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A THEORY OF AGEING 

T HE theory of ageing put forward by Szila.rd1 

refers explicitly to mammals . It is the purpose 

of the present communication to point out that this 
theory cannot e>..-plain ageing in Drosophila, since it 
is inconsistent with two experimental observations. 

This of course does not prove that it cannot explain 
ageing in mammals ; but reasons will be given for 
doubting that it does so. 

Szilard postulates the random occurrence of 'hits', 
each hit rendering ineffective the genes of a whole 

chromosome, or perhaps of a large segment of a 
chromosome. A cell becomes ineffective either when 

two homologous chromosomes have each suffered a 
hit, or when one of a pair of homologues has suffered 

a hit, and the other carries an inherited 'fault' . By 
a fault is meant a recessive gene which in homozygous 

condition renders the cell inviable, or incapable of 

performing a necessary function in the adult organ
ism. Death occurs when some predetermined fraction 

of the cells initially present is in this way rendered 
ineffective ; Szilard suggests that this fraction is of 

the order of 2/3 to 11/12. 
It is a direct consequence of this theory that, in 

the author's words : "The main reason why some 
adults live shorter lives and others live longer is the 

difference in the number of faults they have inherited". 
This .is t.he first consequence of the theory which is 

contradicted by observations on Drosophila. In so 
far as differences in adult longevity are genetically 

determined, by far the largest differences are those 

between inbred and outbred individuals2 •3 • F 1 

hybrids between inbred lines live for longer than 

do the parental lines (sometimes for twice as long). 

Outbred and genetically variable wild populations 

have approximately the same expectation of life as 
do F 1 hybrids. Now inbreeding increases the propor

tion of loci at which individuals are homozygous. An 
individual which sm·vives for an appreciable time as 

an adult cannot, by definition, be homozygous for a 

fault. Therefore inbred individuals which survive 
to become adults, and which do not die immediately 

after emergence, are not homozygous for faults at 

any loci, and would be expected to be heterozygous 
for faults at fewer loci than are members of outbred 

wild populations. If two inbred lines are crossed, 

the F 1 hybrids would be expected to . carry a load 
of faults intermediate between the loads carried 

by the parental lines. Thus according to Szilard's 
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theory, inbred lines should have a higher expectation 
of life than wild populations, and F 1 hybrids between 
inbred lines should be intermediate between their 
parents. Neither of these predictions is in fact true. 

Further, since males have only a single X chromo· 
some, any hit on that chromosome in a male would 
render the cell inviable, whereas in a female not 
heterozygous for a sex-linked fault both X chromo· 
somes must be hit before a cell becomes inviable. 
Therefore females should live longer than males. 
This again is not the case in D. subobscura. In some 
strains females do live longer than maJes, but in other 
strains, both inbred and outbred, the reverse is true. 
This point is particularly telling since in DrosopMla 
the sex chromosomes account for about one-fifth of 
the total chromosome material. 

The other group of facts which are inconsistent 
with the theory concern the rate of ageing at different 
temperatures•. Female D. subobscura of a particular 
strain have an expectation of life of apout 56 days 
at 20° C. and of 18 days at 30 ·5° C. The changes 
responsible for death at 30 ·5° C. are not repaired or 
reversed in ·individuals kept for a time at 20° C. 
Consequently the changes responsible for death at 
both temperatures can properly be regarded as 
ageing processes. If these processes were, at each 
temperature, those postulated by Szilard, differing 
only in the rate at which hits occur, it follows that 
individuals kept for an appreciable time at 30 ·5° C. 
should have, when returned to 20° C., an expectation 
of life at that temperature lower than that of indi
viduals of the same chronological age not previously 
exposed to 30 ·5° C. In fact, exposure to 30 ·5° C. for 
periods of the order of half the expectation of life at 
that temperature does not alter the further expec
tation of life at 20° C. of males, and significantly 
increases that of females. 

Hence, if, despite the genetic evidence to the 
contrary, we assume that ageing at 20° C. is due to 
random hits on chromosomes, then ageing at 30·5° C. 
cannot be explained by the same process proceeding 
at a higher rate. In other words, either at 20° C. 
or at 30 ·5° C. ageing mm;t be due to a process different 
from that postulated by Szilard ; it is possible, and 
in my view likely, that such a process is not primarily 
responsible for ageing at either temperature. 

It is perhaps unreasonable to criticize a theory 
intended to explain ageing in mammals by quoting 
observations on insects. Unfort"Lmately the tempera
ture experiments cannot be repeated on a homio
therm. But Lhere is somo evidence• in mice, as well 
as in Drosophila, that inbred individuals do not live 
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as long as outbred ones. In addition to this purely 
observational point, there is one more general reason 
why Szilard's work has made a theory of ageing by 
somatic mutation less, and not more, promising than 
it had previously appeared to be. It is assumed that 
the 'target' is a whole chromosome; a 'hit' renders 
ineffective all the genes carried by that chromosome. 
This assumption is made because, a.o:; Szilard shows, 
if it were assumed that the taTget were an individual 
gene, it would be necessary also to assume that each 
individual catTied a load of faults so high as to be 
inconsistent wit.h the !mown fertility of consan
guineous matTiages. There are events, particularly 
1nitotic errors and chromosome breakages, which 
would deprive cells of whole chromosome<; or of 
large segments of chromosomes, but they do not 
seem likely to be com.mon enough to be the ma.in 
cause of ageing. Most biologists would be happier 
with a theory which assumed as the unit event a hit 
on a gene, using the word gene here to refer to a 
functional unit or cistron. Perhaps the most impor
tant thing Szilard has done is to show that such a 
theory, at least in its simplest form, would run into 
difficulties. 

Department of Zoology, 
University College, 

London, W.C.l. 

J. MAYNARD SMITH 

1 Szilard, L., Proc. U.S. Nat. Acad. Sci., 45, 30 (1959). 
• Clarke, J. "f., and Maynard Smith, J., J. Genet., 53,172 (1955). 
'Maynard Smith, J., J. Genet., 56,227 (1959). 
'l\Iayuard Smith, .r., J. Exp. BWl., 35, 832 (1958). 
')HlhJbock, 0., CIB. l Colloql<ia on Ageing, 3, 115 (1957). 

ALL tho observations quoted by Mr. Smith 
in his interesting communication relate to fruit 
flies and thev fall into two classes : observations 
which we may expect. to be able to duplicate in the 
case of mammals and those which we may not. Since 
I do not propose to discuss here whether the theory 
might or might not be extended to insects, I am 
primarily concemed with the former of the two classes. 

Smith states that a genetically variable, 'wild', 
population of fruit flies has a substantially higher 
life expectancy than inbred, fairly or wholly homo
zygous, strains derived from it. H e also states that 
the F, hybrid, obtained by crossing two different 
inbred strains, has a substantially higher life expec
tancy than the two inbred strains themselves . Smith 
holds that these findings are not compatible with the 
theory of ageing that T proposed. 

It is probably true that the observations quoted 
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above could be duplicated with mammals and T am 
quite prepared to accept this thesis for the sake of 
argument. As I shall presently show, however, my 
t.heory does not preclude that tho homozygous inbred 
strains may have a substantially smaller life expec
tancy than the :wild type strains. Further, the theory 
demands that the life expectancy of the F 1 hybrid 
be appreciably higher than that of the wild type 
strain, if the wild type strain carries a substantial 
ntunber of faults. In order to see this, we may 
consider the following. 

At present there is no evidence that a gene may be 
responsible for anything except for the production 
of a specific protein molecule which might be endowed 
with a specific enzymatic activity. In a wild popula
tion, a given gene may be present in the form of a 
varioty of alleles and the corresponding enzymes may 
differ in their turnover nwnber. For the purposes 
of discusRion here, I shall call an allele 'weak' if 
the turnover ntunber of the COlTesponding enzyme 
is small. Jf this turnover number is very small, the 
allele might be a recessive lethal. A completely 
homozygous strain is, of cow·se, free of recessive 
lethals, but it may contain a munbcr of 'weak' 
alleles. 

Again, for tho pw·poses of discussion here, I shall 
adopt a somewhat over-simplified picture, and shall 
disregard the possibility that the enzyme-levels in 
the somatic cells may be determined to some extent 
by the regulatory mechanisms of the cell through 
enzyme induction or otherwise. On this over-sim
plified basis, we may then say that the somatic cells 
of an inbred strain, which is homozygous for a number 
of 'weak' alleles, are impoverished in thP correspond
ing enzymes, so far as their biochemical activity is 
concerned. 

My theory asswneR that only a small fraction of 
the enzymes, less than one-fifth perhaps, is important 
for the functioning of the somatic cells of the adult, 
while practically .all of the enzymes may be important 
for differentiation and morphogenesis during the 
embryonic life of the individual. Accordingly, we 
may then expect that an individual of the inbred 
strain (which is homozygous for a number of 'weak' 
alleles) may be maldeveloped, in the sense that it may 
have a much smaller reservP at birth than the wild 
type individual, with respect to a number of physi
ological functions. Thus it is conceivable that an 
individual belonging to an inbred strain may die at 
an age at which .f, the 'surviving' fraction of its 

somatic cells, has fallen to, say,.f* = 
2 
.~z, ~; whereas 
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un individual belonging to the wild-typo l;train may 
die at an age at which j, tho 'surviving' fraction of 

its somatic cells, has fallen to about j* = 7\ """ ~· 
vVo may compute for this case the most probable 

age at death, forman, from formula (14) given on p. 33 
of my paper (loc. cit .), which reads : 

Xr + 1· = 4mln- + ln-~
--f 1 

j* f* 
where Xr is the number of hits at death ; 1· is the 
number of the inherited faults ; m = 23 is the number 
of chromosome pairs and j* is the surviving fraction 
of the somatic cells at the age of death. 

The most probable age at death, t.-, is given by : 
tr = 6 X Xr years . 

For the inbred strain we obtain t.,, the most probable 

age at death, by writing : 1' = 0 and ln/* """ 1. We 

thus obtain tr = 63 ·6 years. 
For the wild typ we obtain t,, the most probable 

d . . d 1 age at eath, by wntmg: r = 2 an lnJ*""" 2. We 

thus obtain t, = 81 ·5 years. The actual value for 
white females in the United States is : tr = 80 ·5 years. 

For the F 1 hybrid we obtain t.-, the most probable 

age at death, by writing: 1· = 0 and m/* f'::1 2. We 

thus obtain tr = 93 ·5 yeara. This is 12 years m ore 
than the value for the wild type. 

It may thus be seen that a substantially shortened 
life expectancy of the homozygous, inbred strain, as 
compared with the wild type, need not be inconsistent 
with the theory. However, an increased life expec
tancy of the F 1 hybrid as compared with the wild type 
strain is a necessary consequence of the theory. 

This consequence of the theory could be tested by 
experirnont::; on short-lived mammals, say mice. In 
order to r ender the experiment more sensitive, one 
may first expo e to ionizing radiation a population 
of wild type mice over several generations and may 
thereby increase the number of faults ~in the popula
tion. Starting with such a 'wild' population, enriched 
in faults, one would then select two unrelated families 
and derive from them two inbred homozygous 
strains. The theory demands that the F 1 hybrid of 
these two inbred strains should live appreciably 
longer than the population from which the two 
families wore selected. Given a suitable opportunity, 
I propose to arrange for experiments of this sort. A 
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negative result might well prove fatal for the theory. 
I should perhaps add at this point that the observed 

differences in the life expectancy of the male and the 
female do not provide a usable criterion for the 
validity of the theory because.{*, the 'surviving' frac
tion of the somatic cells at death, might differ 
appreciably for the male and the female. 

Smith cites a rather peculiar effect of the tempera
Lure on the life expectancy of the male and the female 
in D. subobscu1·a. lL seems to me that any future 
theory of ageing that may be generally applicable to 
insects would be put to an unduly severe test, were 
one to demand that it account for this particular effect. 

Because the theory of ageing that I proposed makes 
quantitative predictions, it is capable of being dis
proved by experiments and, sooner or later, such 
might be its fate. At present I am not aware, how
ever, of any valid observations which contradict this 
theory. In these circumstances, I am not at present 
disposed to agree with the appraisal of the theory 
implied in the last paragraph of Mr. Smith's com
munication. 

LEO SziLARD 
Em·ico Fermi Institute for Nuclear Studios, 

University of Chicago, 
Chicago, Ill . 

Printed 1rl Great Bntain bv F1~ber Kniabt & Co .. Ltd. , St. Albans. 
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A TH~O.~Y Qf A'G 

T HE theory of ageing put forward by Szilard' 
refers explicitly to mammals. It is the purpose 

of the .present commtmication to point out that this 
theory cannot explain ageing in Drosophila, since it 
is inconsistent with two experimental observations. 
This of course does not prove that it cannot explain 
ageing in mammals; but reasons will be given for 
doubting that it does so. 

Szilard postulates the random occurrence of 'hits', 
each hit rendering ineffective the genes of a whole 
chromosome, or perhaps of a large segment of a 
chromosome. A cell becomes ineffective either when 
two homologous chromosomes havo each suffered a 
hit, or when one of a pair of homologues has suffered 
a hit, and the other carries an inherited 'fault'. By 
a fault is meant a recessive gene which in homozygous 
condition renders the cell inviable, or incapable of 
performing a necessary function in the adult organ
ism. Death occurs when some predetermined fraction 
of the cells initially present is in this way rendered 
ineffective ; Szilard suggests that this fraction is of 
the order of Z/3 to ll /1Z. 

It is a direct consequence of this theory that, in 
the author's words : "The main reason why some 
adults live shorter lives and others live longer is the 
difference in the number offaults they have inherited". 
This is the first consequence of the theory which is 
contradicted by observations on Drosophila. In so 
far as differences in adult longevity are genetically 
determined, by far the largest differences are those 
between inbred and out bred individuals2 •3 • F 1 

hybrids between inbred lines live for longer than 
do the parental lines (sometimes for twice as long). 
Outbred and genetically variable wild populations 
have approximately the same expectation of life as 
do F, hybrids. Now inbreeding increases the propor
tion of loci at which individuals are homozygous. An 
individual which survives for an appreciable time as 
an adult cannot, by definition, be homozygous for a 
fault. Therefore inbred individuals which survive 
to become adults, and which do not die immediately 
after emergence, are not homozygous for faults at 
any loci, and would be expected to be heterozygous 
for faults at fewer loci than are members of outbred 
wild populations. If two inbred lines are crossed, 
the F 1 hybrids would be expected to carry a load 
of faults intermediate between the loads carried 
by the parental lines. Thus according to Szilard's 

the01·y, inbred lines should have a higher expectation 
of life than wild populations, and F 1 hybrids between 
inbred lines should be intermediate between their 
parents. Neither of these predictions is in fact true. 

Further, since males have only a single X chromo
some, any hit on that chromosome in a male would 
render the cell inviable, whereas in a female not 
heterozygous for a sex-linked fault both X chromo
somes must be hit before a cell becomes inviable. 
Therefore females should live longer than males. 
This again is not the case in D. subobscura. In some 
strains females do live longer than males, but in other 
strains, both inbred and outbred, the reverse is true . 
This point is particularly telling since in Drosophila 
the sex chromosomes accmmt for about one-fifth of 
the total chromosome material. 

The other group of facts which are inconsistent 
with the theory concern the rate of ageing at different 
temperatures•. Female D. subobscura of a particular 
strain have an expectation of life of about 56 days 
at zoo C. and of 18 days at 30·5° C. The changes 
responsible for death at 30 ·5° C. are not repaired or 
reversed in individuals kept for a time at zoo C. 
Consequently the changes responsible for death at 
both temperatm·es can properly be regarded as 
ageing processes. If these processes were, at each 
temperature, those postulated by Szilard, differing 
only in the rate at which hits occur, it follows that 
individuals kept for an appreciable time at 30 ·5° C. 
should have, when retm·ned to zoo C., an expectation 
of life at that temperature lower than that of indi
viduals of the same chronological age not previously 
exposed to 30 ·5° C. In fact, exposure to 30 ·5° C. for 
periods of the order of half the expectation of life at 
that temperature does not alter the further expec
tation of life at zoo C. of males, and significantly 
increases that of females. 

Hence, if, despite the genetic evidence to the 
contrary, we assume that ageing at zoo C. is due to 
random hits on chromosomes, then ageing at 30 ·5° C. 
cannot be explained by the same process proceeding 
at a higher rate . In other words, either at zoo C. 
or at 30 ·5° C. ageing must be due to a process different 
from that postulated by Szilard ; it is possible, and 
in my view likely, that such a process is not primarily 
responsible for ageing at either temperature. 

It is perhaps unreasonable to criticize a theory 
intended to explain ageing in mammals by quoting 



Labo tory. Contact with the universities was 
mainta ed, but no details of any extra-mural 
contracts ith universities are given in the report. 
SL.x membe of university staffs were appointed as 
vacation con ultants during the smnmer months, 
and nineteen Yacation students worked at the 
Laboratory. 

Two open days ere again held, and of the 7,900 
people invited, 3,2 attended. Two international 
symposia were held d ·ing the year. The ninth in 
the series, which took p ce during June 4--6, dealt 
with the physical chemist of metallic solutions and 
intermetallic compounds, the tenth, on "The 
Mechanization of Thought Proc ses", during N ovem
ber 24--27, evoked such considera e interest that the 
attendance had to be limited to e two hundred 
who could be accommodated. The roceedings of 
the symposium on visual problems o colour, held 
in September 1957; No. 19 in the series f Notes on 
Applied Science entitled "Signal Generato~, Attenu· 
ators, Voltmeters and Ammeters at RaQ:io-Fre-

inspected the. Laboratory and appeared enerally 
satisfied with the work being done, expressed 
concern at the possibility of overlap of work and 
facilities between the Ship Division of the Laboratory 
and the Admiralty in relation to rQI!!earch on hull and 
propeller design. There is for al liaison between 
the two establishments thro.!le;h the Froude Ship· 
Research Sub-committee, a informal liaison be-
tween the superintendent the Division and senior 
officials in the Admiral 

A building plan for e long-term development of 
the Laboratory si is being considered in con· 
sultation with th~ inistry of Works, and a centre, 
with lecture, conference and restaurant facilities, has 
at long las~be authorized. A new physics building 
and a buil · g properly equipped for the mechanical 
working o difficult materials have been included in 
the 1959--'64 proposals. Reference is also made to the 
Ship ydrodynamics Laboratory at Feltham [which 

ened by the Duke of Edinburgh on October 19, 
se . 926 of this issue of Nature]. 

YELLOWSTON E-- PARK EARTHQUAKE 

ON August 18 an earthquake occurre 
37m. 13s. G.M.T. from an epicentr near the 

western boundaries of Yellowstone Na wnal Park 
(epicentre lat. 44to N., long. 111" W.). The earth· 
quake had a magnitude of 7 ·1 or raiiher greater on 
the Richter Scale. The shock appea s to have had a 
normal depth of focus. Most ~mage appears to 
have been caused by the earthq e near the Hebgen 
dam in south-western Monta The dam is built 
at an altitude of 6,000 ft. a holds up a lake some 
37 miles long in a narro canyon, through which 
flows the Madison River The dam is 87 ft. high 
and 718 ft. long. In addition to cracking parts of the 
base of the floor of t e lake and producing minor 
cracks in the earth a a rock section of the dam, the 
earthquake started huge wave in the lake, which 
threatened fnrth damage. Fortunately, the wall 
held fast. The ge of water in the lake and canyon 
is reported to ve caused an air blast which stripped 
the clothing om one person. 

Some sev: n miles below the dam, landslides from 
an 8,000 f . high mountain blocked the road and the 
river. Tbe road and the surrounding countryside 

were severely fissured. Roads leading into the 
western side of Yellowstone Park were closed. 
Perhaps two hundred people, including ranchers, 
campers, 'Q.shermen and tourists in about fifty cars, 
were trapped between the landslide and the lake. 
Ten people a.re reported to have been killed and 
sixty injured. Telephones and electric power 
installations we e out of action. Buildings shifted 
on their foundations, chimneys fell and fuel pumps 
toppled over. 

The elastic waves of the earthquake were recorded 
by seismographs at. observatories throughout the 
world. At Kew Observa ry the provisional readings 
are: 

eP 06 hr. 48 min. 11 sec. O.M.T. 
iS 06 hr. 57 min. 13 sec. G.M.T. 
MR 07 hr. 18 min. 00 sec. G.M\T. amplitude 570p 
F 12 hr. 00 min. 00 sec. G.M.T. 

In the past the regions most affected seismically 
in this part of the United States have been east of 
Helena, Montana (lat. 46° N., long. 111·2° W.), a.nd 
north-east of the centre of Helena (46·6° N., 112° W.J. 



No 4691 her 26, 1959 NATURE 
observations on insects. Unfortunately the tempera
ttu·e experin"lents cannot be repeated on a homio
therm. But there is some evidence• in mice, as well 
as in Drosophila, that inbred individuals do not live 
as long as outbred ones. In addition to this purely 
observational point, there is one more general reason 
why Szilard's work has made a theory of ageing by 
somatic mutation less. and not more, promising than 
it had previously appeared to be. It is assumed that 
the 'target' is a whole chromosome; a 'hit' renders 
ineffective all the genes carried by that chromosome. 
This assmnption is made because, as Szilard shows, 
if it were assmned that the target were an individual 
gene, it would be necessary also to assume that each 
individual carried a load of faults so high as to be 
inconsistent with the known fertility of consan
guineous marriages. There are events, particularly 
mitotic errors and chromosome brealmges, which 
would deprive cells of whole chromosome.;; or of 
large segments of chromosomes, but they do not 
seem likely to be common enough to be the main 
cause of ageing. Most biologists would be happier 
with a theory which assumed as the unit event a hit 
on a gene, using the word gene here to refer to a 
functional unit or cistron. Perhaps the most impor
tant thing Szilard has done is to show that such a 
theory, at least in its simplest form, would nm into 
difficulties. 

Department of Zoology, 
University College, 

London, W.C.l. 

J. MAYNARD SMITH 

'Szilard , L . , Proc. U.S. Nat. Acad. Sci., 45, 30 (1959). 
' Clarke, J. M., and 1Iaynard Smith, J. , J. Genet., 53,172 (1955). 
' Mayn<trd Smith , J., J. Genet., 56,227 (1959). 
'JIIayn:trd Smith , J. , J. Exp. Biol., 35,832 (1958). 
' Milhlbock, 0., CIBA Colloquia on Ageing, 3, 115 (1957). 

ALL the observations quoted by Mr. Smith 
in his interesting commtmication relate to fruit 
flies and they fall into two classes : observations 
which we may expect to be able to duplicate in the 
case of mammals and those which we may not. Since 
I do not propose to discuss here whether the theory 
might or might not be extended to insects, I am 
primarily ooncemed with the former of the two classes. 

Smith states that a genetically variable, 'wild', 
population of fruit flies has a substantially higher 
life expectancy than inbred, fairly or wholly homo
zygous, strains derived from it. He also states that 
the F 1 hybrid, obtained by crossing two different 
inbred strains, has a substantially higher life expec
tancy than the two inbr!d strains themselves. Smith 
holds that these findings are not compatible with the 
theory of ageing that I proposed. 

It is probably true that the observations quoted 
above could be duplicated with mammals and I am 
quite prepared to accept this thesis for the sake of 
argument. As I shall presently show, however, my 
theory does not preclude that the homozygous inbred 
strains may have a substantially smaller life expec
tancy than the wild type strains. Further, the theory 
demands that the life expectancy of the F 1 hybrid 
be appreciably higher than that of the wild type 
strain, if the wild type strain carries a substantial 
number of faults. In order to see this, we may 
<msider the following. 

At present there is no evidence that a gene may be 
responsible for anything except for the production 
of a specific protein molecule which might be endowed 
with a specific enzymatic activity. In a wild popula-

tion, a given gene may be present in the form of a 
variety of alleles and the corresponding enzymes may 
differ in their turnover number. For the pttrposes 
of discussion here, I shall call an allele 'weak' if 
the tw·nover number of the corresponding enzyme 
is small. If this tw·nover number is very small, the 
allele might be a recessive lethal. A completely 
homozygous strain is, of course, free of recessive 
lethals, but it may contain a number of 'weak' 
alleles. 

Again, for the pmposes of discussion here, I shall 
adopt a somewhat over-simplified piotw·e, and shall 
disregard the possibility that the enzyme-levels in 
the somatic cells may be determined to some extent 
by the regulatory mechanisms of the cell through 
enzyme induction or otherwise. On this over-sim
plified basis, we may then say that the somatic cells 
of an inbred strain, which is homozygous for a number 
of 'weak' alleles, are impoverished in the correspond
ing enzymes, so far as their biochemical activity is 
concerned. 

My theory assumes that only a small fraction of 
the enzymes, less than one-fifth perhaps, is important 
for the functioning of the somatic cells of the adult, 
while practically all of the enzymes may be important 
for differentiation and morphogenesis during the 
embryonic life of the individual. Accordingly, we 
may then expect that an individual of the inbred 
strain (which is homozygous for a number of 'weak' 
alleles) may be maldeveloped, in the sense that it may 
have a much smaller reserve at birth than the wild 
type individual, with respect to a nun1bei' of physi
ological functions. Thus it is conceivable that an 
individual belonging to an inbred strain may die at 
an age at which j, the 'surviving' fraction of its 

somaticcells,hasfallento,say,j* = 2 .~2 Rj ~;whereas 
an individual belonging to the wild-type strain rnay 
die at an age at which f, the 'smviving' fraction of 

its somatic cells, has fallen to about j* = 
7 
~4 Rj ~-

We may compute for this case the most probable 
age at death, forman, from formula (14) given on p. 33 
of my paper (lac. cit . ), which reads: 

Xr + ?' = 4mln- + ln-~
--( 1 

f* j* 

where Xr is the nwnber of hits at death ; r is the 
number of the inherited faults ; m ~ 23 is the nwnber 
of chromosome pairs and j* is the surviving fraction 
of the somatic cells at the age of death. 

The most probable age at death, t,, is giYen by : 
lr = 6 X Xr years . 

For the inbred strain we obtain lr, the most probable 

age at death, hy ·writing : 1· = 0 and lnJ* <::i 1. vVe 

thus obtain t, = 63 ·6 years. 
For the wild type we obtain tr, the most probable 

d h b . . d 1 
age at eat , y wntmg: r = 2 an lnp Rj 2. vVe 

thus obtain tr = 81 ·5 years. The actual value for 
white females in the United States is : t, = 80 ·5 years. 

For the F 1 hybrid we obtain t,, the most probable 
1 

age at death, by writing: 1· = 0 and l~f* Rj 2. We 

thus obtain tr = 93 ·5 years. This is 12 years more 
than the value for the wild type. 

It may thus be seen that a substantially shortened 
life e~:pectancy of the homozygous, inbred strain, as 
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compared with the wild type, need not be inconsistent 
with the theory. However, an increased life expec
tancy of the F 1 hybrid as compared with the wild type 
strain is a necessary consequence of the theory. 

This consequence of the theory could be tested by 
experiments on short-lived mammals, say mice. In 
order to render the experiment more sensitive, one 
may first expose to ionizing radiation a population 
of wild type mice over several generations and may 
thereby increase the number of faults in the popula
tion. Starting with such a 'wild' population, enriched 
in faults, one would then select two unrelated families 
and derive fl'Om them two inbred homozygous 
strains. The theory demands that the F 1 hybrid of 
these two inbred strains should Jive appreciably 
longer than the population from which the two 
families were selected. Given a suitable opportunity, 
I propose to anange for experiments of this sort. A 
negative result might well prove fatal for the theory. 

I should perhaps add at this point that the observed 
differences in the life expectancy of the male and the 
female do not provide a uRable criterion for the 

validity of the theory because .f*, the 'sur viving' frac
tion of the somatic cells at death, migh t differ 
appreciably for the male and t he female . 

Smith cites a rath er peculiat· effect of th e tempera
ture on the life expectan cy of t he male and the female 
in D. subobscura. It seems to me that any future 
theory of ageing that may be generally applicable to 
insects would be put to an unduly severe test, were 
one to demand that it account for this par ticula r effect. 

Because the theory of ageing that I proposed makes 
quantitative predictions, it is capable of being dis
proved by experiments and, sooner or later, such 
might be its fate. At presen t I am n ot aware, h ow 
ever, of any valid obse.rv_ations which contradict this 
theory. In. these circumstances, I am not at presen t 
d isposed to agree with t he appraisal of t h e theory 
implied in the last paragraph of Mr. Smith 's com
munication. 

LEO S ZILARD 

Enrico Fermi Institute for Nuclear Sttidtes, 
University of Chicago, 

Ch icago, Ill . 

CROSS-LINKING OF DEOXYRIBONUCLEIC ACID IN 
SPERM HEADS BY IONIZING RADIATIONS 

By DR. P. ALEXANDER and DR. K. A. STACEY 
Chester Bea Research Institute, Institute of Cancer Research, Royal Cancer Hosp ital, 

London, S.W .3 

I RRADIATION with X-rays o deoxyribonucle ic 
acid in dilute aqueous solution leads to a reduction 

in the size of the molecule due to attacK-by hydroxyl 
radicals'. Irradiation of the solid acid as the sodium 
salt was claimed b~ us to reduce the molecula weight" 
and we wrongly concluded (see below) that ionizing 
radiations, whether acting directly or indirectly· via 
froe radicals from water, produce breaks in the matn 
chain. Since in vivo deoxyribonucleic acid is on
jugated with protein, nucleoprotein obtained from 
the sperm of fish was irradiated and attempts were 
made to isolate the deoxyribonucle ic acid so as to 
m easure its molecular weight and to see if its radio
sensitivity was affected by the presEV1ce of proteins. 
Sperm heads were chosen for tliese experiments 
since they contain essentially only deoxyribonucleic 
acid and protamine. They can b e prepared without 
denaturation as they take up only a few per cent of 
water and no break up of the native configuration 
occm·s due to swelling . After the nucleoprote in 
complex has been dissociated in 2 M sodimn chloride, 
deoxyribonucleic acid can be isolated in a very ptrre 
form (less than 0 ·1 per cent of protein contamination) 
by precipitating the protamine by the usual pro
cedm·e3 with an anionic soap, sodium dodecyl sulphate. 
The detergentr!'protamine complex is removed by 
centrifugatio}'( at 20,000g for 30 min. If the sperm 
heads are pbtained from viable sperm. by cytolysis 
at tempe~·atm·es below 4° C., the recovery of deoxy
ribonucl¢'ic acid ~s quantitative (better than 95 per 
cent). 

Following irradiation by 20,000-1,000,000 rads 
with 1-MeV. electrons from a Van de Graaffmachine, 
the sperm heads dissolved apparently completely in 
2 M soditm1 chloride, but after the removal of the 

protamine complex it was found that a substantial 
fraction of the deoxyribonucleic acid had been lost. 
In this dose range, no deoxyribonucleic acid was lost 
if the solution in 2 M sodium chloride was centri
fuged at 20,000g for 2 hr. It was found that the loss 
of deoxyribonucleic acid was related to the dose as 
shown in Fig. l. No significant difference was found 
between sperm-heads from salmon, trout and herring ; 
and moreover, the same effect was obtained if viable 
whole sperm were irradiated in their seminal fluid 
and the nucleoprotein isolated after irradiation. 

Evidence for Cross-linking 

A possible reason for the loss of deoxyribonucleic 
acid on the addition of the detergent is that some of 
the protamine is chemically linked by the radiation 
to the deoxyribonucleic acid so that it, too, is involved 
in the detergent-complex•. But all attempts to demon
strate such a combination have failed. Thus the 
deoxyribonucleic acid was precipitated quantitatively 
from the dispersion of sper~ heads in 2 M sodium 
chloride by the addition of a polyvalent cation, 
lanthamun chloride, and the precipitate analysed 
for protein by paper chromatography. No differences 
could be detected between the control and irradiated 
samples, though the latter ' lost' 30-50 per cent of 
their deoxyribonucleic acid on the addition of the 
detergent and neither contained more than 0 ·5 
per cent protein. The best evidence that there was 
no combination with protein was obtained b: 
isolating the deoxyribonucleic acid by ultracentrifug 
tion . In a preparative 'Spinco' the deoxyribonucleic 
acid from a solution of sperm heads in 2 M salt 
(concentration of deoxyTibonucleic acid 0 ·03 per cent) 



-----
A Note on Szilard ' s Theory of Ageing 

• by 

Leo Szilard 

The Enrico Fermi Institute for Nuclear Studies, The University 

of Chicago, Chicago, Ill~. 

In an intere ting letter to the Editor appearing in 

this issue of " ature" under the above title, J. Maynard Smith 

refers to th~ theory of the ageing processes in mammals which I ... 
recently proposed ("On the Nature ot the Ag ing Pr~cess"l Proc. 

* 
Nat. Acad. of Science, u . s.A., !,21 pp. 30-45. 1959), and he cites 

J 

observations which ay appear to contradict this theory. 

All of the obeervetions quoted by Smith relate to fruit 

flies and they fall into two classeas observations wh i ch we ay 

expect to be able to duplicate in the case of mammals and those 

X 

which we may not: Since I do not propose to discuss here whether 

the theory might or ight not b ~xtended to insects, I am primarily 

ooncernad with the former of the two classes. 

Smith states that a genetically variable, wild, population 

of fruit flies has a substantially higher life expectancy ·than inbred, 

fairly or wholly homozygou • strain derived from it. e also 

states that the F
1 

hybrid obtained by crossing two different inbred 

strains bas a substantially higher life expectancy than the two inbr d 

strains themselves. Smith holds that these findings are not 

compatible with the theory of ageing that I proposed. 

It is prooably true that the observations quoted above 

could be duplicated with mammals and I am quite repared to accept 
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this thesis for th sake of argument . As I shall presently show, 

.. / ~ ~ however, y theory ooes not preclude that the homozygoua inbred 

strains may ~ have a substantially smeller life expectancy than 
y:u~~ 

the wild type strain . tJlM b('file theory ~ ieman4} '**' that the 

life expectancy of the r
1 

hybrid be appreciably higher than that of 

the wild type strain, if the wild type strain carries s ubstantial 

number of faults . In order to see this , we may consider the 

followings 

At present there is no evidence that a gene may be 

~ rospono~blo for Anything except for the production of a specific 

protein molecule which might be endowed with a specific enzymatic 

activity . In a wild population , a given gene may be present in 

the form of a variety of alleles and the corresponding enzymes may 

differ in their turnover number. For the purpoae~ of our discussion 

here, we shall call an allele "weak" if the turnover number of the 

corres ponding enzyme is small. If this turnover number\ is very 

s all, the allel might be a recessive lethal . A co pletely homo-

zygous strain is, of course, free ·t recessive lethals, but it may 

contain a number of "weak" alleles . 

For the purposei of our discussion here, ~e shall a d opt a 

somewhat over-simplified picture and we shall disregard the 

possibility that the enzyme levels in the somatic cells may be dat r -

mined to some extent by the regulatory mechonisms of the cell; 

through enzyme induction or otherwise . On this over-simplified 

basis, we may then say, that the somatic celln of an inbred strain, 

which is h mozygous for a number of "weak" alleles, are impoverished 

in the corresponding enzymes as far 1 as their bio-chemical ctivity 

is c ncernea. 
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Our theory assumea that only a small fraction of the 

enzymes, 1 ss than one- fifth perhaps, is important for th functionina 

of the somatic oells of the adult, while practically all of the 

enzyaes may be important for diff renti tion and morphogenesis during 

th embryonic life of the individual , Accordingly, we may th n 
QM.t 

expect that ~ individual of the inbred strain (which is ho ozygous 

for a number of "weak" alleles) may be maldeveloped
1

in th sense that 

it ay have a much smaller reserve at birth than the wild type 

individual, with respect to a number of physiological functions . 

Thus it is conceivable that an individual belonging to an inbred 

strain may die at an age at which, f*, the "surviving" fraction of 

its soma tic cells has fallen to1 a.ll~ f*. • _1.__ A,.. .!.... 
( 2 . 72 .._ 8 

Nhereas ant individual belonging to the wild type strain may die 

at an age at which, f*, the "surviving" fraction of its somatic ·x cells has fallen to about £* ~ ~ 7 
We may compute for this case the most probable age at death / 

for Man1 from formula (14) given on page 33 of my paper (loc . cit.) 

which readss - 7 4 
__j_ 

x ..- + jL -= v£;~.:-r I ;If-
where x is the nu ber of at death1 r is the r 

number of the inherited faults' m = 23 is the number of chro'li;b oae 

pai r and f* is the surviving fraction of the omatic cells at th 

& e o! d a th . 

~~?1-4-4-/ 
The'rage at death / tr/~J/N is given by ! tr • 6 . xr r /1/.J 

tn / . ./ 
For the inbre train we obtain~ most prouaole ago at 

" \..._ -fA =63 .6 ~ ., 
duath by writing: r :a o and ln ~~1. we~hus o'Otain} f.e• "ike 
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Por th wild type we obtain t , the most probable 
r 

ge at death, by writing: r 2 and ln+. ~ 2. We thus obtain 

tr • 81.5 years. The actual v luo for w ite females in the United 

St tea is;t = 80 . 5 years , r 

For the F1 hybrid 

death by writings r • o 

we obtain t , the 
r 

most probable age at 

1 
and lnf* ~ 2 . ~e thus obtain t = 9~.5 

r 

years . This is 12 years more than the value for the wild type . 

It ay thus be seen that a sub tantially shortened lito 

expectancy of the homozygous, inbred, strain, as compared with the 

wild type, need not be inconsistent with th theory. How v r , an 
#!Uev--!J~ 

increased life expect an cy of the P 1 hybrid ia ee•Ja~isen with the 

wild type strain ie A necessar1 £Onseguonce of the theory . 

This consequence of the theory could be tested by 

experiments on short-lived mammals, . say mice . In order to render 

the experiment more sensitive, one may first expose to ionizing 

radiation a population of wild type mice over several generations 

and may thereby increase the number of faults in the population . 

II IJ 
Starting witll such a wild population, enrich d in f~ults~ one ~ou ld 

then select two unrelated ~deriv from them two inbred 

homozygous strains . The theory demands that the 1
1 

hybrid of these 

two inbred strains should 11 ve a.p preoi ably 1 onger than the p optila ti on 

from whieh tho two fomilies were selected . Given a uit ble 

opportunity, I pro ose to arrange for experi•ents of this ort . 

A negative result might well prove f tal f r the theory . 

I should perhays add at this oint that the observed 

differences in the life ex vectancy of the male and tne fem le do 

not provide a usable criterion for the validity of the theory bee use, 

t*, the "surviving" fr a ction of the eo atic cella at death, might 
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differ appreciably for the male and the female . 

Smith cites in his noto a r ther peculiar effect ot th 

te perature on the life expect no~ of t1e male and the female in 

D.subobsoura. It seems to me that any future theory of a~eing that 

ay be generally applicable to insects would be put to an unduly 

severe test , w re one to demand that it account for this partie lar 

effect. 

Because the th ory of a eing that 1 propo ed makes 

quantitative pre ictions, it is capable of being disproven by 

~ 
experiments and, sooner or later, ~ might be its fate . 4t present 

I am not aware, however, of any valid observations, which contradiota 

t is theory. In these circumatanceo, I am not at pres nt disposed 

to go along with the appraisal of the theory, i plied in the last 

paragraph of Hr . Smith's Bote. 

29th August, 1958 . 
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Szilard ;\ging Theory--Notes 

l . General. 

The probability of r chromosome pairs of which one and only one have 

suffered one or more "aging hi ts 11 and jointly of d pairs which have suffered 

at least one "af ing hit" in each of the pair , we call P (r , d,t) . In any 

period of time dt , short enough so that double events can be neglected, there 

are the following possibilities: 

r. No hits. 

II . A hit on a vi able chromosome , whose homologue i s also viable . 

III. A hit on a chromosoJlle which is viable but whose partner has pr eviously been hit. 

IV. A hit on a chromosome which has itself previously been hit. 

We choose the time unit such that the probability is unity per unit time , that 

a hi t occurs: t ~ S in Szilard ' s paper, m is the number of homologous pairs. 

The above process may be r epresented by a differential equati on, as follows: 

(l) P(r, d, t + dt) : (1- 2mdt)P(r, d , t } i 2(m- r - d + l )P(r- 1, d, t) ~ 

(r~l) P (rt l , d- 1, t) + (r + 2d)P(r , d,t) 

The r.h. terms express the pr obabilities connected with the previous four possi-

bilities . 

The above equation may be transformed by using the Laplace generating function 

(2) 
000 'lO d 

F ( x , y , t) :: 2_ '> P ( r , d, t) xr y 
r ~ c d .::. &• 

by s imply multiplying both sides by xryd and summing . The result is 

(3) 7 F/cf t : 2m(x-l)F + x -. 2x2 f y)c) F/dx - 2y(x - l)d-FkJ-y 

On the other hand we may independent l y derive F(x, y, t) by an argument like 

that leading to Szilard ' s (2), and it is 

(4) F(x, y, t) : (p2 ~ 2pqx ~ q2y)m- ro - do (px 4 qy)ro • ydo 

-wit h the initial conditions F(x, y , 0) = xroydo , and i n whi ch p e- t ::: . 
' 

Deductions from (3) or from (4) may be used , whichever is easier. For example 

the function R( t) =..-} F;0x fx. =l 
IY :::0 
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may be derived from (4), in terms of ¢(t) =)F~ x _ 1 IY; l 

and f(t) : F~ • 1 • This is 
fy = 0 

(5) R = f(¢ - r 0 q)/l-q2 

On the other hand from (3), 

(6) df/dt : -R 

So we have the equation 

The right hand expression has the significance of the conditional expectation 

of the number of faults, conditional upon the non-appearance of any "dead" 

pairs. The integral of (7) in its series expansion gives various approximations 

for t in terms off, involving Szilard's (21) for r 0 : 0. 
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2. Special--Physiological Age. 

Instead of using (?),we may proceed as follows: Suppose, star ting from r: 0 

there occurred r aging hits. The expected time required is given by 

(8) -t 2 -2t r ... 2me .... me 

(9) 

On t he other hand if there are exactly r aginc:; hits , the probability of no "death" is, 

from (4), 

(10) ... ( p2 ) m-ro 
ro ~ 

.L-~pq 

2 3 ..... p _, ap q .J. • •••••• 

and at time t~~this amounts to 

(11) f - .... fl 2 
/r:ro r- e 

Now this process, from r 0 r 0 at time 0, takes a time 

(12) 

This means , then, that the physiological age lost by n0 initi~l faults is less than 

.-"? 2 2 ,--., ~ 1 ' 4-
r ...J.!' r-' and greater than / " ....-' ,.; ,,:-:0 'v .L- - ~ci 

' ( 0 t 0 I ~.;.!', 

This me thod permits of iteration. 
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