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COMPARAT1V.E VS 0NTOGENETI.C PARADIGMS FOR TESTS 

OF THC INTRINSIC MUTAGENESIS HYPOTHESIS OF. AGING* 

George A. Sacher 

1 ongevi t y  and 
This paper examines c e r t a i n  aspects o f  the b io logy of /aging t h a t  bear on 

the r o l e  o f  DNA i n  the 0ntogenet;ic:aging process, and on the. genetic basis f o r t h e .  

d i f ferences o f  l ongev i t y  among mammalian speci'es. 

Let  us begin w i t h  a. phenomeno.logi,ca! ' analysis: o f  a most- important  mani- 

festat fon o f  the,aging process, i.e., t he  i.ncr.ease o f  death r a t e  w i t h  age. 

Figure 1 shows the surv ivorsh ip  curves o f  two mammalian species, the  house mouse, 

Mus muscul us, and ,a North. American f i e1  d mouse ,. Peromyscus 1 eucopus. Both - 
show sigmoid surviva.1 curves, i n d i c a t i v e  o f  an increase o f  mortal i t y  r a t e  w i t h  

age, but  Peromyscus. l i v e s  about 2.5 times longer than does - ,  Mus. - P. leucopus has 

an average. 1 i fespan o f  48 months and  a maximum span o f  100 months ,. wh i le  w i ld - type 

Mus musculus has an average span of 2Q months and a maximum o f  about 45 months - 
(Sacher and Hart, 1978). 

Figure 2 i s  a p l o t  o f  the.adu1 t age-specific m o r t a l i t y  ra te ,  qx, o f  - Mus and 

Peromyscus, on a logar i thmic  scale against  age. This r e l a t i o n  i s  l i n e a r  through- 

out .  adu l t  1 ife,. so t h a t  we can r e a d i l y  est imate the two parameters o f  the* 

ac tuar ia l  aging process i n  these two species. , The slope, i n  u n i t s  of rec iproca l  

days, spec i f i es  the constant r a t e  o f  tncrease o f  logar i thm o f  m o r t a l i t y  r a t e  w i t h  

age. The t rend i s  exponential, l i k e  the  increase o f  c a p i t a l  a t  compound i n t e res t .  

The slope coe f f i c i en t ,  cz (alpha), can be i d e n t i f i e d  as  the ac tua r i a l  aging - r a t e  

o f  the populat ion. A more e a s i l y  grasped number i s  the doubl ing - time o f  m o r t a l i t y  

rate,  Td = 0.693/a. We have found t h a t  the doubl ing time f o r  - P. leucopus i s  
Table 1 ; 

422 days, as aga ins t  180 days f o r  Mus - (Sacher ahd Hart,  1978). These times are 
a A 

i n / r a t i o  o f  2.3:1, almost t he  same as t he  2.4:1 r a t i o  f o r  the mean longev i t i es  

(Table 1 .)  . . 
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The s t ra ight  l ine  relation of log qx t o  age has an intercept  a t  zero age, 

log qo,  t h a t  i s  an estimate of the i n i t i a l ,  i n t r in s i c  vulnerability t o  the 

age-related diseases of adult  l i fe , '  and hence says something abaut the inherent 

s t a b i l i t y  of the genome, i t s  genetically determined capacity t o  r e s i s t  disease. 

We have determined the l i f e  tables for  a number of rodent species, and 

gathered pub1 i sh@d and unpublished data for. a number of others.  All species 

have,:approximately l inear  qx plots ,  as i'n Figure 2.  Table 1 g ives  the qo and 

Td values f o r  f ive  species (Sacher, 1978a), and i t  can be seen tha t  Td increases 

by a factor  of 17 from mouse to  man, wh.ile l i f e  expectation increases 

46-fold. In other words, the increase of l i f e  expectation from mouse t o  man i s  

greater than can be accounted' fo r  by the increase of Td alone. 

Table 1 a1.s.o shows tha t  i n i t i a l  vulnerabili ty decreased by a factor  of 

about 200 from mouse t o  man-'while 1 i f e  expectation increased by a factor  of 46. 

This 200-fold factor  of decrease of in i  t i a l  vulnerability is responsible fo r  

a bout' ha1 f of the increase of 1 i fespan . from mouse to  man. 

Two conclusions can be drawn: f i r s t ,  t ha t  the decrease of the i n i t i a l  

vulnerabili ty,  qo ,  has been equal in importance t o  the  decrease o'f the actuarial  

aging r a t e ,  alpha, i n  contributing t o  the evolutionary increase of.;:mammalian 

longevity; and second, tha t  as longevity i.ncreases i.n the evolution. of mammals, 

the rectangu1ari . t~ or 'determinacy (Sacher., 1966a), of the survival curve increases 

a1 so. This increase of. determinacy .contri,butes to  the. reproductive, - f i tness  of 

long-1 ived spectes (Sacher, 1978a). 

The most noteworthy feature of the actuarial  agi.ng process is  the exponential 

increase of death ra te  w i t h  age. .However, th,e decrement with age of the physico- 

chemical in tegr i ty  of the organtsm, and the decrements in the v i ta l  functions tha t  
. . 

depend on the physi'cocRemica1 makeup. most 'di.rectly, typical ly a r e  nearly 1 i near, 

and of comparatiyely smll:l magnitude, i n  the range of tens o f .  percent o v q  the 

1 ff'espan (Shock, 1977), 



I t  has been shown (Sacher, 1956; Sacher and Trucco, 1966) that  ':a reconcilia- 

tion of these contrasting trends of physicochemical aging and actuarial  aging can 

be accomplished by a mathematical model which postulates tha t  the . l iv ing  organism 

i s  a dynamically metastable 'system, i .e.,  i s  self-restoring w i t h i n  a closed 

region, b u t  has a f i n i t e  probability of escaping from the s table  region as a 

resu l t  of fluctuations of s t a t e  ar is ing from large perturbations of e i the r  

internal or external origin.  An escape is  equivalent t o  a t ransi t ion fromiliving 

to dead; or from .healthy to  diseased. Figure 3 schernatizes the potential well 

fo r  a one-dimensional mortality process arising from the fluctuations 'of a s ingle  

physiological variable. The cubic curve i s  the potential functi'on, whi l e  the 

parabolic curve, the f i r s t  derivative of the potent ial ,  i s  the strength of the 

restoring force. A t  the rim o r  "divide" of the potential function the restoring 

force f a l l s  t o  zero, and a t  larger displacements of the physiological variable the 

force i s  posit ive,  implying t h a t  once the divide. is  crossed the 'system moves 

away from i ts  s table  region. T h i s  i r reversible  t ransi t ion i s  a "death," and the - 
mathematical problem i s  t o  determine the escape ra te  as a function if the system 

parameters and external parameters. 

The depth of the well in the model can be equated to  the vulnerabili ty of a 

1 iving population, and. i t  can be shown (,Sacher, 1956; Sacher and ~ r u c c o ,  1966) 

that  a 1 inear decrement of the system parameters w i t h  age will lead to  a l inear  

decrease of the depth. of the we1 1 , and thereby' bring. about an exponenti a1 

inc'rease of the escape - r a t e  w i t h  age. I'n application t o  the theory of aging, t h i s  

model t e l l s  u s  t ha t  the rapid increase of mortali ty i n  a population near th.e. end 

of the l i f e  span does. not require the postulate that.  bi'ochemical o r  genetic 

senescence processes accelerate w i t h  comparable rapidity a t  advanced age. Therefore: 

a molecular aging process t h a t  proceeds a t  a constant ra te  throughout the course 

of the indi'vtdual !s adult-  l i f e  i's 'botti 'rnattiematically and biologically consistent 

w i t h  the observed exponential increase of morbidity and mortality ra tes  with age. 



T h i s  i s  a key statement f o r  this symposium on the molecular genetics of aging, 

because i L  widens the range of possible models f o r  the time .course. of molecular 

aging processes tha t  can be consistent with the data of senescent morbidity and 

mortality. 

I t  has been argued tha t  the aging process and l i f e  table  character is t ics 'of  

mamnals cannot be the r e su l t  of natural selection because animals i n  t h e i r  natural 

habitats do not l ive  long enough . t o  experience senescence'. This i s  a fal lacious 

inference,, which is contradicted by several l ines of evidence. In par t icular ,  

the i'ncreased rectangularity of the survivorship curve suggests tha t  the l i f e  

curve i s  the outcome o f  natural select ion,  for just  such an increase of 

rectangulaCi ty i s  necessary t o  maintain reproductive f i tness  i n  the 1 a l e ,  1 ong- 

lived mammals. Their reproductive ra tes  are  lower, and maturation times longer, 

than those fo r  small, short-lived mamnals, and the replacement time f o r  long-lived 

mamma1s.t i s  a disproportionately grea ter  f ract ion of the i r  1 i,fespans than f o r  

short-lived mammals (e -g . ,  33% for  - Homo sapi.ens, as against. 10% fo r  - Mus musculus) . 
The requi remen t f o r  ' t tie ri s k of reproductive fa i  I ure to, be ' 1 ow over 

the en t i re  durati'on of the replacement time i s  suf f ic ien t  t o  assure tha t  species 

w i t h  longer: replacement times will be selected. t o  have more rectangular survival 

, curves.. In other.  words, the  rectangular form of .  the .survivorship curve i s  the 

resu l t  of selection acting not on the survival. curve i t s e l f ,  b u t  ra ther  on the 

reproductive. r isk functi'on, w h i c h  Ss 1 inked' wi ' th  the' actuarial  risk function by 

the senescence process t h a t  they have i n  comnon. 

We m u s t  examine one fur ther  aspect of the phylogeny of longevity , namely the 

degree to  which speci.es longevity is correlated wi'th certain constitutional 

variables. In a study . i n  which the dependence of maximum species lifespan on four 

constitutional vartabl es--brain .wei.ght, body weight, specif ic  metabolic ra te ,  and 

deep body temperature--was determi.ned by mu1 ti'pl e regression (Sac her, 1976), .the 

outcome was tha t  about 85% of the longevity variance in t h i s  s e t  of mammalian 



species is  accounted for  by these four variables,  even though they .are  measured 

on d i f fe rent  samples of animals, and the data a re  drawn from heterogeneous 

published data. This resu l t  makes i t  possible t o  draw the fur ther  inference 

tha t  mammal ia.n longevity did not evolve independently. b u t  rather as part  of a 

covarying s e t  of anatomical and phys.iologica1 character is t ics  t h a t  have complex 

relationships among themselves and w i  t h  the reproductive process, and tha t  .. 

contribute to  species f i tness .  

The high correlation of species lifespan w i t h  brain weight and other con- 

s t i tu t iona l  variablesmakesit  d i f f i c u l t  t o  give credence to  the hypothesis tha t  

the 1 imi t s  on longevity a re  imposed by senescence genes (Sacher, !978a, b) .  

T h u s ,  another important imp1 i ca t i  on of comparati ve 1 ongevi ty  research fo r  t h i s  
:.\ -..:I 

except i n  rare congeni t a l  disorders 
symposium i s  -that/structural DNA path01 ogy i n  somatic 

does. not 
ce l l s /a r i se .  from inherited s t ructural  pathology i n  the germ l ine,  such as 

senescence genes or  the ~ z i  lardian " faul t s"  (Szi lard,  1959). 

The ontogenetic aspect of DNA s t r u c t u r a l  pathology, i . e . ,  the observed pattern 

of i t s  accumulation w i t h  age,. is. another important consideration, i n  the choice of 

an optimal research paradigm. In b r i e f ,  my argument on t h i s  point i s  based on 
I 

the assumption tha t  s t ructural  DNA pathology, and in particular chromosome dele- , I  
t ions and rearrangements, accumulates more slowly than i n  proportion t o  age. I 
This assumption i s  supported by the  data  of Curtis (1963). f o r  the age-dependence 1 

I 

of chromosomal abnormalities i n  mice and dogs.. If mutations occur a t ' a  constant 

ra te  a t  a l l  ages, then the accumulated number should increase. i n  l inear  re1 ation 

to  age unless the mutations impose a select ive disadvantage on the c e l l s  bearing I 
t h e m ,  i n  which case the frequency of mutations wi 11 grow more slowly than i n  . 

case of rapid select ive elimination 
proportion to age, and i n  the extreme/can approach a steady s t a t e  level t ha t  is  

independent of age. 

Insofar as the evidence points . to  no more than a 1 inear accumulation' of . 

structural DNA pathology w i t h  age, we are  jus t i f ied  i n  adhering t o  the working 



assumption t h a t  the  r a t e  o f  mutat ion i s  constant,  and 
necessari l y  

not/a. r a p i d l y  

in-creasimg f u n c t i o n  of age, as i s  assumed by the  e r r o r  catastrophe- theory  o f  

aging (Orgel, 1963; Har r ison and Ho l l iday ,  1967). Th is  has the  paradoxical  

i m p l i c a t i o n  t h a t  t h e  f a c t o r s  governing t h e  generat ion o f  fundamental ag ing .  

pathology i n  DNA are  themselves age-independent. I f  t h i s  i s  so, then the  f a c t o r s  

, t h a t  govern . the  r a t e  of product ion of s t r u c t u r a l  pathology i n  somatic c e l l  DNA 

I need n o t  be s tud ied i n  o l d  animals. The use o f  o l d  animals f o r  t h i s  purpose ,: 

confers no advantage and e n t a i l s  considerably g rea te r  cost.  Also, i n s o f a r  as 

s tud ies  o f  o l d  animals lead t o  a preoccupation w i t h  t h e  secondary pathology o f  

senescence, they can be counterproduct ive t o  the  goal o f  e s t a b l i s h i n g  the  basic 
mani f e s t  

molecular  mechanisms o f  aging, f o r  t h e  accumulated/pathol og i ca l  changes are  

e f f e c t s  o f  senescence, and however- f a s c i n a t i n g  and impor tant  they a re  i n  t h e i r  

own r i g h t ,  they cannot be t raced  back t o  t h e i r  causes.. 

On t h e  bas is  o f  t h e  above considerat ions,  i t  i s  poss ib le  t o  o u t l i n e  a 

paradigm f o r  research on t h e  causal f a c t o r s  governing the  r a t e  o f  occurrence , 
o f  s t r u c t u r a l  pathology i n  DNA. 

Assumptions : 

1. The species s u r v i v a l  c h a r a c t e r i s t i c ,  the  mathematical. f u n c t i o n  which 

expresses the  average longev i t y  and t h e  shape o f  t he  su rv i vo rsh ip  curve, i s  a 

f i t n e s s  var iab le ,  on which n a t u r a l  s e l e c t i o n  operates i n  c lose  i n t e r a c t i o n  w i t h  

several o ther  c o n s t i t u t i o n a l  and reproduct i 've va r iab les  . 

. . 2 .  The importance o f  t h e  s u r v i v a l  c h a r a c t e r i s t f  c, and the  need f o r .  it: t o  ' 

vary i n  c lose con junc t ion  w i t h  o t h e r  var iab les ,  l e d  t o  the  e v o l u t i o n  of' a s e t  o f  

p o s i t i v e  longevity-assurance systems . a t  a l l  l e v e l s  o f  organizat ion,  enzymatic, 

phys io log ica l ,  and behaviora l .  , 

3. The e v o l u t i o n  o f  ve r teb ra te  longev i ty - -usua l ly  i n  the  d i r e c t i o n  o f . i n -  
\ 

creased mean longev i t y  and decreased r e 1  a t i v e  d fspe rs i  on o f  s u r v i v a l  - - i s  achieved 

i n  considerable degree by means o f  m o d i f i c a t i o n  o f  t he  expression o f  
whi~ch a r e  assumed t o  

th i 's  s e t  of s t r u c t u r a l  longevi  ty-assurance genes ,. / . a1 1 mammalian specieslhave i n  

common. 



4. The assumption of senescence genes tha t  have the i r  expression a t  the 

end of the lifespan can therefore be replaced by the more parsimonious 'assurnp- 

t ion of genes for  posi t ive l i fe-s tabi l iz ing functions tha t  have constant e f fec t  

throughout the 1 ifespan (thi's i n  regard t o  senescence only; developmental 

sequence genes in the adult  phase, such as. those controll ing menopause, a re  not 

covered by this assumption).' 

5. In the absence of selection for  a par t icular  time'-dependent develop- 

mental program, the two parameters accessible t o  s e l e c t i o n  for  maintenance of 

reproductive efficiency and survival a re  the slope and intercept of the log . ' 

rate-of-mortal i t y  ( ~ o r n ~ e r t z  :function. 

Given these assumptions, the longevi ty-assurance research paradigm proceeds 

by. lobking f o r  correlations of. tons t i  t u t i  ve biochemical , physiological , -and 

behavioral systems with longevity. Such relat ions,  when found, a re  not 

considered to  be causal -unless fur ther  evidence supports tha t  assumption. The 

comparisons can be.within species, e.g., among 'laboratory mouse s.trains or 

hybrids, or among Drosophi la  strai'ns, b u t  there must be c lear  evidence about 

whether the genotypes in questi'on d i f f e r  only i n  t he i r  vulnerabili ty parameters, 

as is.lusually the case (Sacher, 1966b; Storer,. 1978) or  whether they d i f f e r  i n  

the aging rate  parameter as well. The comparisons between populations would be 

made a t  comparable. degrees of progression toward maturity or  senescence, e .g. , 

on animals a t  10% of thei,r  maximum lifespans,  and would preferably, though not 

necessarily,. be made on young animals (Sacher. and Hart, 1978). The basis 

ass'umption i s  t h a t  the factors  responsible for -  differences in survival charac- 

t e r i  s t i c  between popul ati.ons a re  usual ly const i tut ive , and are  operative from an 

early age. The species compared should, moreover, be we1 1 defined i n  regard to  

genetic makeup, d i e t ,  disease suscepti bi li.ty, etc.., simi l a r  in  functi'on .and 

s t ructure,  and closely re1,ated taxon~mical ly , a1 though. comparisons across orders 

(rodents versus primates, f o r  example) would be appropriate a t  a l a t e r  stage of 

research. 



A concrete instance of the  u t i  1  i t y  o f  the  comparative paradigm i s  the 

comparison of - Mus musculus and Peromyscus leucopus i n  regard t o  the capacity of 

cultured primary explant f ib rob las t s  from young donors of  these two species t o '  

carry out excision repa i r .  of 260 nm u l t r a v i o l e t  ray damage t o  t h e i r  DNA. The 

pro1 i f e r a t i v e  capacity o f .  cultured - Mus c e l l  s  fa1 1 s off about twice as rap id ly .  

w i  t h  passage number as  does t he  prol i fera  t i v e .  capacity of Peromyscus , and the  r a t e  

of DNA r epa i r  of early-passage. c e l l s  , as  measured e i t h e r  by unscheduled DNA 

synthesis  o r  by BUdR photolysis, proceeds a t  a  2.5-fold gre.ater r a t e  i n  Peromyscus 

c e l l s  than. i n  - Mus c e l l s  (Sacher and Hart, 1978; Hart e t  .a1 . , 1979). . . 

We saw above (Table 1 )  t h a t  Mus - and Peromyscus d i f f e r  by a f ac to r  of 2.4 i n  

l i f e  expectation and t h a t  t h i s  i s  a t t r i bu t ab l e  almost en t i r e ly  t o  a 2.,3-fold 

di f ference i n  aging r a t e ,  alpha, w i t h  no s i gn i f i c an t  d i f ference i n  the i n i t i a l  

vulnerabi l i ty  parameter, qb. Does t h i s  s ign i fy  t h a t  DNA repa i r  systems in  mammals 

operate primarily t o  govern the aging r a t e  parameter, and not the vulnerabi l i ty  

parameter? The tenfold var ia t ion of r epa i r  r a t e  across. species (Hart and Setlow, 

1974; Hart, these proceedings) i s  about the  same as t he  range of var ia t ion of 

alpha, and so is  consis tent  w i t h  t h e  hypothesis tha t .  DNA repa i r  governs the  

species aging r a t e .  In pa r t i cu l a r ,  i t  can be hypothesized t ha t  laboratory mouse 

s t r a in s  and hybrids, which usually d i f f e r  only i n  qo, and not i n  alpha (Sacher, 

1'966b; S tore r ,  19781, wi l l  show l i t t l e  var ia t ion i n  DNA repa i r  r a t e  among s t r a i n s ,  

and a low corre la t ion of r epa i r  r a t e  w i t h  s t r a i n  longevity. The. appropriate 

experiments a r e  eagerly awai'ted.. 
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Table 1 .  Life Expectat ion Eo, I n i t i a l  V u l n e r a b i l i t y  qo, .and Doubling Time o f  
Mor ta l i t y  Rate Td f o r  Five Mammalian Spec ies  .a 

Spec ies  

Mus muscuZus (house mouse) , 6 0 2 ~  3.0 X lo-4 180 

Peromyscus Zeucopus (whi te-f oo ted mouse) 1 .,420 I 1.2 x 1 0 ' ~  422 

Canis familiaris (beagle  dog) 3 $61 7 2.7 X 10-5 81.2 

Equtls cabaZZus (thoroughbred mare) 6,329 6.0 X 1332 

Homo sapiens (U.S. white.  female ,  1969) 27', 700 1 .5  X loe7' 3100 
- - - - - - - - - 

a Life expec t a t i ons  a r e  from b i r t h ;  i n  t h e  ca se s  of  t h e  roden t s  they do no t  
i nc lude  t h e  dea ths  from b i r t h  t o  weaning. Data f o r  t h e  rodent  s p e c i e s  from 
Sacher and S t a f f e l d t  (unpubl i shed) ;  f o r  beagle  dog, from Andersen (1970) ,  
Andersen and Rosenbla t t  (1 974) ,  and Nor r i s  e t  a1 . (1 976) ; f o r  thoroughbred mare, 
from Comfort (1 958a ,b) . Reproduced, wi th  mod i f i ca t i ons ,  from G.  A.  Sacher  
(1 977'). 

b ~ e d i a n  su rv iva l .  time. 



FIGURE LEGENDS 

Fig. 1. Surv ivorsh ip  curves f o r  combined sexes o f  two muroid rodent  species, 

Mus - musculus and Peromyscus leucopus, bred and m a i n t a i n e d - i n  c a p t i v i t y .  

Peromyscus, though s i m i l a r  i n  s i z e  and eco log ica l  adaptat ion t o  Mus, - 
l i v e s  about 2.5 t imes as long. Reproduced f rom Sacher and H a r t  (1978). 

F ig.  2. p l o t s  o f  l oga r i t hm o f  age-specif ic m o r t a l i t y  r a t e  (Gompertz f u n c t i o n ) ,  

on a l oga r i t hm ic  scale, vs. age f o r  combined sexes fd'r Mus musculus .-- 

( 0 )  and Peromyscus 1 eucopus ( Q )  . Both species have appro~- imahely 

1 i n e a r  Gompertz equation. They have comparable qo values, b u t  

Peromyscus has a s lope ( a c t u a r i a l  ag ing r a t e )  about h a l f  t h a t  f o r  - Mus 

(see Table 1 ). Reproduced f rom Sacher (1978a). 

F ig.  3. The p o t e n t i a l  func t ion  f o r  a. hypo the t i ca l  phys io log i ca l  va r iab le ,  V(y) , 

and t h e  r e s t o r i n g  f o r c e  func t i on ,  K ( ~ )  .' The s t a b l e  e q u i l i b r i u m  o f  the  

system i s  a t . y L =  O,.and the.  p o i n t  'o f  i n s t a b i l i t y  i s  a t  y = A. 



1200.0 1800.0 2400.0 . 3000.0 
AGE, DAYS 



A
G

E-
SP

EC
IF

IC
 D

E
A

TH
 R

A
TE

, 
a

, re
ci

pr
oc

al
 d

ay
s 






