen from studies on labile glucose 
6-phosphate dehydrogenase in erythrocytes.from progeric individuals 
(Goldstein and Moerman, 1978). Alternatively, the accumulation of 
unstable enzymes with age may be due to increased incidence of 
post-synthetic modifications and/or a decrease in the normal pro
cesses of degradation of proteins. 

The accumulation of abnormal enzymes has often been assessed 
by determining the kinetics of heat inactivation. Many examples 
have been reported from aging fibroblasts and premature aging syn
dromes (Holliday and Tarrant, 1972; Goldstein and Moerman, 1978; 
Tollefsbol et al., 1982; Holliday et al., 1974; Goldstein and Moerman, 
1975). The use of unstable enzymes as a measure of senescence is 
not without problems (Brown and Darlington, 1980; Pendergrass et 
al., 1976). The direct examination of the structures of senescent 
enzymes clearly provides a more direct method for assessing the 
mechanisms whereby "abnormal" enzymes accumulate during aging. Two 
primary problems exist in the elucidation of the molecular basis of 
these abnormal enzymes. First, most data suggest that the "defective" 
enzymes are very similar to their respective "young" counterparts, 
thus requiring very detailed structural analysis to identify the 
specific changes. Secondly, the amount of "defective" enzyme, in 
most cases, is extremely limited thereby requiring ultra-sensitive 
methods of protein structural analyses. The present report examines 
the details of one such enzyme, triosephosphate isomerase (EC 5.3.1.1) 
in several cellular aging model systems. Secondly, correlations are 
made with other "senescent" enzymes for which less detailed structural 
information is presently available. 

ACCUMULATION OF LABILE ENZYMES IN AGING CELLS 

Table I summarizes observations from several laboratories re
gar ding the accumulation of labile enzymes in aging fibroblasts. 
Only a small percentage of labile enzymes is observed in fibroblasts 
from young donors at early in vitro passages. The percentage is 
markedly increased in cells from old donors, cells from young donors 
after extensive population doublings, as weIl as in fibroblasts 
from individuals with progeria or Werner's syndrome. 

Triosephosphate isomerase (TPI) exhibits several acidic 
(negatively charged) isozymes which accumulate in aging cells. 



ABNORMAL PROTEINS IN PROGERIA AND AGING FIBROBLASTS 429 

Table 1. Accumulation of Labile Enzymes in Aging Human Fibroblasts 

Enzyme a Conditions 
Labile References Enzyme (%) 

TPI Young donors-early passage 0-3 (Tollefsbol et 
01d donors-early passage 9-10 al., 1982; Tol-
Young donors-late passage 10-15 lefsbol and Gracy, 
Progeria donors-early passage 41-50 1983) 
Werner's donors-early passage 20-42 

G6PD Young donors-early passage 0-5 (Hayflick, 1965; 
Young donors-late passage 15-18 Holliday et al., 
Progeria donors-early passage 12-22 1974; Goldstein 
Werner's donors-early passage 14-28 and Moerman, 1975) 

6PGD Young donors-early passage 0-5 (Hol1iday et al., 
Young donors-1ate passage 15-18 1974; Goldstein 
Progeria donors-early passage 10-25 and Moerman, 1975; 
Werner's donors-early passage 14-24 Goldstein, 1979) 

HGPRT Young donors-early passage 7-12 (Goldstein and 
Young donors-late passage 21-26 Moerman, 1975; 
Progeria donors-early passage 21-31 Goldstein, 1979) 
Werner's donors-early passage 36-50 

aAbbreviations: 

TPI: Triosephosphate isomerase (EC 5.3.1.1) 
G6PD: 
6PGD: 
HGPRT: 

Glucose 6-phosphate dehydrogenase (EC 1.1.1.49) 
6-phosphogluconate dehydrogenase (EC 1.1.1.43) 

Hypoxanthine guanine phosphoribosyl transferase (EC 2.4.2.8) 

These acidic isozymes are more labile and accumulate in fibroblasts 
from aged donors, fibroblasts aged in vitro, fibroblasts from pro
geria and Werner's syndrome (Gracy,:l983; Tollefsbol et al., 1982; 
Tollefsbol and Gracy, 1983), as weIl as in several other aging sys
tems. For example, these acidic-labile isozymes accumulate in old 
erythrocytes (Turner et al., 1975) and as shown in Fig. 1, in the 
oldest nonpro1iferating cel1s in the nuc1eus of the eye lens. Thus, 
since these aging isozymes of TPI accumu1ate in severa1 different 
aging systems, it was feIt that TPI might provide a potential marker 
for assessing age-re1ated alterations of proteins. 

After isolating the normal and senescent isozymes of TPI (Yuan 
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Fig 1. Relative distribution of TPI-isozymes in the eye lens. 
Bovine lens was sectioned from the epithelial layers 
(youngest ce11s) through the nucleus (oldest cells). 
Sections 0 and.9 represent the youngest cells while 
sections 4 and 5 represent the oldest cells. The rela
tive distribution of the TPI-isozymes was measured by 
electrophoresis and a specific TPI activity stain (Turner 
et al., 1975). The open bars represent the nondeamidated 
isozyme while the b1ack bars show the amounts of the 
deamidated isozymes. 

et a1., 1981) we proceeded to examine the primary structure of the 
enzyme and its isozymes. Using high-sensitivity microsequencing 
methods (Lu and.Gracy, 1984) it was possible to obtain the entire 
sequence of human triosephosphate isomerase (Lu et al., 1984) which 
is shown in Fig. 2. The only differences between the enzyme found 
in young cells and that accumulating in old cells are the result of 
two specific deamidations. In the young form of the enzyme aspara
gine residues occupy positions 15 and 71 while these are deamidated 
to aspartic acids in the senescent forms of the enzyme. These 
specific deamidations account for the acidic, labile isozymes which 
accumulate in all of the aging systems thus far studied. After 
completion of the sequence of human TPI it was found to be 85% 
homologous with the enzyme from chicken (Furth et al., 1974), for 
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Fig. 2. Amino acid sequence of human triosephosphate isomerase. 
The entire sequence of the enzyme is shown using the 
standard single letter abbreviations. The two points 
of deamidation Asn 15 and Asn 71 are indicated as the 
circled residues. 
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which high-resolution x-ray crystallographic data was available 
(Banner et al., 1975). Thus, it was possible to construct a three
dimensional model of the enzyme, and it became clear that the two 
deamidating residues on each subunit of the dimeric enzyme are in 
juxtaposition in the contact sites between the two subunits (Fig. 3). 

Thus, the deamidation of Asn 15 and 71 causes the two subunits 
to more readily dissociate and unfold. The sequential deamidation 
of Asn 15 and 71 accounts for the appearance of four more acidic 
labile forms of the enzyme. In normal young cells TPI is synthesized 
with asparagines in positions 15 and 71. These residues deamidate 
under physiological conditions (Yuan et al., 1981) leading to the 
dissociation, unfolding and ultimate proteolytic catabolism of the 
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Fig. 3. Model of structure of human triosephosphate isomerase. 
The dimeric enzyme is shown with the subunit on the left 
arbitrarily designated as "A" and the subunit on the right 
designated as "B" . The positions of asparagines 15 and 
71 on each subunit are indicated and are seen to be in 
juxtaposition in the subunit-subunit contact sites. 
(Figure reprinted from Yuan et al., 1981, with permission 
of the publisher). 

enzyme. It is interesting that only these two asparagines deamidate 
under physiological conditions. Human TPI contains eight asparagine 
and twelve glutamine residues per subunit, but only Asn 15 and Asn 
71 undergo this spontaneous deamidation. The amino acid sequences 
around these Asn residues are remarkably similar. 

- Lys13 _ Met - Asn _ Gly16 _ 

_ Lys68 _ Val - Thr - Asn _ Gly72_ 

No other asparagines or glutamines in the enzyme reside in similar 
sequences and no other asparagines or glutamines deamidate. 

Based on the above observations a model has been proposed 
(Fig. 4) to explain the accumulation of the deamidated forms of TPI 
in aging cells . In young and old cells TPI is synthesized with 
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Fig. 4. Proposed mechanism for the accumulation of deamidated TPI 
in aging cells and cells from premature aging syndromes. 
(Figure from Tollefsbol and Gracy, 1983, reprinted with 
permission of the publisher). 

asparagines in positions l5 and 7l. However, these residues deami
date as the first step in the normal catabolism of the enzyme. The 
deamidations lead to subunit dissociation, unfolding, and proteo
lysis. In young cells this is a steady state process and thus the 
deamidated forms do not accumulate and are found in on1y trace 
amounts (Tab1e 1). In contrast, in aging ce1ls a defect at the level 
of proteolysis could cause the accumulation of these deamidated 
forms. 

If, indeed, the accumulation of the deamidated forms of TPI 
is due to a defect in protein turnover and the accumulation of inter
mediates of the catabolism of this enzyme, then studies designed to 
stimulate or inhibit proteolysis and protein turnover could provide 
important information. When protein turnover in fibroblasts was 
stimulated by starvation, the levels of deamidated TPI markedly 
decreased Tab1e 2). 
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On the other hand, if pre-starved fibroblasts were treated 
with insulin to inhibit proteolysis, a significant increase in the 
levels of the deamidated forms of TPI was r'ound (Fig. 5). 

The mechanism(s) of proteolysis and the regulation of protein 
turnover are still not well understood. However, labeling studies 
have clearly documented an overall decrease in protein turnover in 
aging cells and in aging animals (Millward et al., 1975; Goldstein 
et al., 1976; Schimke and Bradley, 1975). Examination of the levels 
of several proteolytic enzymes in fibroblasts revealed lower levels 
in cells from fibroblasts from premature aging syndromes (Tollefsbol 
and Gracy, 1983). An extensive examination of the levels of 
cathepsin B in several aging systems also indicates that the proteo
lytic capacity may be depressed in old and premature aging cells 
(Fig. 6). 

Table 2. Effects of Serum Deprivation on Levels of Deamidated TPla 

Conditions Deamidated TPI (%) 

Fibroblasts fed 23.5 

Fibroblasts starved 48 hr 14.5 

Fibroblasts starved 96 hr 12.0 

Fibroblasts starved 240 hr 2.5 

aHuman skin fibrob1asts were grown first in complete media. The 
cultures were then rinsed with PBS and fresh media with and without 
fetal bovine serum was added. Levels of deamidated enzyme in fed 
control cu1tures and in starved cultures (2-10 days) were measured. 

DISCUSSION 

The deamidated forms of TPI in aging cells are only one example 
of the accumu1ation of post-synthetica11y modified proteins in senes
cence. Many c,ases of deamidated proteins have been observed which 
may also accumulate during aging. Van Klee et al. (1975) showed 
that a-crystallin undergoes spontaneous deamidations with age in 
the nucleus of the eye 1ens, and the deamidation appears to be the 
first step in catabolism of the protein. Horecker and. coworkers 
(1969, 1970) showed an age-dependent deamidation of an asparagine 
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Fig. 5. Effect of insulin on the deamidation of human TPI. Fibro
blasts were grown in the presence of fetal bovine serum 
(+FBS) or starved of FBS for 72 hours (-FBS). The starved 
cells were grown in the presence of the indicated concen
trations of insulin for 24 hours, harvested and assayed by 
electrophoresis for TPI A-2. 

in aldolase, and the in vitro half-life of deamidation is essentially 
the same as the in vi~ half-li fe of the enzyme (Midelfort and 
Mehler, 1972). Ribonuclease-A undergoes a specific, spontaneous 
deamidation, which results in a structure more easily unfolded 
that alters the proteolytic susceptibility of the enzyme (Das and 
Vithayathil, 1978; Manjula et al., 1977). Multiple electrophoretic 
forms of aspartate amino transferase also appear to be due to 
spontaneous deamidations, which may be the first step in the 
catabo1ism of the enzyme (John and Jones, 1974; Williams and John, 
1979). Other specific examples of deamidation in normal human 
tissues include cytochrome c (Flatmark and Sletten, 1968) sa1ivary 
amylases (Lorentz, 1979), carbonic anhydrase (Funakoshi and Deutsch, 
1969 and 1971), nucleoside phosphorylase (Turner et al., 1975), and 
human growth hormone (Lewis et al., 1981). In addition, there are 
general observations that are also consistent with the ac c umul at ion 
of deamidated enzymes with age. For example, in Drosophilia homog
enates, the levels of glutamic acid were observed to increase with 
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Fig. 6. Activity of cathepsin B in aging fibroblasts. Human 
fibroblasts from donors of the indicated age groups, 
all at early in vitro passage were assayed for levels 
of cathepsin B. The data are expressed as units of 
enzyme per mg of protein. The bars indicate one stand
ard deviation. 

age with a simultaneous decrease in glutamine levels (Robinson, 
1979). Pushkina (1979) reported the increased content of aspartic 
acid and decreased asparagine in rat brain, liver, and heart of 
old animals. 

Clearly, there are many other types of covalent and noncovalent 
modified proteins which accumulate in aging cells, including changes 
which may result from differences in the state of oxidation. 
Stadtman and coworkers (1984) have demonstrated the specific 
oxidation of glutamine synthetase and suggested oxidative forms 
which may also accumu1ate in progeria fibroblasts (Levine, 1984). 
Similarly, Gafni and Noy (1984) suggest the accumulation of "aged" 
glyceraldehyde 3-phosphate dehydrogenase is due to contro11ed oxi
dation of cys-149 followed by an irreversible conformational change 
in the enzyme. Other types of covalent modifications such as glyco
sylation (Ulrich et al., 1984), racemization (Helfman et al., 1977), 
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phosphorylation (Cristofalo et al., 1984), and perhaps ADP-ribo
sylation may "prepare" enzymes for catabolism. Rothstein and 
coworkers (1980) have shown that non-covalent conformational changes 
also occur which normally result in unfolding and catabolism of the 
protein. 

In each of these cases it appears that the period of time in 
which the modified proteins exist in young cells is substantially 
shorter than in aging cells or cells from individuals with premature 
aging diseases. The studies reported here in which acceleration of 
proteolysis by starvation results in a lowering of the levels of 
deamidated TPI are strikingly similar to studies in animals by 
Wulf arid Cutler (1975), who measured the levels of labile G6PD in 
different mouse tissues of different age groups. They observed 
the accumulation of unstable G6PD in all tissues of the aging 
animal, but the levels of the unstable enzymes markedly decreased 
upon stimulation of protein turnover by starvation. 

The decreased levels of the proteolytic" enzymes reported in 
our present study in senescent or premature aging fibroblasts also 
have interesting corroborative studies in whole animals. It is weIl 
established that as animals grow older there is a decrease in rates 
of cardiac proteolysis (Crie et al., 1979). Goldstein et al. (1976) 
used pulse chase radiolabelling studies with normal, aging, progeria, 
and Werner's fibroblasts and concluded that aged cells have a re
duced proteolytic capacity. Recently, Wiederanders and Oelke (1984) 
reported that inactive cathepsin D accumulates in senescent rats. 

It should also be pointed out that there are cases in which 
there is little or no evidence for the accumulation of a modified 
form of a particular enzyme during the aging process. Houben et 
al., (1980) suggested that while most cytoplasmic enzymes accumulate 
in modified forms, this is not the case for compartmentalized 
mitochondrial or lysosomal enzymes. It is also likely that the 
levels of critical metabolites such as glutathione and NAD may be 
markedly altered in aging cells and thereby contribute to such 
modifications. Goldstein et al. (1982) have measured energy 
metabolism in human fibroblasts during in vitro aging and concluded 
old and progeria cells exhibit a rise in-energy demand and/or 
inefficiency of oxidative phosphorylation. We have observed changes 
in energy charge in young versus aging cells (Chapman et al., 1981), 
and have demonstrated major differences in the ability of old cells 
to synthesize NAD (Chapman et al., 1983). The levels of such 
components as NAD not only could effect overall metabolic fluxes 
but redox levels may be directly linked to the protein turnover 
system (Tischler and Fagan, 1982). 

What are the possible consequences of slowed protein turnover 
in aging cells? In some cases fully inactive enzymes accumulate, 
measurable with immunological methods. In other cases enzymes of 
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altered (usually decreased) stability accumulate. The stability, 
activity, and turnover of enzymes appear to be regulated by a complex 
set of cellular conditions including the concentrations of coenzymes 
and substrates. The primary change during aging which ultimately 
leads to the accumulation of these defective enzymes remains 
unknown. However, there is growing evidence that post-synthetically 
modified proteins accumulate in aging cells in many different models. 
Future studies should provide significant information on the 
accumulation of "abnormal" proteins in aging, and also provide a 
bett er understanding of the normal processes of protein turnover 
and its regulation. 
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SUMMARIES AND FUTURE DIRECTIONS IN AGING RESEARCH 

Ronald W. Hart and Angelo Turturro 

National Center for Toxicological Research 
Jefferson, Arkansas 72079 

This meeting has been very interesting, and has demonstrated, 
among other things, that the quality of research in gerontology has 
definitely improved. It is making much more use of modern methods 
and concepts in biology (especially molecular biology) as well as 
increasing its sophistication in asking more detailed questions. 
The naive approaches of finding "panaceas" and simplistic explana
tions are slowly giving way to an appreciation for the biological 
complexity of organisms and the complexity of understanding the 
phenomenon of aging. 

Also derived from this meeting was the observation that a 
synthesis is starting to emerge on what questions are useful in 
considering the molecular aspects of aging. An important part of 
this synthesis is the goal of explaining observed organismic 
effects, such as the effects of diet restrietion, on molecular 
grounds. 

Some of the topics presented have been of special interest from 
the standpoint of molecular biology and aging. 

Considering a molecular parameter, DNA repair, Ishikawa made an 
interesting attempt to measure in vivo re pair and produced some pro
vocative results, however, lack of quantitation of effective dose 
and thymidine specific activity suggests that additional work needs 
to be done, especially if the results are going to be interpreted 
quantitatively. Also, if the author is going to suggest that his 
observations are relative to in vivo aging, the rodents used will 
have to be older than 18 months. 
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From a more mechanistic standpoint, Williams approached the 
question of DNA structure and its relevance to aging, and in so 
doing made a number of important observations. The role of X-rays 
in sensitizing DNA to the mutagenizing effects of psolaren-UVA 
treatment may be important in a clinical context, as weIl as lead to 
speculations on cooperative effects on DNA structure. The observed 
effect of temperature indicated that the process was media ted by an 
energy-requiring process, while the effect of novobiocin (a topiso
merase inhibitor) suggested that the effect was mediated at the 
level of DNA structure. Although a great deal more work has to be 
done, the suggestion that the relationship between DNA structure and 
aging is important relative to gene expression seems to be gaining. 

Holliday addressed the question of changes in gene expression 
from a different standpoint, DNA methylation. While not a new con
cept, the idea of hypomethylation in senescent cultures (perhaps re
lating to differentiation) suggests genes are turned on compared to 
younger cultures. Support for this view came from Goldstein, who 
showed that similar cells had an increased expression of oncogene 
ras, its RNA and the oncogene product. Cutler has suggested the 
importance of gene derepression in vivo, from very diverse lines of 
evidence. These studies as a whole are important and should be 
expanded to in vivo model systems, especially those involving calor
ically restricted animals. 

Finally, Schwartz discussed DHEA and its analogues relative to 
its mechanism of action. Once believed to act via an effect on 
glucose-6-phosphate dehydrogenase (and, through this effect on the 
pentose shunt and NADPH production), it now appears that its effects 
may be modulated by other routes, e.g., an effect on fatty acyl 
dehydrogenase. Alternatively, the overall effect can be thought of 
as an anti-promoter, wh ich , though some effect on a growth factor 
(perhaps insulin-like peptides), could result in genetic stabiliza
tion, counteracting some of the derepression seen in aging. 

On the other hand, the other major possibility in changes in 
gene expression, a lack of expression, was supported by the work of 
Rothstein and Gracy, who showed exciting data suggesting that some 
proteins demonstrate conformational changes as a function of age. 
An important mechanism for this effect appears to be a decline in 
protein turnover. This slowdown, in Gracy's system, seems to result 
in a deamidation and, eventually a loss in activity. The importance 
of cellular environment was shown by Rothstein, by the observation 
concerning the influence of hepatectomy, and the resultant change 
from the "new" proteins that are produced to the "old" pattern that 
eventually emerges. From a general standpoint, this is consistent 
with the work of Strehler that there is a loss of rRNA with age as 
an ultimate result of transposition. 
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The two views can be reconciled in a number of aspects if one 
believes that expression of inappropriate pro teins will cause the 
slowing of turnover of appropriate ones, however, this area requires 
more hard data. The focusing of attention on gene expression is of 
major importance and investigations in organismic systems will be 
useful. 

Future Directions-

A number of paths presently appear to be opening up. 

1) Expansion of the use of ~ gene probes as markers for gene 
expression, repression, derepression. These markers are relatively 
weIl characterized, and the exploration of their function is pro
ceeding rapidly. This information, and the observation that most of 
the onc genes seems to be involved in growth control (a homeostatic 
function which is effected in aging) seem to indicate that this 
approach will be very productive. 

2) Cell cultures as good models for differentiation. In
creased emphasis will have to be placed on post-mitotic cells, 
either directly, in culture, or by using Phase 111 cells as a model 
for them. 

3) The expansion of data on longevity assurance mechanisms. 
This appears to be a necessary step to allow the understanding of 
organismic phenomena in mechanistic terms. Similar approaches are 
developing in understanding carcinogenesis, and aging research can 
profit from this example. A corollary of this is bridging the work 
seen in culture systems to in vivo, especially in regards to the 
only treatment known to extend in vivo maximum lifespan, caloric 
restriction. 

Summary-

Significant advances are occurring in the understanding of cel
lular and organismic biology, mostly as a result of the intensive 
effort made to understand cancer. The quality of aging research is 
slowly starting to reflect these advances, the result being some of 
the synthesis which has been observed at this meeting. Future 
research will more aggressively pursue these advances and exploit 
them to understand the most complicated of biological phenomena, 
aging. 



FUTURE DIRECTIONS IN AGING RESEARCH 

Leonard Hayflick 

Center for Gerontological Studies 
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INTRODUCTION 

The research results presented at this conference underscore 
my belief that biogerontology is maturing rapidly as a science. 
It is only within the last decade that research in this field has 
moved from descriptive studies to those in which age changes are 
examined at the cellular and molecular level. 

This dramatic change is the best evidence that the ultimate 
causes of aging are believed by most investigators to occur in 
individual cells and in the molecules that compose them. The 
belief has diminished that the basic causes of aging might be 
found in the intracellular matrix or confined to whole organs or 
tissues. Research in biogerontology at the cellular and molecular 
level is now the mainstream of interest. reflecting a general 
belief that molecular changes are the fundamental causes of aging. 
Although this is probably true. it is important to recognize that 
studies at the molecular level are rational only if they are based 
on an age-related marker that is recognized at the cell. organ. or 
whole animal level. I point out what may be self evident. because 
there is a danger that emphasis on the molecular biology of aging 
should not be so great as to preclude the probability that discov
eries of important age-related phenomena still remain to be made 
at higher levels of organization. Biogerontology is the youngest 
science. Surely there must be important biological phenomena at 
levels of organization greater than the molecule that have not yet 
been described and without which studies at the molecular level 
will be constrained. For those who may be new to biogerontology 
and who may be attracted to it. I ur ge you to consider the proba
bility that many fundamental macro-molecular phenomena remain to 
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be discovered. It is on these anticipated discoveries that future 
studies at the molecular level will surely be dependent. 

I would also ur ge those who may be new to this field to 
recognize that. like other broad disciplines. major observations 
are likely to come from unexpected findings in other fields. 
Since the study of age changes covers virtually every facet of 
biology. it is imperative that we remain alert to developments in 
all fieIds of biology. Indeed the array of papers on so many 
diverse subjects presented at this symposium is good evidence for 
this belief. 

I do not believe that it would serve any useful purpose to 
summarize each paper presented at this symposium. What might be 
useful. however. is to direct my attention to the other assignment 
given to me. namely. to speculate on the future directions in 
aging research. 

CYTOGERONTOLOGY 

In the area of the cell biology of aging. or cytogerontology. 
I expect to find the continued exploitation of the phenomenon of 
the finite lifetime of cultured normal human and animal cells in 
the study of aging at the cellular level (Hayflick and Moorhead. 
1961; Hayflick. 1965). This system. frequently referred to as a 
model system. in the judgement of many. has now graduated from a 
model system to being a direct expression of aging at the cellular 
level with no further qualification. Research results from liter
ally hundreds of laboratories over the past twenty years have 
persuaded many investigators to believe that the behavior of 
normal cells in culture is no longer a model for aging; it is 
aging. 

The main observations that have persuaded so many people to 
this point of view are the following: 

1. There is an inverse relationship between donor age and 
population doubling potential. first demonstrated by us and 
later confirmed and greatly extended by others. This inverse 
relationship occurs in normal human cells derived from lung 
(Hayflick. 1965). skin (Martin et a1.. 1970; Schneider and 
Mitsui. 1976; Goldstein et al •• 1978; Vracko and McFarland. 
1980). liver (LeGuilly et al •• 1973). arterial smooth muscle 
(Bierman. 1978; Grunewald et al •• 1983) lens cells (Tassin et 
al •• 1979) and T-lymphocytes (Walford et al •• 1981). 

2. More than 60 increments and 50 decrements have been 
shown to occur in cultured human fibroblasts as they age in 
culture (reviewed by Hayflick. 1980a). These include changes 
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in lipid content and synthesis; carbohydrate utilization; 
prote1n content. synthesis and breakdown; RNA and DNA con
tent. synthesis and turnover; enzyme activity and synthesis; 
cell cycle kinetics; morphology. ultrastructure and cell 
architecture; and incorporation and stimulation. 

Many of the changes that herald the loss of replicative 
capacity and function of cultured normal cells (Phase !II) 
are identical to changes recognized as characteristic of 
aging in intact humans aild animals • These findings sub
stantiate our contention that the finite capacity for repli
cation by cultured normal cells may not. per se. be as 
important in understanding in vive aging as the pIe thora of 
biochemical. physiological. and morphological changes that 
precede it (Hayflick. 1977. 1979. 1980a. 1980b. 1980c). 

It is important to note that contrary to the misconcep
tion that fibroblast behavior may be unrelated to age changes 
because they are not functional cells is this catalogue of 
110 functional properties that do change as fibroblasts age 
in culture. One change. collagen production (Houck et al •• 
1971). is a specialized physiological function of fibro
blasts. 

3. The in vivo counterpart of in vitro experiments where 
normal cells are. respectively. transplanted and sub-culti
vated show identical results. That iso normal cells have a 
finite capacity to replicate under both conditions. These in 
vive results effectively make untenable the suggestion that 
~itro conditions are likely to be found which permit the 
unlimited replication of normal cells. Even when normal 
cells are transplanted in vivo. where ideal conditions would 
be expected to occur. the Phase 111 phenomenon is expressed 
(Hayflick. 1977. 1980a). 

4. Normal human cells that are frozen at particular popula
tion doubling levels are capable of "remembering" that 
doubling level and. when thawed. resume doublings until the 
maximum number is reached (Hayflick and Moorhead. 1961; 
Hayf1ick. 1965). Ampules of one normal human diploid cell 
strain developed by us in 1962 (WI-38) have been frozen for 
23 years. and the cells still accurately retain their memory 
of the population doubling level at which they were frozen. 
This is the longest period of time that living normal human 
cells have ever been frozen (Hayflick. 1984b). 

5. There is increasingly compelling evidence for the notion 
that there may be a direct relationship between species 
lifespan and population doubling potential. Comparison of 
the published resu~ts from 10 species suggest that the 
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population doubling potential of cultured normal fibroblasts 
decreases as a function of lifespan (Hayflick. 1980a; Rohme. 
1981). 

6. The latent period. that is the time necessary for cell 
migration over a unit distance from cultured tissue explants. 
increases as a function of donor age (reviewed by Hayflick. 
1977). 

7. The population doubling potential of cultured normal 
human fibroblasts is significantly diminished from that of 
age-matched controls when cells are grown from patients with 
progeria. Werner' s Syndrome and Cockayne' s Syndrome. These 
conditions are believed to typify accelerated aging (reviewed 
in Hayflick. 1977). 

8. One of the major theories of aging involves decreased. 
or less efficient. mechanisms for repair of DNA damage as a 
function of age. In 1974. Hart and Setlow made the important 
observation that cultured skin fibroblasts from long-lived 
species have a greater capacity to repair UV-induced damage 
than do cells from shorter-lived species. Later. they showed 
that the average amount of unscheduled DNA synthesis decreas
es as cul tured human cells approach Phase III (reviewed in 
Hayflick. 1980a. 1980c). 

THE FUTURE OF CYTOGERONTOLOGY 

The concept seems to be emerging in cytogerontology that 
normal cells contaln a molecular chronometer capable of counting 
functional events; inc1uded in the broad category of functional 
events is cell division. I expect that within the next decade the 
intimate details of this molecular c10ck will be revealed. The 
revelations will come about by continued exploitation of cell 
fusion and cell enucleation techniques. They will be expanded to 
include isolation and insertion of specific chromosomes and the 
exploitation of recombinant DNA techniques. 

Our group and others have established that the master chrono
meter is in the nucleus. Dr. James Smith and others have made the 
important finding that the senescent phenotype is dominant over 
the immortal phenotype and that the low finite proliferative 
potential of old human diploid fibroblasts is dominant over the 
high finite proliferative potential of young fibroblasts. In 
addition. hybrids of two different immortal cell lines sometimes 
yield hybrids with limited proliferative potential. It seems 
probable that two separate steps under genetic control may deter
mine mortality or immortality. These findings may be intertwined 
with the two step initiation and promotion theory in carcino-
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genesis by which cell immortality may be conferred. Studies on 
the myc gene suggest that it has a role in conferring immortality 
on the cells in which it is expressed. 

Dr. Vincent Cristofalo and his colleagues made the inter
esting observation of diminished tyrosine kinase activity of the 
pidermal growth factor receptor in cultured senescent human 
fibroblasts. Many oncogenes have been shown to code for proteins 
with tyrosine kinase activity. Dr. Robin Holliday's findings that 
cell senescence is associated with progressive loss of 5-methyl 
cytosine may fit into this equation since immortal cells are 
postulated to have acquired the ability for de novo methylase 
activity. Oncogene expression may be associated with this acqui
sidon. 

The powerful techniques of recombinant DNA technology are now 
being applied to cultured normal cells in an effort to understand 
the putative chronometer. Drs. Samuel Goldstein and Robert 
Shmookler-Reis and their colleagues have used the inter-alu DNA 
sequence to investigate DNA changes with age. This sequence, 
which is repeated about fifty times in the human genome, has no 
known function. These workers found significant amplification of 
these genes in senescent human fibroblasts and in lymphocytes from 
older human donors. These amplified genes are found in circular 
copies extrachromosomally. 

Recombinant DNA technology may identify genes responsible for 
important age-related disease. These genetic markers may be 
heritable differences in DNA base sequences. Using restrietion 
fragment length polymorphism that displays close genette linkage 
to the gene for Huntington's Disease in two families, the chromo
somal location of the gene has been found. Similar technologies 
may allow demonstration of the chromosomal location of putative 
genes involved, for example, in familial Alzheimer's Disease. 
Identification may lead in turn to isolation and cloning of the 
gene and characterization of the gene product. 

THE GENOME AS THE BASIS FOR AGING 

I would like to conclude my remarks by summarizing (1) why 
there is widespread belief that the cell genome is the major 
determinant of age changes and (2) the prevail1ng theories that 
are based on this supposition. No formal discussion of theories 
of aging has been given at this conference and I believe that 
those who are new to this field would benefit from a brief sketch 
of the better known hypotheses. 

A variety of age-related biological phenomena appear to be 
orchestrated by events that occur in the genetic apparatus. Many 
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of these phenomena are so profound that, when taken together,they 
provide the factual underpinning for several genetically based 
theories of the cause of age-related changes in cell metabolism 
and function. Some of these phemonena are: 

1. The life spans of animal species are remarkably constant 
and species-specific. For example, a fruit-fly lives about 
one month, a mouse about three years, and a human no more 
than about 115 years. 

2. In humans, for example, the mean difference in longevity 
between fraternal twins was found to be twice as great as 
that in identica1 twins (Kallman and Jarvik. 1959). The 
ancestors of centenarians and nonagenarians have signifi
cantly greater longevity when compared with aseries of 
ancestors of individua1s not having great longevity (Pearl, 
1934). 

3. In many animal species the female is more 10ngevous than 
the male, but this is by no means true for all animal species 
(Comfort, 1979). 

4. In the past decade, it has become apparent that some 
single gene changes result in accelerated aging in humans, as 
in the case of Progeria and Werner's Syndrome. On the other 
hand, Down's Syndrome is characterized by trisomy. In each 
of these conditions several age-related phenomena appear to 
be accelerated. Polygenic changes are also thought to 
influence the rate and characteristics of age changes in 
normal individuals. 

5. Genotoxic effects. that is the effect of mutagens (e.g. 
radiation) on longevity, are thought to resu1t from effects 
on the cell genome. 

6. A direct correlation has been reported to occur between 
the efficiency of certain kinds of DNA repair processes and 
species longevity. Longer 1ived species have more efficient 
DNA repair capabilities (Hart and Setlow, 1974). 

7. Heterosis. or hybrid vigor, occurs when members of two 
different inbred strains are mated. They produce F1 hybrids 
having greater longevity than either parental strain. A 
phenomenon known as the Lansing effect suggests that in some 
animals, including humans, the progeny of older mothers have 
a shorter life expectation and that this effect may extend 
through several generations (Strehler, 1977; Comfort, 1979). 

8. In a study of inbred mouse strains, Goodrick (1975) 
estimated that half of the variance associated with longevity 
was due to genetic factors. 
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These observations have persuaded many biogerontologists to 
believe that the genetic apparatus plays the central role in 
causing age changes. It is important, however, to emphasize that 
contrary opinions prevail. Some of the non-genetic factors that 
may produce age changes include passive stochastic processes such 
as the accumulation of damage or errors in important macromole
cules (Hayflick, 1984a). 

GENOME-BASED THEORIES OF BIOLOGICAL AGING 

The Somatic Mutation Theory 

The somatic mutation theory of aging enjoyed its greatest 
popularity in the late 1950s and early 1960s as a derivative of 
burgeoning developments in the field of radiobiology. The central 
concept is that the accumulation of a sufficient level of muta
tions in somatic cells will produce physiological decrements 
characteristic of aging. If mutations are the fundamental cause 
of age changes, they must occur randomly in time and location 
(Maynard-Smith, 1962). Early champions of this idea were Szilard 
(1959) and Failla (1958, 1960). Failla postulated dominant 
mutations as causes of aging. However, Szilard argued that aging 
was due to genes ("targets") being "hit" or "struck," producing a 
mutational event which, unlike Failla, he regarded as recessive. 
Thus, a pair of homologous genes must be hit at a particular rate 
and in a sufficient number of cells in order to achieve phenotypic 
expression. 

Maynard-Smith (1962) pointed out that if Szilard was correct, 
inbred animals, homologous at most gene loci, would display the 
maximum species life span since homozygous faults would be lethaI 
and heterozygous faults would be few or nonexistent. Yet, in mice 
and Drosophila, inbreeding reduces life span. Furthermore, 
Szllard' s hypothesis would predict that diploid organisms would 
live longer than their haploid counterparts who contain only one 
chromosome set. In the hymenopteran wasp, Habrobracon, haploid 
and diploid males have identical life spans. Haploid males are 
more sensitive to ionizing radiation than are diploid male wasps, 
yet irradiation shortens the life span of diploids far more than 
that of haploids. These observations are inconsistent with the 
mutation theory. Although reduced life spans do occur in irradi
ated animals, extended life spans have also been observed (Sacher, 
1963; Lamb, 1964). Also, irradiated old animals should show 
accelerated age changes, as should animals treated with mutagenic 
agents, but they do not (Alexander, 1969). 

Curtis and Miller (1971), the last major advocates of the 
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somatic mutation theory, based their conclusions on the frequency 
of abnormalities observed in the chromosomes of dividing cells in 
the livers of old mice. They found a higher frequency of abnor
malities in the cells of a short-lived strain when compared with 
those found in long-lived strains of mice~ They made similar 
observations in guinea pigs and dogs. Nevertheless, other compar
isons between short- and long-lived strains and of hybrids between 
the two were inconsistent with these findings. Neutron irradia
tion of dividing cells yielded aberrations in up to 90 percent of 
the cells, yet life span was unaffected (Curtis and Miller, 1971). 

In the past decade, few significant studies have been con
ducted on the role of somatic mutations in aging. In spite of the 
contrary evidence cited above, there is an expectation that the 
critical experiments should be redesigned using the technology of 
modern molecular biology. 

The Error Theory 

This theory, to some extent derivative of the somatic muta
tion theory, was first postulated by Medvedev (reviewed in Med
vedev, 1972), elaborated by Orgel (1963), and received experi
mental support principally from Holliday and Tarrant (1972). 

Repeated DNA nucleotide sequences in the genome of eukaryotic 
organisms may be (1) areserve of information for evolutionary 
change, (2) a means of increasing functional expression, and (3) a 
reserve mechanism for protecting vital information from random 
errors that may occur in functioning DNA sequences. Medvedev 
proposed that the loss of unique, nonrepeated DNA sequences could 
produce age decrements and that selected reiterated sequences may 
be an evolved means for delaying the inevitability of the event by 
providing redundancy necessary for the maintenance of vital 
information. Cutler (1974) has provided equivocal experimental 
evidence for Medvedev's view. 

Derivative of error accumulation in reiterated DNA sequences 
is the not ion of Orgel (1963) in which he postulates the occurr
ence of inaccuracies in protein synthesis as the essential source 
of age-associated decrements in cell function. This hypothesis 
resulted in a flurry of experiments designed to learn whether an 
incorrect amino acid incorporated in a protein molecule could 
accelerate aging phenomena, or whether misspecified proteins 
accumulated in old cells. Errors in enzyme molecules that pro
cessed information-containing molecules were thought to be the 
most important potential sources of significant damage. A mis
specified enzyme could produce a cascade of faulty molecules with 
presumably profound effects called an "error catastrophe." 
Holliday and Tarrant (1972) claimed to have obtained evidence for 
the error catastrophe theory, but many other studies have provided 
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no evidence for its support. The idea is now in general disfavor, 
despite the fact that altered proteins are frequently found in the 
cells of old organisms. 

A correlate of error accumulation as a cause of age changes 
is the effectiveness of those systems that repair genome damage. 
Hart and Setlow (1974) obtained evidence from the cultured cells 
of several different species that the efficiency of repair of 
ultraviolet damage to DNA was directly correlated to species' life 
span. Again, contrary evidence has also been reported, and the 
original finding currently is being reassessed. 

The Pro gram Theory of Aging 

Adherents of this theory, unlike advocates of such stochas
tically based theories as error accumulation, believe that a 
purposeful sequence of events is written into the genome that 
leads to age changes, much as similar instructions written into 
the genetic message lead to the orderly expression of develop
mental sequences. 

The conceptual simplicity of this idea is part of its attrac
tiveness, but attempts to test it experimentally have met with 
little success. Our finding (Hayf1ick and Moorhead, 1961) that 
cultured normal human and animal cells have a finite ability to 
replicate and function has provided good evidence in support of 
the theory, but so does the fact that aging occurs naturally in 
intact animals. Programming assumes an orderly sequence of events 
with which few would disagree, but it does not provide mechanistic 
details. On the other hand, it has been effectively argued that 
although events occurring from conception to the full expression 
of adulthood may be programmed, subsequent events characterized as 
aging may not be purposely determined by the genome. That is, age 
changes may be produced by a kind of free-wheeling independent 
cont1nuat1on of the 1nert1a produced by prev10usly determ1ned 
developmental events. Therefore, function declines or terminates 
in a more or less random fashion like the eventual demise of a new 
automobile that 1s poorly repaired or maintained. 

To complete the analogy. the manufacture of an automobile, 
like the growth of an individual animal, is predicated on the 
presence of accurate blueprints and their proper execution. What 
happens after the automobile is buil t or after the individual 
reaches sexual maturation is not governed by blueprints but occurs 
randomly and inevitably. Which system fails first and leads to 
the demise of the automobile or the individual is, therefore. a 
random process with, nevertheless, a narrowly expressed "mean time 
to failure." This would be characteristic of the specific brand 
of automobile or particular animal species. Regarded in these 
terms, aging in its extreme manifestations occurs only in humans 
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or in protected species such as domestic or zoo animals. The 
survival of a species does not depend on its members surviving 
much beyond the age of sexual maturation. From the standpoint of 
evolution, there is no survival value for our species to have a 
life expectation much beyond the reproductive years. 

In terms of modern physics, a genetic program should succumb 
to the second law of thermodynamics which states that a closed 
system tends to astate of equilibrium or of maximum entropy in 
which nothing more happens. That is, ·ordered systems tend to move 
to greater disorder • The initially weIl organized genetic pro
gram, by increasing entropy, thus becomes disordered, producing 
those changes recognized as aging. In thisoway our mortality may 
be decreed bY the second law of thermodynamics. Although this may 
be a tenable hypothesis as it pertains to somatic cells or to 
individual members of a species, it seems to fly in the face of 
the enormous amount of evidence for biological evolution that 
superficially appears to be in conflict with the second law. 
Moreover, it seems to be in conflict with the apparent immortality 
of the germ plasm and certain immortal, abnormal, cancer cell 
populations. 

Medawar (1957) has argued persuasively that the presence of 
deleterious genes in a species might be thwarted by a selection 
process that would postpone their manifestations, if it could not 
eliminate them. This strategy would result in the piling up of 
deleterious genes in the postreproductive period when their 
expression would do less harm. A variation on this theme is 
expressed by Williams (1957) who postulates that there are pleio
tropic genes having both favorable and unfavorable actions. If 
the favorable gene expression is increased in fecundity, that gene 
might be selected even though it might express a deleterious 
action later in life. Deleterious age changes then would be the 
penalty paid by individuals for the expression of beneficial genes 
early in life. An accumulation of such late-acting genes in 
various organ systems would behave like late-programmed events and 
give rise to the entire constellation of age changes. 

Sacher is critical of the program theory of aging for what he 
believes to be errors in logic (Sacher, 1968, 1982). He illus
trates his point by comparing the life histories of annual plants 
and mammals. Annual plants are semelparous; that is, they are 
characterized by a single reproductive effort, completed at the 
end of the life span and frequently not until somatic cell death. 
The final step of the reproductive process, seed dispersal, 
depends on the death of the plant, and this requires that sene
scence be closely integrated with prior stages. The stages are 
known to be under the specific control of hormones and end with 
formation of specific hydrolytic enzymes. Sacher restricts 
programmed aging to cases such as this, where there is specific 
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control of onset either by internal or external signals, presence 
of a specific enzyme mechanism, and finally, a functional role for 
senescence and/or death in a specific temporal 'relationship with 
other life processes. The rapid aging and death of the Pacific 
salmon after spawning is a good example of this event occurring in 
animals. 

Mammals, on the other hand, are examples of iteroparous 
reproduction where reproductive success depends on producing a 
number of litters over an extended reproductive span. Sacher 
argues that this offers no functional role for senescence and 
death. On the contrary, he maintains that this would place a 
premium on the maintenance of physiological vigor and survival. 
Long life in mammals, therefore, is the result of selection for an 
extended per iod of assured physiological performance. A great 
whale that lives 30 times longer than a mouse has a million times 
more cells at risk for age changes. Nevertheless, a comparable 
whale cell is orders of magnitude more stable than a mouse cell. 
"It would be expected," says Sacher, "that the selective process 
acts on mechanisms for increasing the stability of the organism at 
a11 levels, from the molecular to the systemic." Sacher empha
sizes the more evolutionary logical role of genetic systems that 
maintain life rather than suppositions that these systems might 
program age changes. Until it can be shown that evolution selects 
for greater longevity, at least in mammals, the study of life 
maintenance systems or "longevity assurance genes" may be more 
productive than the current emphasis on a search for the causes of 
age-associated physiological decrements (Sacher 1982, 1968). 

The postulated longevity-assurance genes may be simply sets 
of genes that have evolved to express themselves at later times 
during the development of an animal in order to increase its 
survivability. These genes would not per se be directly involved 
with aging, but by their later expression would serve to delay age 
changes. Aging then would be a secondary manifestation of earlier 
occurring developmental events. For example, natural selection in 
a species may favor individuals capable of reaching sexual matur
ity at a later time in order to provide better opportunities for 
survival of progeny. A secondary effect of this, and not directly 
selected for, would be a concomitant postponement of age-dependent 
changes. 
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FUTURE DIRECTIONS IN AGING RESEARCH 

J. Edwin Seegmiller 

Institute for Research on Aging 
University of California San Diego 
La Jolla, California 72079 

During the past three days we have seen the latest results of 
laboratory investigations on a wide range of disciplines that have 
in common the expansion of our understanding of the aging process. 
It has been a most stimulating experience for all of us to see the 
development of the new technologies that are now being applied to 
this area of research that has largely been ignored in the past. 
This meeting has provided new evidence of valid approaches that can 
be used to dissect the biochemieal, genetic and molecular basis of 
the phenomena associated with differences in the aging process. 

In the course of our future planning I feel it is important 
that we separate the normal aging process from the pathology asso
ciated with advancing years. Most provocative is the work of 
Dr. Edward LaKatta at the Geriatrie Center in Baltimore, reported by 
Dr. Schneider in his opening address, showing the maintenance of 
essentially normal heart function for much longer time than was 
previously reported if the individuals with heart pathology were 
removed from the series. It suggests we should take a second look 
at the "normal" changes of function of other organs with aging and 
the possible role of unrecognized pathology in the progressive 
decrement in function that has been identified in the past. The 
mere fact that a given change such as osteoarthritis is seen in by 
far the majority of individuals with advancing years does not auto
matically make it a "normal" part of the aging process, for we all 
have seen individuals who escape this type of pathology. 

Until fairly recently most of the research devoted to aging was 
still devoted to the first stage of any science, that of descrip
tion--in this case of phenomenon associated with the aging process. 
The work of Dr. Sohal on house flies shows a correlation between the 
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metabolic rate and survival, while that of Dr. Flemming shows objec
tive evidence of changes in the appearance of mitochondria with 
aging of Drosophila. The large number of well-characterized mutants 
of this species holds forth the possibility of gaining further 
insight into the nature of mitochondrial deterioration by taking 
advantage of these mutant strains for some possible additional clues 
as to the nature of the process. It also suggests the possibility 
of examining the mitochondria in Dr. Sohal's house flies by similar 
methods. Dr. Cutler's work on the possible role of oxygen radical 
scavenging systems as determinants of the maximum lifespan of 
various species is also very provocative. It will be important, of 
course, for us to keep in mind that all species may not have the 
same rate-limiting processes determining their lifespan; different 
scavenging systems may therefore have difference degrees of impor
tance in other species because of the presence of varying rate
limiting processes. The remarkable effects of dehydroepiandro
sterone reported by Dr. Schwartz in preventing a great many of the 
degenerative disorders associated with aging in certain genetically 
susceptible strains of rodents is most impressive, and suggests the 
posibility of a common shared mechanism for the development of the 
various degenerative diseases. The mechanisms responsible for this 
effect, when eventually found, could very weIl provide insight into 
important elements in development of this pathology as weIl as of 
the process. 

The increase in 5'-nucleotidase in cultured human cells during 
senescence reported by Dr. Sun has a counterpart, to some extent, in 
vivo. The very low activities of this enzyme in peripheral blood 
lymphocytes at birth appears to be a marker of the immaturity of 
these cells. Concurrent with their maturation the activity of this 
enzyme rises markedly and remains elevated untl1 about the flfth 
decade of life after which it shows a progressive decline with 
advancing age in both Band T cells (Boss et al., 1980). 

The extension of lifespan and avoidance of degenerative 
diseases of older age in rodents by caloric restriction is a most 
fascinating phenomena brought up-to-date in Dr. Masoro's report. 
The possibility needs to be evaluated of its being mediated by the 
normal accumulation of deaminated or other post-translationally 
modified proteins with age as a result of decreased proteolysis 
reported by Dr. Gracy. An attractive hypothesis is that the 
increase in proteolytic enzyme activity that he notes with starva
tion mayaIso occur with caloric restriction, and result in an 
increased destruction of accumulated pro teins in the cells of the 
longer living rodents. It is obvious that posttranslational changes 
in pro teins result from many different processes including oxidative 
attack, possibly from free radicals, glycosylation as weIl as spon
taneous instability of certain amino acid groups within the 
proteins. 
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Along this line we need also in the future to take advantage of 
the natural experiments in the human populations that are within our 
midst. In particular, the substantial decrease in mortality from 
cardiovascular disease and malignancies seen among members of the 
Mormon church (Lyon et al., 1980) and among the Seventh Day Advent
ists should be examined in greater detail for identification of the 
specific dietary and lifestyle variations that protect them from 
these degenerative diseases of aging. 

The observations of Dr. Robbins relating certain degenerative 
diseases of the central nervous system with abnormalities in DNA 
repair processes is a most fascinating area that deserves much more 
detailed investigation. 

I am sure we all feel most heartened by the 
gress that has been made in the very recent past 
at these meetings during these past three days. 
each of us have been able to identify new areas 
search that might weIl tie into observations of 
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