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De conclusie van Vagi et a l . dat een relatief lage concentratie endogeen 
thymidine verantwoordelijk Is voor de discrepantie tussen UDS en de 
verwijdering van pyrimidinedimeren in UV-bestraalde muizecellen zou 
sterk aan kracht hebben gewonnen indien door deze auteurs naast de 
gemiddelde grootte van de "herstelpatches" tevens het aantal daarvan 
zou zijn vermeld. 

Vagi, T . et a l . . Mutation Res.. 132 (1984) 101. 

De door Weinfeld et al . gepostuleerde verbreking van de fosfodlester-
band tussen de dimeervormende pyrimidlnes als initiële stap in het 
excislehersteiproces In UV-bestraalde humane cellen houdt geen 
rekening met de resultaten zoals verkregen door o.a. Zelle en Lohman 
voor humane cellen behorend tot xeroderma pigmentosum complementatle-
groep F. 

Weinfeld, M. et a l . . Biochemistry, 25 (1986) 2656. 
Zelle, B. en P.H.M. Lohman, Mutation Res., 62 (1979) 363. 

Bij de suggestie van Bohr et al . dat de discrepantie tussen de relatief 
hoge mate van overleving en het lage excisleherstelniveau van UV-
bestraalde CHO cellen te wijten zou zijn aan preferentieel herstel van 
schade aan vitale DNA-sequentles Is geen rekening gehouden met de 
resultaten van Mitchell et a l . , die aantonen dat In hetzelfde celtype 
thyminedimeren, gemeten m.b.v. specifieke antlllchamen, snel worden 
verwijderd. 

Bohr, V.A. et a l . . Cell, 40 (1985) 359. 
Mitchell, D.L. et a l . , Biochim. Biophys. Acta, 697 (1982) 270. 

De conclusie van Westerveld et al . een DN A-herstelgen te hebben 
gekloond Is voorbarig. 

Westerveld, A. et a l . . Nature, 310 (1984) 425. 

Binnen het huidige molekulalr-genetisch onderzoek wordt ten onrechte 
het accent gelegd op de bestudering van eiwitcoderende DNA 
sequenties. 



Het. n u t ' van Drosophila als in v ivo modelsysteem in de genetische 
toxicologie word t beperk t door het fei t dat akt le f delende somatische 
cellen In het adulte stadium van d i t organisme on tbreken. 

Het gepostuleerde in v i t r o modelsysteem voor verouder ing - de afname 
In pro l l ferat ieve ak t i v i te l t met het aantal populat leverdubbelIngen van 
humane f ibroblasten - ver l ies t veel van zi jn waarde indien men zich 
real iseert dat Drosophi la, een organisme zonder akt le f delende 
somatische ce l len, net als zoogdieren degeneratieve verouder ings­
verschi jnselen ver toont en daaraan s te r f t . 

8 

Het ontbreken van een algemeen aanvaarde def in i t ie voor het begr ip 
"ve rouder ing" veroorzaakt ve rwar r i ng in het experimenteel geronto-
loglsch onderzoek bi j het leggen van causale verbanden en de vas t ­
stel l ing van c r i te r ia voor het toetsen van hypotheses. 

Het verd ien t aanbeveling te onderzoeken of de staven van hoofd­
kantoren bi j het nemen van maatregelen ter verbeter ing van de arbe lds-
p roduk t l v i t e i t zichzelf soms over het hoofd hebben gezien. 

10 

Het op d i t moment belangr i jkste c r i te r ium voor het toekennen van 
onderzoeksubsidie, de afwezigheid van enig r i s i co , is In f lagrante 
tegenspraak met de aard van wetenschappeli jk onderzoek. 

11 

De geschiedenis herhaalt zich nooi t . 

12 

De opvat t ing dat een mens meer zou zi jn dan een computer word t nog 
slechts ondersteund door het fe i t dat de laatste goedkoper i s . 

J . V i j g , 
9 apr i l 1987. 
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CHAPTER 1 

GENERAL INTRODUCTION 

The Significance of DNA Repair for the Aging Process* 

1.1 What is Aging? 

Aging Is generally considered as a deter iorat ive process occurr ing du r ing 

the later stages of l i fe and ult imately leading to death . This Is rather an 

In tu i t ive representat ion of a phenomenon not well unders tood, than a suitable 

s tar t ing point for a discussion of the nature and character ist ics of the aging 

process. According to Webster's New World Dict ionary of the American 

Language (second college ed i t ion , 1970), aging means " to grow o ld" or " to 

r ipen or mature" . 

In th is thes is , aging of an organism is defined as the total of all changes It 

undergoes from its conception to Its death . Including embryonal development, 

maturation and adul thood. This def in i t ion can be easily applied to sexually r e ­

producing higher organisms where a conception can be Ident i f ied. In th is v iew, 

prokaryotes and unicel lular eukaryotes might be considered to age between two 

exchanges of genetic material (Smith-Sonneborn, 1981). On the other hand , 

the decrease in pro l i ferat ive capacity of somatic mammalian cells cu l tured In 

v i t ro (Hayf l i ck , 1980) should not be considered as ag ing , al though It has been 

suggested that in th is case Immortalization and/or neoplastic transformation 

events replace the "na tu ra l " form of genetic Information exchanges (Hayf l i ck , 

personal communication). 

In research on ag ing , most attent ion has been focused on senescence. 

According to Webster's, senescence means " the process of becoming o ld" or 

" the state of being o l d " . Here the aspect of r i pen ing , clearly present In the 

meaning of ag ing , has disappeared. In th is thes is , senescence is considered as 

the complex of non-revers ib le deter iorat ive changes, the effects of which 

become predominantly manifest dur ing the later stages of cellular or animal 

l i fespan. In higher animals, senescence predisposes to fatal disease. As such , 

* Parts of th is work have been published previously (Vl jg et a l . , 1985a) or 
are in press (Vi jg and Knook, 1987a). 



senescence is responsible for the natural l imitation to the lifespan of individual 

organisms or cel ls. I t should be emphasized that senescent (deter iorat ive) 

changes are only one aspect of the biological process of ag ing . This becomes 

clear when It Is realized that even at old age adaptive "posi t ive" changes 

occur ; although at that time the deter iorat ive aspect of aging (senescence) 

predominates, development has not ye t come to an end . 

In order to obtain a bet ter understanding of the aging process, two 

fundamental problems should be addressed: (1) the possible teleological 

component of ag ing , that Is , the purpose of a l i fe cycle wi th an endogenous 

f in i te component and (2) the mechanisms behind senescent changes dur ing the 

aging process. In this thes is , the question wil l be discussed to what extent 

studies on the Induct ion and processing of DNA damage in the genome of cells 

may contr ibute to the solution to these problems, 

1.2 Why do O r g a n i s m s Age? 

1,2.1 Senescence genes 

Ideas about a possible teleological component In aging are based on hypo­

theses which were already formulated at the t u r n of the cen tu ry . Some of 

these Ideas are st i l l considered to be va l i d . The most f requent ly mentioned 

"explanat ion" for the existence of aging in nature Is by analogy wi th the wear 

and tear of a machine. This popular , but scienti f ical ly debatable, comparison 

was the basis of August Weismann's suggest ion, made about a century ago, 

that senescence and death were adaptations f ixed in the genome by natural 

selection wi th the objective of d iscarding old worn-out Individuals who had 

become a burden for the group or species (Welsmann, 1891). In th is form the 

argument is essentially c i rcu la r , since i t considers the phenomenon which i t 

seeks to explain (senescence) as the very reason for Its own existence. 

There i s , however, some evidence for the occurrence In nature of program­

med l i fe termination by the action of genes that code for senescence and death 

("senescence genes" ) . In the case of Austral ian marsupial mice (at least six 

species of the genus Antech lnus) , synchronous degeneration and death occur 

in all adul t males wi th in a few weeks after mat ing. In th is case i t seems indeed 

l ikely that environmental constraints ( e . g . , competition for food) have led to 

the establishment of a semelparous l i fe cycle ( reproduct ion once in a l i fe t ime), 

of which programmed senescence and death is an integral par t (Diamond, 

1982). Semelparity Is not uncommon among bacter ia, invertebrates and p lants . 

In add i t ion . In higher vertebrates certain embryonic t issues ( e . g , pronephros, 
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mesonephros) undergo programmed cell death as a normal par t of their 

developmental process (Saunders, 1966}. 

The existence of these cases could easily lead to the assumption that in all 

species senescence is the resul t of a genetic program for mor ta l i ty . However, 

in most species natural selection acts at the level of the ind iv idua l . This makes 

the emergence and f ixat ion of senescence genes that benef i t the group or 

species by the removal of old individuals h igh ly un l i ke ly . Indeed, all other 

individuals in the group would benefi t as much as the di rect descendants. In 

other words , the new genetic t ra i t of fers no selective advantage in populations 

wi th individuals dy ing at d i f fe rent t imes. This wi l l preclude the f ixat ion of 

senescence genes in most higher animal populat ions. Moreover, whereas 

senescence in the case of marsupial mice is an eff ic ient and rapid way of 

removing a lot of animals simultaneously, th is cannot be said of senescence as 

i t occurs in humans or capt ivated animals. In te res t ing ly , when the above 

described marsupial mice species are kept isolated in laboratory cages, 

senescence in these animals is as long and tedious as in other captivated 

animals or in humans (Diamond, 1982). Apparen t l y , because these marsupial 

mice are programmed to die at an early age as a part of thei r reproduct ive l i fe 

cycle they have no oppor tun i ty to undergo "normal" senescence. In most i te ro -

parous animals in the wild the situation is yet much the same. In na ture , 

senescent animals are ra re . Death th rough prédation or other factors usually 

occurs so f requent ly that there is no chance to become o l d . This lack of 

normal senescence in nature is probably the strongest argument against 

senescence genes. Indeed, how can natural selection act on a t ra i t that is 

never expressed? In view of the above considerations i t seems unl ike ly that 

senescence and death in mammals, inc luding humans, are essential and 

purposeful components of thei r genetical ly programmed l i fe cyc le. 

1,2.2 Aging as d i f ferent iat ion 

Somewhat related to Weismann's concept of senescence as a genetically 

determined program is the idea, or ig inal ly proposed by Charles Minot at the 

beginning of the 20 cen tu ry , that senescence is a par t of normal d i f f e ren ­

t iat ion (Minot, 1907), He assumed that senescence only occurred in mul t i ­

cel lular organisms (Metazoa), which were thought to "pay the pr ice" for the 

benefits of d i f fe rent ia t ion. This idea is interest ing because i t dist inguishes 

between two categories of cells wi th respect to the occurrence of senescence 

and death , i ,e . undi f ferent iated act ively d iv id ing cells and terminal ly 

d i f ferent iated postmitotic cel ls, 
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According to Minot, senescence and death were exclusively associated with 

terminal ly d i f ferent iated cells which were thought to undergo an i r revers ib le 

decline of v i ta l func t ions , ult imately leading to thei r death . Since even present 

day gerontological research has not ye t answered the question whether or not 

act ively d iv id ing undi f ferent iated cells undergo senescent changes (Miquel et 

a i . , 1979; Knook, 1980), Minot's d i f ferent iat ion hypothesis cannot simply be 

re jected. In add i t ion , there is no clear cut theoretical argument against i t , 

since senescence could be a by -p roduc t of d i f ferent iat ion rather than be 

programmed as such . This possibi l i ty has been adopted by Strehler in his 

codon rest r ic t ion theory (Strehler and Barrows, 1970). In th is theory i t is 

proposed that the di f ferent iat ion process in each specific cell type is associated 

wi th an i r revers ib le restr ic t ion in codon usage by i ts machinery for protein 

synthes is . This would lead to the inabi l i ty of terminally d i f ferent iated cells to 

replace certain long- l ived (bu t nevertheless temporary) pro te ins, due to the 

fact that the only decoding capacity left matches the cell 's synthet ic 

specializations. Since the fatal events resul t ing from th is defect would only 

become manifest af ter the reproduct ive period ( in i t i a l l y , codon restr ic t ion 

would be economically advantageous for the i nd i v i dua l ] , natural selection would 

have favoured such a developmental p lan . 

The original "d i f ferent ia t ion to death" hypothesis of Minot did not include a 

mechanism for senescence (or d i f fe ren t ia t ion , which is the same in th is 

t h e o r y ) , but i t had a "purposefu l component". According to Minot, aging was 

exclusively associated wi th mult icellular organisms, which was of advantage to 

them, since i t gave them d i f fe rent ia t ion . However, i t is now clear that u n i ­

cellular organisms also age and undergo senescent changes (Smith-Sonneborn, 

1981), There fore , Minot's theory has lost i ts purposeful component. Any 

fu r the r discussion of this theory is rather fut i le as long as both aging and 

di f ferent iat ion are vaguely def ined processes, the mechanisms of which are 

incompletely understood. 

Al though neither Weismann's theory in which aging is encoded in the genes 

because i t is good for the group or species, nor that of Minot in which 

senescence is an integral par t of ongoing d i f fe rent ia t ion , are at the present 

time sat isfactory hypotheses that explain the existence of ag ing , they never­

theless contr ibuted great ly to gerontological research. For the f i r s t time the 

aging process was considered as a biological phenomenon which can be 

discussed in a scienti f ic context , experimentally addressed and eventual ly be 

understood. Their work forms the basis of all modern concepts in fundamental 

research on ag ing . 
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1.2.3. Aging and the control of l i fespan 

In an evolut ionary perspective i t seems l ikely that senescence, i r respect ive 

of its mechanism or o r i g i n , cannot be prevented by natural select ion. I t has 

been argued that the forces of natural selection s t rongly diminish af ter the 

reproduct ive period and therefore no mechanism to prevent senescence and 

death has emerged (Williams. 1957; KIrkwood, 1977; Rose, 1983). In th is v iew, 

the existence of senescence is int r icately interwoven wi th the existence of a 

reproduct ive l i fe cyc le. With respect to .the or ig in of both phenomena i t can be 

speculated that the reproduct ive l i fe cycle emerged as the most successful way 

to deal wi th senescence, which may have been present since the or ig in of l i fe . 

Even the f i r s t sel f - repl icat ing informational molecules, which are now commonly 

assumed to be RNAs (Eigen et a l . , 1981). probably already underwent senes­

cence in the form of physical destruct ion of thei r phenotypes ( the i r folded 

conf igurat ions) and thei r genotypes ( the i r RNA base sequences). Recombina­

t i o n , a rudimentary form of sexual reproduct ion , could have been the way to 

overcome the damage (Bernstein et a l , , 1985), 

The apparent incapacity of natural selection to generate immortal species 

does not exclude the possibi l i ty that the l ifespan can be modified by evo lu­

t ionary mechanisms. Lifespan is inherent in an organism's developmental plan 

and is therefore necessarily subjected to natural selection. Because the 

senescent phenotype. character ist ic for individuals towards the end of the 

maximum species l i fespan, is seldom expressed in na ture , the phenotypical 

character ist ics acted upon must merely be those that are expressed before and 

dur ing the reproduct ive per iod . 

However, under certain circumstances i t Is Imaginable that natural selection 

acts on characterist ics only expressed at old age. This is i l lust rated by some 

cases in which extension of l i fespan has become advantageous. Certain higher 

animal species, such as humans, have adapted to a level at which also aged 

individuals contr ibute to the l ikelihood of surv iva l of the group to which they 

are k in (Mergler and Goldstein. 1983). An aged cohort in a human population 

can be advantageous by the transmission of Information. There are even exam­

ples of species that p ro f i t from having senescent individuals in the populat ion. 

For instance, senescent (slow) saturn i id moths are readi ly caught by b i r d s , 

thereby teaching them that the species is d is tas te fu l . In th is way, prey ing of 

the predator upon younger (and reproduct ive ly potent) Individuals is p rec lu ­

ded (Blest , 1963). 

With respect to the control of longevity i t can be in fer red from the above 

that natural selection is not l ikely to act on hypothetical genes that act ively 
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provoke senescence ("senescence genes") nor on genes that completely prevent 

It by coding for Immortal i ty, The two possibil i t ies that are at the present time 

seriously considered, v i z , , the plelotropic gene theory and the longevity 

assurance theo ry , have been considered as diametrically opposed to each other 

(Sacher, 1978a), According to the plei tropic gene theo ry , senescence Is a 

negative by -p roduc t of ontogeny, due to the act iv i ty of so-called pleiotropic 

genes (Williams, 1957), That i s , senescence is thought to be the resul t of late 

deleterious effects of genes that have beneficial effects early In l i f e . Such 

genes would therefore have been favoured by natural select ion. In a series of 

studies wi th Drosophila melanogaster It has been attempted to test the main 

predict ion of th is theory : selection for increased lifespan automatically occurs 

In populations that reproduce at an advanced age (L ints et a i , , 1979; Rose and 

Char lesworth. 1980; Luckinbi l l et a l , , 1984). The results of these studies were 

conf l i c t ing . More recent ly , however. Clare and Luckinbi l l (1985) elegantly 

showed that the fa i lure of some attempts to select for greater longevity in 

Drosophila is due to environmental effects that s t rongly influence the expres­

sion of genes determining l i fespan. These authors conclusively demonstrated 

that In Drosophila (a) l ifespan is under genetic control and (b) selection for 

Increased lifespan antagonistically reduces ear ly - l i fe fecund i ty . T h u s , the main 

predict ion of the pleiotropic gene theory appears to be cor rec t . 

In the longevity assurance theory (Sacher. 1978b) aging is not considered 

as a process, evolved dur ing evo lu t ion, that the organism passively endures. 

Instead, i t is proposed that the control of longevity by natural selection is 

mediated by genetic systems that govern posit ive enzymatic mechanisms for the 

protect ion, regulation and repair of the essential information molecules In the 

organism. I t follows that according to th is t heo ry , non-funct ional alterations in 

information molecules are considered as the main causal factor In senescence. 

The essence of the longevity assurance theory in an evolut ionary perspect ive, 

is i ts commitment to the idea of l i fe extension by natural (evolut ionary) means, 

which makes i t most applicable to mammals, the ( rap id) evolution of which is 

associated wi th a dramatic increase in maximum lifespan (Cut le r . 1979). 

The longevity assurance theo ry , which is essentially stochastic, and the 

pleiotropic gene theory , the character ist ics of which are programmatic, 

represent sat isfactory explanations for the existence of senescence in nature . 

Unfor tunate ly , the pleiotropic gene theory is thought to clash wi th the longe­

v i t y assurance theory because accumulation of late-act ing senescence genes 

du r i ng evolution suggests that o r ig ina l l y , senescence d id not exist in na tu re , 

and that the l iv ing state is in t r ins ica l ly perfect (Sacher, 1978a). This latter 

poss ib i l i ty , i s , at least at f i r s t s i gh t , not wholly unreal is t ic . Indeed, orga-
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nisms equipped wi th the h ighly sophisticated mechanisms that are necessary for 

the i r development and reproduct ion must be able to develop maintenance 

mechanisms that completely prevent deter iorat ion. The question of why th is did 

not occur and why senescent processes are so intr icately interwoven wi th 

l iv ing organisms, are not solved by the longevity assurance theory . Likewise, 

the pleiotropic gene theory does not provide any rational explanation for the 

problem of how and why genes would switch from having a beneficial to having 

a deleterious effect (Sacher, 1978a], The answers to such questions might be 

der ived from deeper ins ight into the mechanisms of senescence. On the basis 

of such insight i t should be possible to reconcile the longevity assurance 

theory wi th the plelotropic gene theory . 

1.3 How do Organisms Age? 

1,3.1 Aging at the physiological level 

Aging at the physiological level can be considered as a combination of 

developmental and deter iorat ive processes. Clear ly , at the beginning of the 

lifespan the developmental component predominates, whereas at the end the 

deter iorat ive aspect becomes more and more prominent. In order to study the 

basic cause of senescence, fundamental senescent processes must be 

dist inguished from secondary phenomena such as adaptive "posi t ive" changes. 

T h i s , now, has proven to be extremely d i f f i cu l t . 

A t the physiological level , one of the most prominent characterist ics of 

aging Is i ts va r iab i l i t y . Al though aging of humans Is associated with a gradual 

reduct ion in average functional performances after the age of 40 years , not all 

funct ions deteriorate at the same rate or to the same extent (TImlras, 1972; 

Shock, 1983), In add i t ion , there are large variat ions among individuals with 

respect to the rate of occurrence of certain deter iorat ive changes and the 

pat tern of age-related pathology (Mar t in . 1979; Shock, 1983). In pa r t , this 

may be due to genetic d i f ferences. Longitudinal studies of aging twins revealed 

that in t rapai r differences in l i fespan and In the Incidence of cancer are 

s igni f icant ly smaller for monozygotic than for dizygot ic twins (Bank and 

Ja rv i k , 1978]. Al though this is suggestive for heredi ty as a s igni f icant factor 

in determining human l i fespan, the details of the pat tern of transmission are 

not clear (Murphy , 1978). In th is context , the possibi l i ty should be considered 

that other in t r ins ic factors are invo lved, superimposed on the genetic t ra i ts 

that determine maximum species l i fespan. This is i l lust rated by the observed 

var iat ion in lifespan and patterns of mult iple pathology among rodents of the 
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same s t ra in and sex kept under identical condit ions (Bu rek , 1978; Zürcher and 

Hollander. 1982], I t Is not unl ike ly that such Individual var iat ion among Inbred 

animals Is to some extent not present ab in i t io but emerges from continuous 

genetic and/or epigenetic alterations dur ing aging in each Ind iv idua l , 

Extensive cross-sectional and longitudinal studies on physiological funct ions 

In relation to age suggest that senescence can not be ascribed to the fai lure 

of any single organ system, t issue or cell t ype . Instead, i t has been 

suggested that the main deter iorat ive factor in the aging process at the 

physiological level is the breakdown of the regulatory processes that provide 

funct ional integrat ion between cells and organs (Shock, 1977], The resul t ing 

Inabi l i ty to purposeful ly coordinate several funct ions in support ing homeostasis 

might then be responsible for the increased sensi t iv i ty of the elder ly to 

Internal and external environmental stresses (Shock, 1977). This Is In keeping 

wi th some general character ist ics of the aging process, such as the slowing of 

response and recovery. For instance, glucose removal from the blood is 

diminished as a consequence of reduced sensi t iv i ty of beta cells in the 

pancreas, the rates of the various recovery processes after exercise are 

reduced, t issue regeneration is slower and temperature regulat ion and control 

are impaired. 

T h u s , senescence may be ascribed to alterations In the sett ing of the 

control mechanisms that regulate funct ional ac t iv i ty wi th in and between cells 

rather than to the diminished capacity of one or more organ systems. This line 

of reasoning is in keeping wi th the observation of a gradual linear decline in 

bodi ly func t ions , whereas the chance of dy ing (as a consequence of pathologi­

cal changes) increases exponential ly (T imiras, 1973). The latter might then be 

due to progressive impairment of the effectiveness of control mechanisms, the 

basic cause of which may lie at the cellular level . With regard to th is latter 

poss ib i l i ty . I t seems l ikely that most cell types in an organism are subject to 

deleterious age-related changes (F ro lk i s , 1984), possibly wi th the exception of 

hematopoietic stem cells and germ cel ls. 

Hematopoietic stem cells may not undergo senescent changes, as was ind i ­

cated by continuous repopulation of mouse bone marrow upon repeated deple­

t ion by exposure to an a lky lat ing agent (Valeriote and Tolen, 1983). Fu r the r ­

more, stem cell lines from old animals funct ion normal ly, wi thout any loss of 

pro l i ferat ive capacity or other in t r ins ic defects upon transplantat ion to young 

i r radiated recipients (Har r ison, 1979a). However, three to six serial t r ans ­

plantations lead to exhaustion of pro l i ferat ive capacity (Har r i son , 1979b). 

Whether th is Involves senescence or is solely an artefact of the transplantat ion 

procedure Is as yet not clear (Har r i son , 1979b). 

16 



A second example of a cell type In a l iv ing organism that does not seem to 

undergo senescence are germ cel ls. Al though there can be no doubt that the 

germ line has an inf in i te repl lcat ive l i fespan, germ cells may nevertheless 

undergo deter iorat ive (senescent?) changes. For germ cells th is Is Indicated by 

the increased r isk of the older parent of having a chi ld wi th a genetic 

d isorder , the best example of which is Down syndrome. Advanced maternal age 

is related to an Increased r isk of having a chi ld wi th Down syndrome (Kram 

and Schneider, 1978). Assuming that senescent changes in germ cells are I n ­

volved In the etiology of the parental age-related Increase In genetic d i s ­

o rde rs , the question arises of why such cell populations have an Inf in i te 

l i fespan. The answer to th is question may be that germ cells and possibly also 

hematopoietic stem cel ls , may be programmed - In accordance wi th thei r 

funct ion - to div ide indef in i te ly . Other somatic cells may either funct ional ly 

di f ferent iate or undergo terminal d i f fe rent ia t ion . The latter process, which is 

not necessarily caused by a deter iorat ive process, should be sharply 

dist inguished from senescence. It is a major misunderstanding that the 

cessation of mitotic act iv i ty of a cell population represents (or Is due to ] 

senescence as It occurs in the intact organism. This problem is fu r the r 

discussed in Chapter 5. 

It can be in fer red from the above that deter iorat ive changes can occur In 

cell populations that do not undergo clonal exhaust ion. Apparen t l y , selection 

processes operate in these cell populations which keep them from ext inc t ion . In 

germ cel ls , one of the selective mechanisms for v iab i l i ty may be spontaneous 

abort ion (Evans, 1984). The frequency of spontaneous abort ions s t rongly 

increases wi th age (Kram and Schneider. 1978). In hematopoietic stem cells the 

thymus and perhaps also other organs may funct ion rn the selection and 

instruct ion processes associated wi th maturation of the immunocytes (Bevan, 

1981). In neoplastically transformed cells and in act ively d iv id ing cells in 

general , there is continuous selection for cells w i th a growth advantage. 

A great number bf age-related changes in the various somatic cell types 

have been descr ibed. For instance, by Schneider and Mitsui (1976) and by 

Hayfl ick (1980). who studied human f ibroblasts dur ing passaging In v i t r o and 

dur ing ag ing , and by Knook and col laborators, who worked wi th rat l iver 

cel ls. Knook's studies are especially noteworthy since they indicated d i f f e ren ­

t ial age-related changes in certain enzyme act iv i t ies in the various cell types 

of the l iver (Knook and Sleyster. 1976; Knook, 1980; Wilson et a i . , 1982). 

T h u s , age-related changes that had been previously observed in the whole 

organ could now be traced backwards to phenotypical events In specific cell 

t ypes , and this has been used to support the idea that organisms or organs 
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senesce because thei r cells senesce. Such combined studies at the organ and at 

the cellular level are essential for the elucidation of the fundamental causes of 

senescence. Fur ther progress, however, has been severely hampered by the 

fact that any change in a specific cell type may readi ly Influence proper 

funct ion ing of other cells or g ive r ise to adaptive changes. There fore , a 

search at the phenotypic level for the ultimate cause of cellular senescence Is 

unl ike ly to succeed. However, since cellular phenotypes ultimately ref lect the 

central dogma of molecular biology (DNA •* RNA •* p r o t e i n ] , senescent changes 

can theoretical ly be traced backwards via protein and RNA to DNA, the b lue­

p r i n t of cellular Information. I t has been suggested by numerous authors that 

changes in these information macromolecules may under ly the basic processes in 

senescence. 

A potential source of "spontaneous" alterations In information macromolecules 

Is easily found In the var ie ty of external agents ( e . g , , rad iat ion, certain 

environmental components, products of cellular metabolism) which permanently 

threaten l iv ing organisms. According to the longevity assurance hypothesis 

(see Section 1 .2 .3 ) , enzymatic sytems have been developed dur ing evolution 

which l imit the rate at which such alterations take place. Modulation of the 

eff iciency of these enzymatic systems dur ing evolut ion. In conjunction wi th and 

d r i ven by evolut ionary modulation of the developmental p lan , might have led to 

the large interspecies var iat ion in l i fespan which is observed (Cut le r , 1980). 

1.3.2 Aging at the DNA level 

Like physiological phenomena, age-related changes at the DNA level can also 

be subdivided In deter iorat ive (senescent] changes and developmental ones. 

Examples of the latter are' the generation of immunoglobulin and T cell receptor 

d ivers i ty by a series of programmed changes in the DNA sequence organization 

of B and T lymphocytes, respect ively. As yet these are the only examples of 

programmed DNA sequence changes In mammals. Comparable changes, associ­

ated w i th other developmental processes, have thusfar not been found . 

However, i t should be mentioned here that developmental changes In patterns 

of 5-methyIcytoslne (the major DNA base modification) have been observed In 

and around a great number of genes ( for a rev iew, see Doerf ler , 1983), In 

view of the proposed relat ionship between DNA methylatlon and gene expres­

s ion , i t Is not Inconceivable tha t the control o f gene ac t iv i ty du r ing 

development Is In par t based on th is type of DNA modif ication. 

The k ind of DNA changes that might be categorized under senescence are 

l ikely to Include DNA damage, that Is , abnormalities in the chemical s t ruc tu re 
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of DNA that may influence its normal template func t ion . Al though in pr incip le 

all information macromolecules are subjected to damage causing their dys func­

t i on , changes in DNA have often been suggested to be the main factor 

involved in senescence. Such a view is supported by the argument that 

changes in DNA, the cell's pr imary source of informat ion, may lead to a 

permanently altered pat tern of gene expression. In cont ras t , d i rect changes in 

any of the other information macromolecules (RNA and protein) are only tem­

po ra ry , provided an intact DNA template is present . On the basis of th is 

argument, i t has been suggested that DNA alterations are involved in the 

etiology of senescence and the mult i tude of disorders associated wi th i t 

(H i r sch , 1978). 

single-strand break 

Figure 1 .1 : 
Schematic representat ion of a part 
of a DNA molecule containing a 
number of d i f fe rent lesions. 

thymine dimer 

double-strand break 

missing base 

damaged base 
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Most age-related DNA alterations are l ikely to ult imately resul t from the 

continuous act iv i ty of damaging agents from the environment or from inside the 

cell i tsel f . Interact ion of these agents with the DNA, either d i rect ly or 

ind i rect ly via cellular processes, may lead to the induct ion of a spectrum of 

lesions in the DNA (F ig .1 .1 ) . In genera l , DNA lesions themselves are non-

her i table, that i s , they are normally not t ransfer red as a genetic t ra i t to 

daughter cell DNA by semi-conservative DNA synthesis. The fate of induced 

DNA lesions, in terms of their persistency and potential consequences at the 

DNA sequence level , is governed by the processing act ivi t ies of the complex of 

enzymatic systems collectively termed DNA repair (schematically depicted in 

F i g . 1 . 2 ) . 

CAUSAL 
EVENTS 

CELLULAR 
ACTIVITIES 

PHYSIOLOGICAL 
PHENOMENA 

physical and 
biochemical cellular 

barriers 

chemicals 

DNA 
lesions 

DNA 
repai r 

accurate error 
repair prone 

repair 

unaltered 
DNA 

persisting, 
remaining 
and/or modi­
fied lesions 

changes in 
DNA sequence 
information 

cell 
death 

somatic 
and heredi-
table diseases, 
aging ? 

Figure 1.2: Hypothetical pathways via which induced DNA damage may lead to 
physiological d isorders . 

1.3.3 DNA repair : An overview 

In a s t r i c t sense the term "DNA repair" should only be applied to those 

biochemical systems that are involved in the removal of DNA damage with the 
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alm of restor ing the original s i tuat ion. From a more general point of v iew, DNA 

repair encompasses all enzymatic systems Involved in the processing of DNA 

damage. Then I t Includes those systems that merely act to tolerate the damage 

and the so-called "SOS response" (see below). F ig.1.3 Is a schematic overview 

of the cu r ren t l y known pathways of DNA repair in a s t r i c t sense and the i r 

direct reversol (e g photoreactivatlon ) 

bulky DNA 
odducts leg 
pyrimidine 
dimers} 

direct reversal (e g methyl t ransfer ) 

Figure 1.3: Various Interconnected pathways thought to be available for the 
repair of 2 major groups of DNA lesions. A lesion Is called " b u l k y " 
when i t causes d istor t ion of the DNA s t ruc tu re . Unlike most bu lky 
lesions, which are large chemical adducts , pyr imidine dimers 
Involve 2 • adjacent bases (only the more general form of a bu lky 
lesion is shown). Such a so-called in t ra -s t rand crossl ink can 
great ly d is tor t the DNA s t ruc tu re . 

in terre lat ionships. They generally can be d iv ided into two categories, v i z . 

d i rect reversal and excision repa i r . Two well-documented examples of d i rect 

reversal are photoreactivatlon of pyr imidine dimers induced by u l t rav io let l ight 

( U V ) , and the d i rect removal of a lkyl damage by its t ransfer to an acceptor 

p ro te in . Photoreactivatlon is mediated by a DNA photolyase. This enzyme binds 

to a pyr imidine dimer-contalning site and uti l izes visible l ight energy to spl i t 

the cyc lobuty l r i ng of the adduct (Eker , 1983). Photoreactivatlon of pyr imidine 

dimers has been convincingly shown to occur In many prokaryotes ( e . g . 

Escherichia co l l , Streptomyces gr iseus] and lower eukaryotes ( e . g . Saccharo-

myces cerevls iae). The occurrence of photoreactivatlon of pyr imidine dimers in 

l iv ing cells from higher eukaryotes Is st i l l cont rovers ia l , al though the 

phenomenon has been reported to occur in embryonic chicken cells In cu l ture 
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(Wade and Lohman. 1980) and human epidermal cells In v ivo (Suther land, 1980; 

D'Ambroslo et a l . , 1981; Vl jg et a l . , 1986a). 

The d i rec t removal of a lky l damage, which can for Instance be Induced by 

the mutagens N-methy l -N ' -n i t ro-N-n i t rosoguanld lne, methyl methanesulfonate 

and N-methy l -N-n l t ro-ourea, has been best described for E.col i . Methyl groups 

at O -guan ine, resul t ing from treatment wi th these mutagens, are removed 

(wi thout removal of the base i tsel f ) by thei r d i rec t t ransfer to a cysteine 

residue in an acceptor p ro te in . DNA methyl t ransferase, to form S-methyl-

cyste lne. In E.col i , th is DNA repair ac t iv i ty has been shown to be inducible 

and adaptive (Samson and Cai rns , 1977; Karran et a l . , 1979; Ca i rns , 1980). 

That Is , DNA damage Itself Induces the expression of the gene product (DNA 

methyl t rans fe rase ] , and the level of expression Is higher in cells that have 

received mult iple treatment wi th non-lethal doses of the alky lat ing agent than 

In cells t reated for the f i r s t t ime. 

In contrast wi th photoreact ivat lon, a lky l t ransfer has been demonstrated 

also to occur in var ious cell types from humans and rodents (Lewis and 

Swenberg, 1980; Sklar and Strauss. 1981). In te res t ing ly , dif ferences were 

observed In the capacity of a lky l repair between d i f ferent cell t ypes . I t was 

for Instance shown by Lewis and Swenberg that non-parenchymal cells of the 

rat l iver are def icient in thei r ab i l i ty to remove O -methylguanine as compared 

to hepatocytes (Lewis and Swenberg, 1980). At the present time i t Is not 

known whether in mammalian cells th is response is inducible and adapt ive, l ike 

In E.col i . 

Besides photoreactivatlon and a lky l repair two other less documented forms 

of d i rect reversal ex is t . One is the repair of breaks in the phosphodlester 

backbone, which I s , In both p r o - and eukaryotes, mediated by a llgase and Is 

actually par t of repl lcat lonal , recomblnational and excision repair processes. 

The existence of the o ther , the d i rect repair of depur lnat lon by means of a 

pur ine Insertase, is st i l l cont rovers ia l . Some evidence exists for the presence 

of pur ine insertase act iv i ty In extracts of E.coli and cu l tured human f i b r o ­

blasts (Deutsch and L inn , 1979], 

DNA excision repa i r , A second category of DNA repair responses Is known 

as excision repai r . Excision repair is a collective term for a number of 

Interrelated pathways via which a large var ie ty of f requent ly Induced lesions 

in cellular DNA of both p r o - and eukaryotes can be repai red. As shown In 

F ig . 1,3, repair of DNA damage via excision repair can be div ided Into 5 

s teps: , (1) recognit ion of the ini t ia l lesion in the DNA; (2) in i t ia t ion , either by 

d i rec t incision or via glycosylat lon followed by s t rand -n i ck ing ; (3) removal of 

a small piece of the DNA containing the damaged site (or par t of It) by the 
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action of an exonuclease; (4) f i l l ing of the gap wi th new nucleotides by the 

action of a DNA polymerase under guidance of the sequence In the Intact 

opposite s t r and ; (5) subsequent sealing of the gap by the action of a l igase, 

DNA excision repair Is often subdivided Into two categories on the basis of 

the Init iat ion s tep. I f excision repair Is ini t iated by glycosylase act ion, one 

speaks of base excision repair since the lesion is removed as a damaged free 

base. I f , on the other hand , the damage Is removed as nucleotides ( for 

instance in the form of an oligonucleotide) the process is termed nucleotide 

excision repa i r . However, i t should be noted that also in the case of base 

excision repair the apur in ic or apyr lmidlnic sites are eventual ly removed via 

incis ion, and excision of a number of nucleotides (see F ig . 1.3) . 

A t the present time there is Information that in bacteria a number of 

specific enzymes can operate ( e . g . , endonucleases and DNA glycosylases) that 

are capable of Ini t iat ing excision repair by recognizing and acting upon var ious 

types of DNA damage (L Indahl , 1982). Ins ight Into the character ist ics of such 

enzymes provided the basis for the ident i f icat ion of excision repair pathways 

wi th either a narrow or a broad specif ic i ty towards the induced lesions. An 

example of a specific action is the incision 5' to a pyr imidine dimer by the 

UV-speclfIc endonuclease der ived from bacteriophage T4 or from Micrococcus 

luteus bacter ia. These enzymes have both an N-glycosylase ac t iv i ty that 

cleaves the N-glycosyl bond between the 5' pyr imidine of a dimer and the 

corresponding sugar , and an apyr lmld in ic /apur ln ic (AP) endonuclease act iv i ty 

that cleaves the phosphodlester bond 3' to the newly created AP site (Haseltlne 

et a i . , 1980). As y e t , no Information is available about the subsequent 

enzymatic steps required for complete repair ( e . g . excis ion, resynthesis , 

l igat ion) . 

I t Is not known to what extent the above described incision act iv i t ies 

part icipate In the removal by excision repair of UV damage or other lesions 

from the DNA of other p r o - and eukaryotes. However, there is evidence 

against the occurrence of in i t iat ion of excision repair by damage-specific 

glycosylases in E.coli and cu l tu red human f ibroblasts (La Belle and L i n n , 

1982). In E.col i , excision repair of pyr imidine dimers Is encoded by the u v r A , 

uv rB and uv rC genes. As was revealed from a series of experiments by Sancar 

and Rupp (1983), the uvrABC endonuclease complex generates a s t rand break 

on either side of a dimer, thereby releasing a fragment wi th a length of 12 to 

13 nucleotides that contains the damage. Present ly, the various enzymatic p r o ­

perties of the d i f fe rent u v r gene products are being unraveled (Yeung et a l . , 

1983], as are the subsequent steps in th is repair process. In contrast to the 

M.luteus and the T4 endonucleases, which specif ically recognize pyr imidine 
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dimers, the uvrABC endonuclease acts upon a broad spectrum of damages, 

probably by recognit ion of a d is tor t ion of the DNA s t ruc tu re commonly associ­

ated wi th bu lky adducts. Thusfar there Is no d i rect evidence that a system 

comparable to the uvrABC system also acts In mammalian cel ls, although this 

has been suggested on the basis of some common features (Haselt lne, 1983). 

The above described mechanisms i l lust rate the advances that have been 

made In Ident i fy ing the various excision repair pathways operating in bacter ia. 

For mammalian cells the situation Is much less clear. On the basis of the 

number of subst i tuted nucleotides In the " repai r pa tch " , two forms of excision 

repair have been Ident i f ied: long-patch and shor t -patch repa i r . For mammalian 

cells In cu l tu re It has been shown that UV as well as a var ie ty of "UV- I Ike" 

chemicals (such as polycycl lc aromatic hydrocarbons ] , character ist ical ly Induce 

long-patch repair whereas X- rays evoke shor t -patch repair (Regan and Setlow, 

1974). Al though this d ist inct ion Is considered to ref lect the di f ference between 

nucleotide versus base excision repa i r , i t is not based on a c lear-cut d i f f e ren ­

ce in mechanism since there is at present no detailed insight Into the 

mechanisms of the complicated DNA excision repair pathways in mammalian 

cel ls. The progress that has been made Is to a large extent the resul t of the 

discovery of patients wi th heri table diseases associated wi th DNA repair 

defects (Setlow, 1978). 

The best known example of such natural mutants is xeroderma pigmentosum 

( X P ) , an autosomal recessive disorder characterized by progressive degenera­

t ion of the s k i n , eyes and nervous system and an increased r isk of malignancy 

(Cleaver, 1968; Cleaver and Bootsma, 1975). I t has been demonstrated that 

f ibroblasts (or other cells] from such patients are unable to remove pyr imidine 

dimers via the excision pathway (Cleaver, 1968; Zelle and Lohman, 1979). In a 

series of elegant studies It was established that XP patients can be categorized 

into so-called complementation groups (Kraemer et a l , , 1975; Cleaver and 

Bootsma, 1975], That i s , when cells from two d i f ferent patients are fused . In 

many cases the fusion product regains the capacity to perform excision repai r . 

I f so, the patients are assumed to belong to two d i f fe rent complementation 

groups (Bootsma, 1978], Thus fa r , there is convincing evidence for nine 

complementation g roups , which i l lustrates the genetic complexity of excision 

repa i r . This complexity becomes especially s t r i k i ng when It Is realized that 

much, i f not a l l , of th is complexity concerns the Init ial s tep(s ] of the process. 

Analogous to bacterial DNA-repaIr mutants, XP cells of various complementation 

groups as well as comparable mutants Isolated from established rodent cell lines 

(Thompson et a l , , 1981) are valuable tools In the genetic and biochemical 

analysis of DNA repair pathways in mammalian cel ls, 
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Another Important development Is formed by attempts to clone genes 

Involved in DNA repair processes in mammalian cells (Westerveld et a l , , 1984; 

Rubin et a l , , 1985). As In E.col i , where the avai labi l i ty of the pur i f ied u v r A , 

uv rB and uv rC genes and gene products provided Important new Insight Into 

how such cells repair damage by means of excision repa i r , comparable ef for ts 

can be expected to shed some l ight on the situation In mammalian cel ls . Gene 

cloning Is also being applied In the study of the above decribed d i rec t DNA 

repair modes, such as a lky l repair (Ding et a l , , 1985). 

Tolerance of DNA damage dur ing repl icat ion. In conf luent cu l tures of human 

f ib rob lasts , pyr imidine dimers are completely removed by excision repair In 10 

to 20 days , depending on the UV dose (Kantor and Setlow, 1981). However, In 

act ively d iv id ing cell populations Induced damage has to be removed more 

qu i ck l y , otherwise It would block DNA repl icat ion. In order to c i rcumvent DNA 

damage present du r ing repl icat ion, cells may ut i l ize so-called tolerant "DNA 

repair" pathways. In UV- l r rad lated E.col i , for Instance, DNA synthesis is 

arrested at the site of the damage, but is reini t iated at some point beyond i t . 

The resul t ing gaps formed In newly synthesized daughter s t rand DNA are cor­

rected by means of a recomblnational Insert ion of the corresponding segment of 

parental DNA, This parental DNA Is then replaced by a repair type synthesis 

(Rupp and Howard-Flanders, 1968; Rupp et a l , , 1971], The process has been 

termed postreplicatlon repair or daughter st rand gap repai r . Next to this 

recomblnational type of mechanism, bacteria possess an inducible mechanism, 

categorized among the SOS repair mechanisms (see be low] , that permits rep l i ­

cation of DNA that contains damage ( trans- lesion DNA synthes is ) . Because this 

system involves Insert ion of nucleotides opposite a noninst ruct lve site on the 

template. It Is l ikely to cause mutations (misincorporat ions). Thus , the cell 

tolerates what otherwise might be a lethal lesion at the cost of the Introduct ion 

of mutations ( "e r ro r -p rone" DNA repa i r ) . 

A t the present time i t Is not known whether mammalian cells tolerate damage 

by discontinuous or by continuous ( t rans- lesion) DNA synthesis . The repl ica­

t ion process In mammalian cells is organized in many independent u n i t s , termed 

repl icons. Each t ime, in two adjacent replicons semiconservatlve DNA synthesis 

is star ted from a jo int in i t iat ion point to proceed outward (bidirect ional 

syn thes is ) . I t has been shown that in i t iat ion of repl ication Is sensit ive to DNA 

damage; specific gene products appear to be present which inh ib i t in i t iat ion 

after treatments wi th DNA-damaging agents (Kaufmann et a l . , 1980). This 

process is altered In cells from ataxia telangiectasia (AT) pat ients. They have 

a genetic disease which is characterized by abnormalities in the nervous 

system, the skin and the immune system as well as by X - ray hypersens i t iv i ty 
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(Peterson and Smith, 1979). Such cells show much less inhib i t ion of repllcon 

Ini t iat ion upon treatment wi th DNA-damaging agents and th is may ref lect the 

DNA-repaIr defect thought to under ly the disease (Jaspers et a i . , 1982; 

Painter, 1985). 

Besides induced inhibi t ion of repllcon in i t ia t ion , mammalian cells treated with 

genotoxic agents also undergo inhibi t ion of DNA synthesis due to blocks to 

chain elongation. A f te r low doses, t ransient inhibi t ion of DNA synthesis 

occurs , as a consequence of single lesions between repl icons. In th is s i tuat ion, 

two approaching repl ication forks are prevented from normal termination when 

one fo rk is blocked at the lesion. The other fo rk then may pass Its normal 

termination site and repllcon termination is completed at the site of the lesion, 

which funct ions as an abnormal terminus (Park and Cleaver, 1979). The cell 

may then be programmed to Insert a nucleotide opposite the damaged base(s) 

wi th an er ro r f requency that is determined- by the character ist ics of the poly­

merases and nucleases present at the point of the lesion (Strauss et a l . , 

1983). 

A f te r high doses of a genotoxic agent , the probabi l i ty of two lesions 

between adjacent replicons Increases. It has been suggested that th is si tuation 

may resul t In a long- l ived unrepl lcated region or LLUR (Park and Cleaver, 

1979). A mechanism that describes the eventual repl ication of LLUR's by ac t i ­

vat ion of otherwise unused or ig ins wi th in the LLUR's has recently been 

proposed (Painter , 1985 and personal communication). 

The SOS response In E.col i . In E.col i , situations of physiological s t ress, 

caused by the inhibi t ion of repl ication by DNA damage or by nucleoside 

s tarva t ion , induce a complex response that may Include enhanced excision and 

postrepl icatlon repa i r , enhanced mutagenesis, prophage Induct ion, cel l -d iv is ion 

delay and the shu t -o f f of cel lular resp i ra t ion. This reaction of the cell to 

Immediate danger has been termed "SOS response" and the associated repair 

phenomena are designated as "SOS repair" (Radman, 1975). The SOS response 

Is regulated by the recA and lexA genes. The recA gene encodes a protease 

wh ich , upon act ivat ion by a situation of d is t ress . Inactivates the lexA pro te in . 

The lexA protein represses a set of genes, the act iv i ty of which represents 

the actual SOS response. Among the activated genes are the uv rA and B genes 

of the excision repair system and various .genes that code for recomblnational 

act iv i t ies (L i t t le and Mount, 1982). 

The consequences of SOS repair are enhanced surv iva l of the damaged cell 

In combination wi th enhanced mutagenesis. These two characterist ics of the 

SOS response can be observed In spl i t -dose exper iments. In such exper iments, 

an ini t ia l low dose of a genotoxicant is used to evoke the SOS response, so 
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that af ter a second, h igher , dose the surv iva l is much higher than i t would be 

wi thout the inducing effect of the f i r s t dose. As mentioned above, enhanced 

surv iva l is accompanied by enhanced mutagenesis, suggesting that the Induced 

recA/ lexA regulated system overrules the normal constraints of the var ious 

(er ror f ree ] repair responses, thereby t u rn i ng them into e r ro r prone systems. 

This e r ro r proneness of the SOS system is explained by assuming that SOS 

repair protects the surv iva l of the genetic substance rather than i ts i n teg r i t y , 

DNA sequence changes are of no importance as long as the surv iva l of (some 

of ] the genetic ent i ty is war ran ted. This may not appear a rational s t ra tegy , 

but i t could be a sine qua non for the generation of DNA sequence d ivers i ty 

which is essential for evolution to proceed. 

Extensive s tudy of the SOS response and i ts regulat ion has been made 

possible by the avai labi l i ty of SOS deficient mutants and the successful cloning 

of genes encoding SOS funct ions. For instance, a dominant lexA mutation 

blocks the expression of almost all the SOS phenotypes and therefore precludes 

the above described phenomena of enhanced surv iva l and mutagenesis. Such 

cells are extremely sensit ive to DNA-damaging treatments (Mount et a l , , 1972). 

In mammals, the induct ion of DNA sequence variat ions i s , as In E.col i , 

thought to be mainly due to e r ro r -p rone processing of induced DNA lesions. In 

mammalian cel ls , a number of reactions to the application of stress ( e . g . 

treatment wi th genotoxic agents, heat shock] has been observed. Such 

reactions include enhanced postrepl icatlon repa i r , sister chromatid exchange, 

abnormal in i t iat ion of DNA repl icat ion and chromosomal rearrangements 

(Sarasin, 1985). With respect to the d r i v i ng force that underl ies such events , 

the concept of "genome shock" has been introduced for those situations In 

which stress instigates genome modifications by mobilizing available cell 

mechanisms that can res t ruc tu re genomes (McClintock, 1984). However, an 

inducible recovery system, comparable to the SOS response in E.col i , has not 

yet been found in mammalian cel ls. I t has been argued that stress-Induced 

phenomena in mammals cannot be simply reduced to an inducible e r ro r -p rone 

react ion, analogous to that in E.col i , which leads to mutagenesis of the genome 

(Rossman and Kle in , 1985). In the next sections, e r ro r -p rone DNA repair in 

mammals is defined as alterations in the genetic code as a consequence of the 

processing of DNA damage by the cell 's repa i r , replication and recombination 

systems. 
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1.3.4 DNA repair as a determinant of cellular aging 

Spontaneous DNA damage. With respect to the spectrum of lesions Induced 

in the DNA of the aging genome, a considerable amount of Information has 

recently become avai lable. Lesions tha t are suspected to be most relevant for 

the aging process are those that are induced by active oxygen species, 

generated in v ivo as a consequence of normal metabolism and detoxif icat ion 

processes (Ames. 1983; C e r u t t i . 1985; Cut le r . 1985). Thymine residues in DNA 

are ve ry susceptible to damage by oxid iz ing agents and ionizing rad ia t ion, and 

a major detectable product is thymine g l yco l , al though other base damages are 

also formed (Hariharan and C e r u t t i , 1972). In teres t ing ly , both human and rat 

ur ine have recently been shown to contain a considerable amount of thymine 

glycol and thymidine glycol (Cathcart et a i . , 1984). Evidence was presented 

that these compounds, that are formed in DNA in v i t r o as a consequence of 

chemical oxidat ion or ionizing radiation are der ived from repair of oxidized 

DNA. 

A second physiologically relevant DNA-damaging agent is heat. For 

Instance, body heat in mammals is responsible for a considerable number of 

depur inat ions. With respect to the biological consequences of such damage, i t 

has been shown that in E.coli unrepaired AP sites can be lethal and cause 

base-subst i tut ion e r ro rs under condit ions in which the SOS response has been 

induced (Schaaper and Loeb, 1981; Kunke l , 1984). 

Evidence has been obtained for the occurrence of a t h i r d type of "sponta­

neous" DNA damage. Sargentini and Smith (1981) found that in E.coli a 

deficiency In excision repa i r , which enhances the spontaneous mutation rate of 

these cel ls , renders them more mutable by UV i r radiat ion but has l i t t le effect 

on X-radiat ion mutagenesis. These results led them to suggest that in E.coli 

"spontaneous" DNA damage resembles the damage induced by UV (Smith and 

Sargent in i , 1985 and personal communication). With respect to the mechanism 

by which th is "UV- l i ke " damage is produced in DNA, i t has been suggested 

that enzymatic reactions are involved that require oxygen and produce exc i ted-

state molecules that can damage DNA (Ci lento, 1980). The possibi l i ty that part 

of the spontaneous DNA damage in mammalian cells is also "UV- l i ke " was 

suggested by a comparative study on spontaneous and ionising radiat ion-

induced mutations in the HPRT locus of V79-4 Chinese hamster cel ls. In th is 

s tudy i t was demonstrated that spontaneous DNA damage in the hamster cells 

is not X - ray - l i ke (Brown and Thacker , 1984). 

Primary effects of DNA damage. Assuming that the above described lesions 

(and perhaps other as yet unident i f ied forms of spontaneous DNA damage) are 
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continuously Induced over the l i fespan, they either become a substrate of 

the cell 's DNA repair systems or persist in the genome. In the case of abort ive 

repair they may persist in a modified form. Consequently, the capacity to 

ef f ic ient ly remove lesions from the DNA would be an Ideal candidate for a 

longevity assurance system (Sacher, 1982], Accord ing ly , the suggestion that 

the organism wi th the most ef f ic ient repair systems throughout Its l ifespan has 

the highest longevity (Har t and Setlow, 1974] became an important concept In 

experimental aging research, Censler and Bernstein (1981) have recently 

discussed the possibi l i ty that in non-d iv id ing cells the (accumulated] DNA 

lesions themselves are solely responsible for senescence, via cell death or 

Interference wi th t ranscr ipt ional processes. These authors argue that 

spontaneous DNA damage accumulates In those cell types which have a rate of 

repair that is lower than the incidence of the damage. Postmitotic cells were 

considered good candidates to undergo such a process of DNA damage accumula­

t ion in view of their relat ively low level of DNA repair synthesis (Hahn et a l . , 

1971; Kidson, 1978], However, a low response in an experimental system 

measuring a specific step In a DNA repair pathway does not necessarily 

indicate a general DNA repair defect in the cell type under s tudy . This is 

I l lustrated by the observation tha t , in terms of colony forming capaci ty , 

cu l tured rodent f ibroblasts are as resistent to cell k i l l ing by UV i r radiat ion as 

cu l tured human f ib rob las ts , in spite of thei r far lower DNA repair response 

(Ganesan et a i , , 1983; Chapter 3 ) . 

With respect to DNA damage accumulation, there is some experimental 

evidence for an Increase In alkal l- labl le sites In the DNA of various tissues 

wi th age (Price et a l . , 1971; Ono et a l . , 1976; Su et a l . , 1984), However, 

reports in th is f ield are often contradictory (Dean and Cut le r , 1978), which 

may be due to the lack of techniques to adequately assess the occurrence of 

low levels of DNA damage. Recently we have found that l iver parenchymal cells 

of old rats contain about 800 DNA alkal i- labi le sites more on a per cell basis, 

than those Isolated from young rats (unpubl ished resu l t s ] . Such an age-related 

dif ference was not found in non-parenchymal (st i l l act ively d i v id ing ] l iver 

cel ls. The age-related Increase In alkal i- labi le sites in parenchymal cells found 

by us . Is about 50 times smaller than that reported by the above mentioned 

authors , which i l lustrates the di f f icul t ies in drawing any general conclusions -In 

th is f i e ld . Only recent ly , reliable techniques became available to adequately 

address the problem of whether damage accumulates in the DNA of various 

organs and tissues wi th age (Chapter 2 ] , 

Secondary effects of DNA damage. Genome funct ioning may be impaired by 

induced DNA lesions in a d i rect way, but also In an indi rect way via their 
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conversion by the e r ro r -p rone component of DNA repair into stable changes In 

the genetic code (see F i g . 1 .2 ) . The idea tha t somatic mutations could be causal 

to senescence arose in a time when nothing was known about the role of DNA 

repair systems in the removal of damage and the generation of mutations. The 

somatic mutation theo ry , f i r s t Introduced at the end of the f i f t ies by Faille 

(1958) and Szllard (1959) and later in a more elaborate form by Burnet (1974), 

states that senescence Is due to the Inactivation or dysfunct loning of genes by 

accumulated changes In DNA sequence organizat ion. Such a process was consi ­

dered to resul t in cell death or In the product ion of altered prote ins. The 

Increased number of chromosomal aberrat ions in various cell types wi th age 

(Brooks et a l . , 1973; Hedner et a i . , 1982; Evans, 1986) and an observed age-

related increase In the frequency of 6-thioguanine resistant cells (Morley et 

a l . , 1982] suppor t th is idea. However, conf l ic t ing evidence exists In the latter 

case (Strauss and A lbe r t i n i , 1979; Horn et a l . , 1984). 

I f the e r ro r - f r ee component of DNA repair Is considered as a longev i ty -

assurance system (and therefore as benef ic ia l ] . Its e r ro r -p rone component ( i ts 

genome-restructur ing act iv i t ies] can be considered as the deleterious compo­

nent of a plelotropic gene system. In discussing SOS repair in Section 1.3.3, 

i t was already mentioned that in E.coli or In the germ cells of mammals the 

interact ion between induced DNA lesions and er ro r -p rone DNA repair could be 

favourable for the generation of a suf f ic ient level of genetic d i ve rs i t y . 

Theoret ica l ly , evolut ionary modulation of the DNA repair systems, active in 

somatic cel ls, towards ever higher levels of perfection Is possible. However, as 

discussed in Section 1,2.3, the possibi l i ty for natural selection to act beyond 

the reproduct ive period Is l ikely to be l imi ted, which could explain the 

apparent absence of an evolut ionary s t r ive after immortality on the basis of 

near-per fect DNA repair systems. Immortality In terms of a static non-

repl icat lng cellular system may newer have existed In nature In view of the 

essential evolut ionary funct ion of " Imperfect" DNA repa i r . In th is perspect ive, 

both senescence and the arise of new forms of l i fe are a consequence of DNA 

sequence changes. Such a "DNA repair theory of aging" also explains how and 

why plelotropic genes would 'swi tch ' from having a beneficial effect towards 

having a deleterious ef fect . Indeed, the action of DNA repair Is predominantly 

beneficial early in l i fe because i t removes damage from DNA, while the number 

of DNA sequence changes at that time is too low to have any physiological 

e f fect . However, In old age the effects may become more and more harmful 

when the accumulation of DNA sequence changes lead to altered patterns of 

gene expression, ref lect ing the senescence phenotype. In th is concept the 

rat io between e r ro r -p rone and e r ro r - f r ee DNA repair would determine l i fespan, 
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I f th is balance would change dur ing the aging process towards higher e r r o r -

prone act iv i t ies ( for instance as a consequence of accumulated DNA lesions) a 

progressive age-related Increase In DNA sequence changes would be the 

resu l t . DNA repair would thus assure longevity by ef f ic ient ly removing DNA 

damage and simultaneously lead to senescence by processing damage to DNA 

sequence changes. 

Specif ici ty In the induct ion and repair of DNA damage. A major problem In 

considering DNA sequence changes as the basis of senescence Is that of the 

l ikely funct ional sequelae. For Instance, It Is d i f f i cu l t to see how random 

induct ion of DNA damage or mutations may lead to Impairment of specific 

cellular funct ions such as the reduced sensi t iv i ty of beta cells In the pancreas 

to a glucose load. In order to impair th is funct ion In a considerable f ract ion of 

the cell populat ion, a tremendous number of lesions or mutations would be 

requ i red , which would have ki l led all the cells long before this specific age-

defect could have become manifest. In other words , what is lacking in somatic 

mutation theories Is the aspect of consistency ( the programmatic component] , 

which is as character ist ic for senescence as the stochastic aspect. I f I t Is 

assumed that the physiology of senescence f inds Its ultimate cause at the DNA 

leve l , one has to postulate a gradual process of si te-specif ic DNA alterations 

which specif ically affect regulatory funct ions leading to the impaired 

effectiveness of control mechanisms that Is observed du r ing ag ing. DNA repair 

could control such a putat ive process. 

Whereas the actual occurrence of DNA alterations wi th age is not being 

quest ioned, thei r f requency and s i te-spec i f ic i ty , which determine whether or 

not such events may lead to the physiological decrements and cluster of 

diseases associated wi th senescence, are as yet unknown. On the basis of the 

available data on mutation frequencies In p r o - and eukaryotes, i t seems highly 

unl ikely that a somatic-mutation theory In the classical sense, that Is , random 

inactivation of genes by point mutat ions, chromosomal aberrat ions e t c . . Is 

responsible for the senescence phenotype. Instead, DNA changes can only 

explain senescence i f they are to some extent consistent , that i s , i f they occur 

at the same sites in all or most of the cells of a t issue or o rgan . Moreover, 

such sites should In some way govern the level of expression of one or more 

genes so that alterations In Its sequence wil l not completely block a specific 

cellular funct ion ( th is would k i l l the ce l l ) , but merely affect i ts regulat ion. 

With respect to the consistency of DNA changes, i t is clear by now that 

neither the Induction of DNA lesions nor thei r conversion into mutations Is 

random. Within bacterial genes, hotspots for specific DNA lesions and for 

mutations have been reported (Mi l ler , 1983). With respect to the Intragenomic 
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d is t r ibu t ion of DNA damage, i t has been shown for var ious carcinogens that 

b inding occurs preferent ia l ly to template active chromatin ( Y u , 1984], nucleo-

somal l inker DNA (Kaneko and C e r u t t i , 1980], matr ix-bound DNA (MIronov et 

a l , , 1983) and repet i t ive DNA sequences (Gupta, 1984). While the s t ruc tu re of 

DNA and chromatin can affect the ini t ial d is t r ibu t ion of DNA damage, i ts 

processing by DNA repair systems can generate even more spec i f ic i ty . This 

could be a consequence of d i f ferent ia l accessibil i ty of var ious genomic sites to 

repair enzymes, or th rough the sequence specific action of DNA repair 

systems. As wil l be I l lustrated below by some examples, DNA excision repair 

appears to d is t inguish between coding and non-coding DNA sequences In the 

mammalian genome wi th respect to i ts eff iciency in removing Induced lesions. In 

th is respect , there is evidence that excision repair of chemical adducts in 

Af r ican green monkey cells Is less active on highly repet i t ive a DNA sequences 

as compared wi th the overal l genome (Zolan et a i . , 1982], Comparable results 

were obtained by Gupta (1984), who showed that repair of carclnogen-DNA 

adducts from certain repet i t ive sequences was deficient as compared to the 

overall repa i r . 

More recent ly , i t has been shown that UV-induced pyr imidine dimers are 

more ef f ic ient ly removed from the coding region of the dihydrofolate reductase 

gene In Chinese hamster ovary cells than from its 5' f lanking sequences or 

from the genome overall (Bohr et a l . , 1985], In add i t ion , recent data revealed 

a non-random persistence of the adduct N-(deoxyguanosln-8-y l ) -2-amlno-

f luorene In l iver DNA of rats Injected wi th the hepatocarclnogen 2-acety l -

amlnofluorene. Removal of th is adduct from DNA loops was markedly ineff ic ient 

In the v ic in i t y of the i r association with the matr ix (containing predominantly 

regulatory regions of s t ruc tura l genes) , In comparison wi th regions wi th in the 

loops (which may be associated wi th the m a t r i x ) , where the t ranscr ibed 

port ions of the genes are thought to be present (Gupta et a l . , 1985). 

The data mentioned above provide d i rect evidence for the si te-speci f ic i ty of 

DNA damage Induction and repa i r . In add i t ion , they suggest that p ro te in -

coding sequences are general ly a better substrate for excision repair processes 

than f lanking DNA sequences or certain repet i t ive DNA sequence families. In 

th is regard one may speculate that the processing of lesions In non-pro te ln -

codlng DNA sequences often lead to e r r o r s . This possibi l i ty is supported by a 

number of recent observat ions. For Instance, mutations in the ^--microglobul in 

gene, generated independently by two d i f ferent chemicals and cobalt I r rad ia­

t i o n , were all w i th in a short region in the f i r s t in t ron (Parnes et a l , , 1986), 

The authors suggested that the mutations at th is s i te , which involved major 

gene rearrangements, were the resul t of recomblnational events taking place 
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dur ing the repair process. The site could be a hotspot for recombinations, 

possibly because of the presence of B1 repeat sequences near the breakpoints 

of the rearrangement events. Al though there Is no d i rect evidence for th is 

latter poss ib i l i ty . I t should be noted that repet i t ive sequences are often 

associated wi th mutational events (Jagadeeswaran et a l . , 1982). 

In te res t ing ly , sequences containing inver ted repetit ions are often unstable 

or completely invlable upon cloning in phage lambda (or plasmids) in wi ld type 

E.coli hosts, possibly because they are prone to rearrangements (L l l ley , 1981; 

Leach and Stah l , 1983). However, when such sequences are cloned in E.coli 

hosts wi th mutations In thei r recB and/or recC and sbcB genes they can be 

ef f ic ient ly propagated (Leach and Stah l , 1983; Wyman et a l . , 1985; for a 

rev iew, see Wyman and Wertman, 1987). Sequences containing d i rec t repet i t ions 

may also be lost when the clones are grown on a wild type host . A well known 

example of a mammalian DNA sequence that Is unstable upon cloning in an 

E.coli host Is the 5' upstream region of the human insul in gene, a h ighly 

polymorphic sequence (Bell et a i . , 1981). In th is case the Instabi l i ty could be 

assigned to a region containing short d i rec t repeats. The polymorphism of th is 

region is due to variat ions In the copynumber of the repeat. Instabi l i ty of this 

sequence In E.coli Is prevented by subcloning and growing on a recA host 

(Wyman and Wertman, 1987], 

T h u s , bacterial SOS funct ions seem to recognize and act upon certain 

mammalian DNA sequences. Using a recB~C~sbcB~ host for the construct ion of 

human genomic l ib ra r ies , an overrepresentat ion of polymorphic repet i t ive 

sequences was found In the recBCsbcB-sensit lve clones of about a factor of 

three ( A . R . Wyman, personal communication). This suggests that also In the 

mammalian genome repet i t ive sequences are more prone to recomblnational 

events than o thers , for instance by the specific action of e r ro r -p rone DNA 

repair systems. In te res t ing ly , certain species of extrachromosomal DNA, which 

have been shown to Increase in number du r ing aging of ra t lymphocytes and 

f ibroblasts (Kunisada et a i . , 1985] contain specific repet i t ive sequences and 

are h igh ly unstable upon cloning in normal E.coli hosts (RIabowol et a l . , 

1985). 

I t has been suggested that repet i t ive sequences, often present near the 

f lank ing sites or in the Introns of various coding sequences (Jelinek and 

Schmid, 1982), may play a role In the coordinated regulat ion of genes (Br i t ten 

and Davidson, 1969; Davidson and B r i t t e n , 1979; Davidson and Posakony, 

1982; Davidson et a l , , 1983), Such a funct ion would coincide with the re lat ive­

ly rapid evolut ionary changes In sequence organization undergone by these 

elements. The rapid evolution of mammals Is thought to be almost exclusively 
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associated wi th changes in regulatory sequences. The relat ively few differences 

In coding sequences among d i f fe ren t mammalian species do not explain the often 

huge dif ferences In thei r complex developmental pathways (Wilson et a i . , 1974; 

Bush et a l , , 1977). In th is r e g a r d , speclation has been considered as repro -

gramming of the genome by changes in the positions and sequences of regula­

to ry elements, thereby inf luencing developmental pathways In complex and 

coordinated fashions (Davidson and B r i t t e n , 1979; Rose and Dool i t t le, 1983). 

Assuming tha t regulatory sequences are the predominant substrates for 

genome-restructur ing act iv i t ies du r ing evolut ion, i t follows that In relation to 

the aging process attent ion should be focussed on the same k ind of changes In 

aging somatic cel ls. This Is In keeping wi th the conclusion of Cairns (1981) 

that cancer, the incidence of which Increases progressively wi th age, is 

general ly caused by DNA rearrangements leading to a d is turbed pat tern of 

gene con t ro l . A l though there Is as ye t no Indication for an age-related 

increase in tumor- in i t ia t ion events , a d i rect relat ionship between aging and 

carcinogenesis is well conceivable. 

Thusfar studies on mutation frequencies w i th age mainly have Involved 

selectable genes (HGPRT). In view of the above. I t is not unl ikely that major 

changes occur In the network of repet i t ive sequences which may coordinately 

regulate the expression of coding sequences. Furthermore, If In non-coding 

sequences certain types of DNA lesions accumulate due to def ic ient e r ro r - f ree 

repa i r , genome stress may be the resu l t . Consequently, e r ro r -p rone (genome-

res t ruc tu r ing ) act iv i t ies may progressively Increase, resul t ing In the collapse 

of the gene regulatory network . A si tuat ion may have been created in which 

the balance of act iv i t ies of the various cell types in an organism Is great ly 

d i s tu rbed , due to small changes In the expression of certain enzyme or 

receptor systems. Under" these circumstances', the organism may no longer be 

able to cope wi th even small burdens from the environment. Such a situation Is 

character ist ic for an aged Ind iv idua l . 

In the hypothesis presented above I t is proposed that an important aspect 

of senescence is the disturbance of the regulatory network of repet i t ive DNA 

sequences that may coordinate gene expression. The d r i v i ng force of this 

process could be the continuous Induction of ("spontaneous") DNA lesions in 

conjunction wi th the i r d i f ferent ia l processing by the enzyme systems for 

repa i r , repl ication and recombination. The speci f ic i ty of these systems 

warrants the rapid evolut ionary creation of novel coordinately regulated 

s t ruc tu ra l gene networks. In which the coding regions themselves hardly 

undergo changes. Unfor tunate ly , they may simultaneously be pr imary respon­

sible for senescent changes in the somatic cel ls. 
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1.4 Objective and Design of the Experimental Work 

One aspect In the search for the molecular basis of ag ing , and In par t the 

subject of the experimental par t of th is thes is . Is the analysis of DNA repair 

act iv i t ies In species or Individuals wi th d i f fe rent l ifespans in order to test 

whether (e r ro r - f ree ) DNA repair may funct ion as a longevity-assurance 

system. The major problem In such an attempt to determine " the DNA repair 

capacity" of an Individual is the great complexity of DNA repair and the 

limited Insight In the var iat ion in DNA repair responses between d i f fe rent cell 

t ypes , d i f ferent iat ion states and DNA sequence substrates. There fore , cr i ter ia 

for " the DNA repair capacity" of an Individual organism do not ex is t . 

Moreover, du r ing aging changes in DNA repair act iv i t ies may occur , va ry ing 

from Increased dysfunct lon ing of repair enzymes to switches In the ut i l izat ion 

of repair pathways. 

The purpose of our s tudy was to analyse some experimental endpolnts of 

UV-induced DNA excision repair in f ibroblasts der ived from aging individuals 

of the same Inbred st ra in of ra t s . Fibroblasts offer the advantage that they 

represent a relat ively homogeneous cell population that can be established In 

cu l ture from the same indiv idual over a long time period by tak ing skin 

biopsies. Moreover, the use of th is cell type allowed us to address the 

addit ional problem of potential changes In DNA excision repair character ist ics 

du r ing successive subcu l tu r l ng . The limited In v i t r o l i fespan of somatic cells Is 

considered by many authors to ref lect the In v ivo aging process (Hayf l i ck , 

1980). T h u s , in th is way DNA excision repair could be studied as a funct ion 

of (1) the chronological age of the cell donor and (2) in v i t r o passaging of the 

established cell samples (F ig . 1.4) . 

In view of the reported differences in DNA excision repair between rodents 

and humans we f i r s t analyzed DNA excision repair act iv i t ies In f ibroblasts from 

these two species. Differences in DNA excision repair have been suggested to 

ref lect the differences In lifespan between these organisms, which would be In 

keeping wi th the essence of the longevity assurance theory (Har t and Setlow, 

1974). 

The results obtained In th is s tudy on DNA excision repair In f ibroblasts in 

v i t r o are provided in Chapters 3, 4 and 5, They indicate the absence of a 

consistent relat ionship between DNA repair synthesis and pyr imidine dimer 

removal In ra t cells relat ive to the situation in human cel ls . That Is , rat cells 

were well able to perform DNA repair synthesis , bu t almost completely lacked 

the capacity to remove pyr imidine dimers. In human cells such a discrepancy 

was much less apparent. These results were Interpreted in terms of possible 
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Interspecies differences In the ut i l izat ion of DNA excision repair pathways. 

Substantial changes In DNA repair synthesis were found dur ing passaging 

of ra t f ibroblasts in v i t r o , whereas dur ing in v ivo aging v i r tua l l y no changes 

In DNA repair synthesis in th is cell type were observed. I t was concluded that 

In rat f ibroblasts quant i tat ive changes In DNA repair synthesis accompanied 
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Figure 1.4: Schematic representation of ra t sk in f ibroblasts dur ing aging and 

passaging in v i t r o . The use of these cells allowed us to long i ­
tudinal ly s tudy UV-induced DNA excision repair as a funct ion of 
both the age of the donor and the population doubl ing level of the 
established f ibroblast cu l tu re . The latter Is considered by many 
authors as an In v i t r o parallel of the chronological age level of the 
Ind iv idual . 

terminal d i f ferent iat ion In v i t r o , whereas no such changes occurred dur ing 

aging in v ivo or immortalization (In v i t r o or in v i v o ) . 

In view of the results obtained wi th f ibroblasts In v i t r o , an attempt was 

made to establish how far the repair character ist ics ident i f ied in cu l tured cells 

were representat ive for cells in thei r natural environment. To address th is 

quest ion, reliable techniques, which are unbiased by dif ferences In cell 
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morphology or animal physio logy, were required for comparing DNA repair 

act iv i t ies in d i f ferent cells In v ivo and In v i t r o . To th is e n d , the alkaline 

sucrose gradient procedure used to determine DNA breaks had to be adapted 

for application to cells In v ivo which were not previously radioactlvely labelled. 

The resul t ing Immunochemical method was applied In combination wi th the UV-

endonuclease enzymatic method to monitor the induct ion and removal of UV-

induced pyrimidine dimers In rat sk in in v i vo . In te res t ing ly , i t was found that 

whereas rat epidermal cells In v i t r o were, l ike f ib rob las ts , extremely slow In 

removing pyr imidine d imers, such lesions in the same cell type in the intact 

skin- in v ivo were removed rap id ly . No signi f icant dif ferences in dimer removal 

from epidermal cells were observed between old and young ra t s . 
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CHAPTER 2 

METHODS FOR STUDYING DNA EXCISION REPAIR 

IN MAMMALIAN CELLS* 

2.1 Introduction 

Two developments are of importance for the fu tu re unravel ing of the 

complicated excision repair pathways In mammalian cel ls: the acquirement of 

mutant cell l ines, deficient In the abi l i ty to ca r r y out one or more steps In 

excision repa i r , and the genetic cloning of DNA sequences t h a t , upon t r ans -

fection into the mutant cell l ines, neutral ize the enhanced sensi t iv i ty of these 

cell lines for certain genotoxic agents. In add i t ion , sensit ive and specific 

techniques have to be developed to analyse the various steps in excision repair 

processes. The techniques should be sensit ive enough to allow DNA repair 

determinations after exposures to low doses of DNA-damaging agents. The use 

of low doses is essential to avoid possible inhib i t ion of the repair processes by 

the damage i tsel f . Specif ici ty of the methods is required because the endpolnts 

should not be d i f ferent ia l ly Influenced by secondary (cel lular or physiological) 

factors when, l ike in this thes is , d i f fe rent cell types or organisms are 

compared. C u r r e n t l y , however, sensit ive and specific methods to determine 

DNA excision repair act ivi t ies are st i l l scarce or unrel iable. 

The most f requent ly used methods for the measurement of DNA excision 

repair In mammalian cells are l isted in Table 2 . 1 . They wil l be discussed as to 

their application in accurately quant i fy ing excision repair act iv i t ies in 

comparative studies Involving either cu l tured cells or the Intact animal. 

2.2 Determination of '"xcision Repair in Cultured Cells 

The most f requent ly used methods to analyse and quant i fy par t of the 

excision repair process In mammalian cells are assays of so-called unscheduled 

DNA synthesis (UDS), the resynthesis step in excision repai r . UDS can be 

visualized In Individual cells grown on glass or plastic coversl ips by auto­

radiography following the incorporat ion of t r i t ia ted thymidine into the DNA. 

* Parts of th is work have been published previously (Vl jg et a i . , 1984a). 
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TABLE 2.1 METHODS FOR MEASURING DNA EXCISION REPAIR IN 

MAMMALIAN CELLS 

Stage in the excision 
repair process 

Incision 

Repair synthesis 

Damage removal 

Method 

Ara-C-inhibltion 
assay 
UDS 

Repair repl ication 

BrdU-photo lys is 

Chromatographical 

Immunological 

Enzymatic 

Endpoint 
measured 

SSB in the presence 
of ara-C 

Amount of incorpo­
rated ' H thymidine 
In non-S-phase cells 

Amount of incorpo­
rated ^H thymidine 
in low density DNA 

Number of SSB as a 
funct ion of the dose 
of 313-nm l ight 

Modified bases 

Modified bases 

SSB at enzyme 
susceptible sites 

UDS has been studied most intensively in cu l tured mammalian cells exposed to 

u l t ravio let l ight ( U V ) . Under these circumstances UDS reflects the process of 

long-patch excision repair (see Section 1 .3 ,3) . Experimental ly, UDS 

is measured by count ing the number of grains in the photographic emulsion 

above nuclei of cells that were not in the DNA synthesis phase (S-phase) of 

the normal cell d iv is ion cyc le. The latter cells are easily dist inguished from 

repair ing ones because they are much more heavily labeled ( F i g . 2 , 1 ) , The 

count ing can also be done automatically by using a gra in counter (Kraemer et 

a i . . 1980], With th is apparatus the gra in surface area is determined, per 

nucleus or as a percentage of the nuclear area. An example of a set of data 

for i r radiated cells and uni r radiated control cells is shown in F ig ,2 ,2 , 

A l te rna t ive ly , UDS can also be determined by l iquid scint i l lat ion counting as 

the incorporat ion of radioactive thymid ine. However, in that case no d iscr imi ­

nation is possible between S-phase and repai r ing cel ls . To circumvent th is 

problem UDS is allowed to proceed in the presence of hydroxyurea (HU) , a 

compound that is thought to inh ib i t semiconservatlve DNA synthesis without 

af fect ing DNA repair synthesis . Unfor tunate ly , there is some evidence that 

HU may have an influence on the DNA repair endpoint . as was shown by 

Clarkson (1978), Francis et a l , (1979) and ourselves (see below). Moreover, 
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Figure 2 . 1 : Scheduled (repl lcat ive) and unscheduled ( repai r ) DNA s y n ­
thesis in rat skin f ibrob lasts . Early passage cells were grown 
attached to glass covers l ips, i r radiated (after discarding the 
medium) wi th 10.3 J/m^ 254-nm UV and subsequently incuba­
ted in f resh medium containing ^H-thymid ine. Af ter a 5 h 
repair per iod , the cells on the glass coverslips were f i x e d , 
mounted on glass slides and dipped Into a photographic 
emulsion. Af ter 4 days of exposure DNA synthesis is visible 
as grains above the cell nucle i . Repairing cells ( l igh t ly 
labelled) can be easily dist inguished from S-phase cells 
(completely b lack) . 

wi th the l iquid scint i l lat ion method a certain amount of semiconservatlve DNA 

synthesis is inevitably included in the measurements. 

UDS is often used synonymously with DNA repair repl icat ion. Al though both 

UDS and DNA repair replication most l ikely ref lect the same step in the 

excision repair process (Painter and Cleaver, 1969), the determinations are 

based on d i f ferent methodologies. While UDS is defined as the amount of radio­

act iv i ty incorporated by non-S-phase cells determined d i rect ly in the cel ls, 

either autoradiographical ly or by l iqu id scint i l lat ion coun t ing , DNA repair 

repl ication involves the separation of replicated DNA from nonreplicated 

repaired DNA, for instance by equi l ibr ium density centr i fugat ion (Hanawalt and 

Cooper, 1971; Lohman et a l . , 1973). Both UDS and DNA repair replication are 

often re fer red to as DNA repair synthesis. 

The methods described above cannot always be considered as reliable quan­

t i ta t ive indicators for excision repair act iv i t ies. The amounts of resynthesis 

observed, for instance, can be influenced by the thymidine-pool size, the 
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Figure 2.2 : Frequency d is t r ibut ions of the gra in surface areas (in 
percentages of the areas of the nuclei) of UDS performing 
cells (B) and unir radiated control cells ( A ) . 

thymidine-kinase ac t i v i t y , the repai r -patch size and cell geometry and 

morphology ( in case of autoradiographical ly determined UDS). It should also be 

realized that the observation of repair synthesis reveals only a par t of the 

total excision repair process. Therefore, the repair process should always be 

studied by a var ie ty of methods to allow the ident i f icat ion of the under ly ing 

mechanism. 

A sensit ive technique that has been propagated for the determination of one 

of the init ial steps in excision repai r , the endonucleolytic inc is ion, is based on 

the use of the inhib i tor 1-ß-D-arabinofuranosylcytosine (a ra -C) , the presence 

of wh ich , together with HU, dur ing the repair process prevents complete 

resynthesis (Coll ins et a l . , 1977). Thus , in this technique the repair sites are 

held open, which allows quanti f icat ion of the number of patches created over a 

given time period (incision rate) by determining the number of s ingle-st rand 

breaks (SSB) in the cellular DNA. SSB in DNA can be measured by sedimenta­

t ion through an alkaline sucrose gradient after lysis of the cells on top of the 

gradient (or after application of the isolated DNA) , or by alkaline elution 

th rough membrane f i l t e r s , af ter lysis of the cells on the f i l te r (van der Schans 
o 

et a l . , 1982). With the latter technique, one lesion in 10 basepairs can be 

detected. 
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T h u s , In the ara-C Inhibi t ion assay the determination of SSB provides 

d i rect Information about the number of repair patches created du r ing the Init ial 

repair per iod . The major problem wi th th is technique is the uncer ta inty as to 

the precise effects of the Inhib i tors HU and ara-C on cellular DNA meta­

bolism. There is evidence that ara-C br ings about premature chain termination 

by f i x ing the repair enzyme at the site of repair (Snyder et a l . , 1981). Such 

repair enzymes are prevented from part ic ipat ing In other repair events. This 

Inhibi t ion of the repair process Itself leads to an underestimation of the 

number of damaged sites that can undergo repai r . Consequently, incision 

break determinations are only accurately ref lect ing excision repair rates over 

the shortest possible time intervals after addit ion of the inh ib i tors ( for an 

extensive discussion, see Johnson et a l . , 1984). However, the character ist ics 

of repair saturat ion may vary as a funct ion of cell t y p e , donor species etc. 

This could for Instance be due to dif ferences In pool sizes of DNA precursors . 

Expanded pools of DNA precursors might reduce the eff iciency of Inhibi t ion 

(Johnson et a l . , 1984). 

The situation becomes even more complicated when HU Is added to enhance 

the repair Inhibi t ion by a ra -C . The nature of th is enhancement Is , l ike the 

mechanisms of action of Inhib i tors in genera l , as yet far from clear ( for a 

rev iew, see Collins and Johnson, 1984). There fore , repair Inhibi t ion Is more 

useful In I l luminating the molecular mechanism of the Incision stage in excision 

repair in a given cell type than In accurately monitoring relat ive excision 

repair act iv i t ies In d i f ferent cell t ypes . 

T h u s , neither thymidine Incorporation nor Incision break accumulation 

In the presence of Inhibi tors are fu l l y reliable as methods for quant i fy ing 

excision repair act iv i t ies In mammalian cel ls. A more complete technique to 

examine excision repair In mammalian cells Is the bromodeoxyuridlne (BrdU) 

photolysis assay ( F i g . 2 . 3 ) . This assay involves Incubation of radioactlvely 

labeled cells In medium containing BrdU after the treatment wi th the genotoxic 

agent. BrdU Is a thymidine analogue that Is incorporated In the newly syn the­

sized DNA st retches. Af ter incubat ion, the cells are i r radiated wi th 313-nm 

UV, which makes the BrdU-contalnIng repair regions alkali labi le. T h u s , In 

a lka l i , breaks appear In the DNA at the sites of BrdU Inser t ion. The number 

of s t rand breaks as a funct ion of 313-nm UV Irradiat ion Is measured by 

alkaline sucrose gradient centr i fugat ion (Regan and Setlow, 1974) or alkaline 

elution (Rosenstein et a i . , 1985). Multiple breaks wi th in one repair patch are 

scored as one SSB. From the so-called photolysis curve obtained In th is way, 

the following Information can be der ived (Regan and Setlow, 1974). The 

number of b reaks , B , approaches a plateau at the value N (the number of 
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repaired reg ions) . From the formula B=N(1-e" ' ' ) , In which n Is the number of 

BrdU residues per repair pa tch , a the cross-section for st rand breaks by 

313-nm radiat ion and F the f luence, both n and N can be de r i ved . 

dimers excised 
labeled pynmidlne BrdU 

DNA dimer residues inserted 

repair / T irradiate with ƒ ^a lka l ine 
' uV- i r rad io te ) j in non radioactive % \ 313nm » \_sucrose 

medium containing 7 s lyse cells / s gradient 
BrdU \ ? in a l ka l i \ ^ centrifugation 

^ \ e m 

Figure 2 .3 : Principle of the BrdU photolysis assay. 

The advantage of th is technique for the assessment of DNA repair synthesis 

In comparison to the techniques mentioned above Is twofo ld . The BrdU photo­

lysis assay requires no Inhibi tors and provides information on both the number 

of repair patches and thei r average size. I ts usefulness In comparison to other 

less specific methods for assaying the repair synthesis phase of the excision 

repair process Is demonstrated in an experiment in which UV-induced DNA 

repair synthesis in ra t and human f ibroblasts Is analysed in the presence and 

in the absence of 2 mM HU. Autoradiographical ly determined UDS values are 

not Influenced by the presence of HU in th is concentrat ion (unpubl ished 

resu l t s ) . However, w i th rat cells the BrdU method showed that HU reduces the 

number of repair patches and simultaneously enlarges the repair patch size 

wi thout affect ing the total repair synthesis . I . e . , the product of the two (see 

F ig .2 .4 and Table 2 . 2 ) . 

The same tendency was seen wi th human f ib rob las ts , but the effect was not 

s igni f icant (Table 2 .2 ) . Francis et a i . (1979) have shown earl ier tha t for 

higher HU concentrations the effect on human f ibroblasts Is comparable with 
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fluence of 313 nm light (lo'* J/m^) 

Figure 2.4: BrdU photolysis curves for rat f ibroblasts at 24 h after 
I rradiat ion wi th 4.6 J/m^ of UV, In the presence (A) and in 
the absence (D) of 2 mM HU. HU was added 30 min pr io r to 
I r rad ia t ion. 

that on the rat cells presented here. In add i t ion , these authors showed that 

the reduced number of repaired patches Is ref lected by a reduction In the 

number of pyr imidine dimers removed. 

The comparative experiment described above i l lustrates the value of the 

BrdU photolysis method in that i t dissects the overall repair synthesis step In 

two discrete parameters: the number of repair patches and the average number 

of nucleotides they contain. Whatever the precise effect of HU on excision 

repair may be ( for an extensive discussion of th is top ic , see Collins and 

Johnson, 1984], Its d i f ferent ia l effect on rat and human cells exemplifies the 

danger of using Inhibi tors in comparative studies. 

The removal of UV-induced damage (and other types of DNA damage] can 

d i rec t ly be measured by various chromatographical procedures (Carr ier and 

Setlow, 1971; Cook and Fr iedberg , 1976). However, In general such detection 

methods are rather Insensi t ive, possibly wi th the exception of recently 

developed HPLC methods (Niggl i and C e r u t t i , 1983). Ind i rec t l y , dimers can be 

measured by using a dimer-speclf ic endonuclease, the M.luteus endonuclease or 

the T4 endonuclease. The protocol for th is assay (F ig .2 .5) Includes the 

extract ion of DNA from radioactlvely labelled UV- l r rad lated cel ls , the 
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TABLE 2.2 INFLUENCE OF HYDROXYUREA ON UV-INDUCED EXCISION 

REPAIR IN RAT AND HUMAN FIBROBLASTS 

Donor species 

Rat 

Human 

HU (2 mM] 

_ 
+ 
-
+ 

Number of 
repaired 
sites per 

10^ 

52 
31 
90 
89 

mw DNA 

± 10 
± 10 
± 10 
± 10 

Number of 
nucleotides 
per repair 

reg Ion 

59 ± 10 
86 + 10 
63 ± 10 
79 ± 10 

The UV dose and the repair period were 4.6 J/m^ and 24 h , respect ively. 
The e r ro rs were estimated from the photolysis curves of 2 experiments. 

subsequent treatment of the isolated DNA wi th the pyr imidine dimer-speclf ic 

endonuclease preparations and quant i f icat ion of the enzyme-induced breaks by 

alkaline sucrose gradient centr i fugat ion (Peterson et a l . , 1973) or alkaline 

elut ion (Fornace, 1982). The number of s t rand breaks Is an Indirect measure 

of the number of pyr imidine dimers (Peterson et a i . , 1973). In te res t ing ly , by 

the application of the recently Isolated uvrABC excision nuclease (Sancar and 

Rupp, 1983), Van Houten et a l . (1986) were able to demonstrate the repair of 

ei ther benzo(a]pyrene DNA adducts or UV-lnduced pyr imidine dimers In human 

ce l ls , analogous to the UV-endonuclease assay. The wide specif ic i ty of the 

uv rABC excision nuclease wi th respect to bu lky adducts could make this 

var iant of the UV-endo method applicable for s tudy ing a number of d i f fe rent 

carcinogen-Induced DNA lesions. 

By the combined application of BrdU photolysis and enzymatic endonuclease 

assays In pr inc ip le all bu t the Init ial ( recogni t ion] steps of excision repair are 

covered. 

2.3 Determination of Excision Repair In Vivo 

Excision repair act ivi t ies in organisms of d i f ferent ages or from d i f ferent 

species can be compared by isolating cells from a specific organ or t issue, 

which are then treated wi th a test agent in v i t r o whereafter determinations as 

described above can be performed. This offers the advantage that under s tan ­

dardized condit ions various steps in the excision repair process can be studied 

separately. Such a procedure, however, does not have to be representat ive for 
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Figure 2.5: Scheme for the assay for pyrimidine dimer sites In the DNA of 
UV-damaged cells. 

the actual excision repair activities In the donor tissue or organ. Various 
characteristics of the In vivo situation such as hormonal activities, specific cell 
to cell contacts, metabolic conditions, the level of oxygenation and the status 
of differentiation may influence excision repair activities of the cells under 
study. Therefore, attempts have been made to measure excision repair in vivo. 
Such attempts were hampered by the fact that the In vitro techniques 
described above, such as those based on nucleotide analogue Incorporation or 
on break accumulation by Inhibition, cannot easily be applied on Intact animals. 

For In vivo measurement of excision repair, the available methods are often 
inadequate because radioactive labelling of DNA Is required. Alternative 
methods, however, have been developed. For instance, monitoring of the 
removal of UV damage Induced In the skin has been made possible by the 
development of UV-endonuclease based methods, which do not require the use 
of radioactivity. In these methods the size of the DNA fragments resulting 
from treatment with the UV-endonuclease Is measured by electrophoresis In 
alkaline agarose gels (Sutherland and Shih, 1983] or by alkaline sucrose 
gradient centrifugation (D'Ambroslo et al. , 1981). The DNA Is detected by 
fluorescent dyes. These published methods, however, are either not very 
accurate (alkaline gel electrophoresis) or rather laborious (DNA detection In 
alkaline sucrose gradient fractions). In addition, their sensitivity In detecting 
DNA Is rather low. As will be described In Chapter 6, an alternative method 
has been developed recently, .based on alkaline sucrose gradient centrifugation 
and Immunochemical detection of DNA, which allows accurate and sensitive 
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measurement of the induct ion and repair of dimers after In v ivo treatment with 

UV. 

A f te r adaptation to the in v ivo s i tua t ion , detection methods Involv ing the 

action of a lesion-recognizing endonuclease in pr incip le are applicable on all 

DNA lesions that can be converted Into s ingle-st rand breaks. Their sensi t iv i ty 

can be g rea t , thei r speci f ic i ty in d is t inguish ing various types of lesions, 

however. Is l imi ted. An al ternat ive possibi l i ty of assessing the induct ion and 

removal of DNA damage In v ivo (also applicable in v i t ro ) Is by monitor ing the 

presence of the damages In a more d i rect way, via a detection based on the 

b ind ing of leslon-speclflc ant ibodies. On the basis of antlsera raised against 

UV- l r rad la ted DNA, radioimmunoassays and enzyme-l inked immuno sorbent 

assays have been developed for monitoring the Induction and removal of UV 

damage (Seaman et a l , , 1972; Cornells et a l , 1977; Mitchell and Clarkson, 

1981; Wani et a l , , 1984), Like the adapted enzymatic detection methods, these 

assays do not require in v ivo radlolabell ing of DNA. In add i t ion, the use of 

specif ic antibodies offers the possibi l i ty to sharply d is t inguish between the 

various types of DNA damage since in pr inc ip le each type can be detected 

separately th rough b inding of an antibody directed only against that specific 

lesion. With respect to UV damage, antlsera that specif ically recognize TT 

dimers have been prepared (Klocker et a l . , 1982). Moreover, var iat ions in the 

relat ive binding capacity of polyclonal antlsera raised against UV- i r rad ia ted 

DNA, allow to d is t inguish between various photoproducts (Ley , 1983; Mitchell 

and Clarkson, 1984). The importance of being able to d is t inguish between 

d i f fe rent lesions becomes clear when i t is realized that the mutagenic (and 

probably carcinogenic] effect of an agent can be brought about by only one of 

the various lesions induced by the agent. A good example is the recent f ind ing 

that in E.coli the (6-4]photoproduct and not the cyclobutane pyr imidine dimer 

is predominantly responsible for mutation induct ion (Haselt lne, 1983). 

In te res t ing ly , Mitchell et a l . (1985) have obtained evidence that (6-4 ]photo-

products are removed from the DNA of human and rodent cells more ef f ic ient ly 

than are cyclobutane pyr imidine dimers. 

Immunochemical detection can also be applied on other carclnogen-DNA 

adducts . Recently i t has been shown that for the experimental l iver carcinogen 

2-acetylaminofIuorene (2 -AAF) , adducts can be detected in isolated rat l iver 

chromosomal DNA after dosages as low as 1 mg per kg body weight (Baan et 
o 

a l . , 1985). The detection l imit reached in that s tudy was 1 adduct per 10 

nucleotides. This makes i t sensit ive enough for biomonitoring humans exposed 

to genotoxic agents, which is an important potential application of immuno­

chemical detection methods (Lohman et a l , , 1985). 
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An al ternat ive method for the detection of DNA lesions in v ivo Is the post-

labeling method, developed by Gupta et a l , (1982), This method, the appl ica­

t ion of which Is rest r ic ted to aromatic carclnogen-DNA adducts . Is based on a 

two-dimensional th in- layer chromatography system Involv ing mult iple develop­

ments. Its high sensi t iv i ty Is obtained through enzymatic digestion of DNA to 

deoxynucleoslde-3*-monophosphates, which are then radioactlvely labelled by T4 
32 

polynucleotide kinase-catalyzed P-phosphate t ransfer from adenoslne-
32 

(o - P) t r lphosphate. Separation of the adduct-contalning nucleotides from the 

normal ones Is accomplished by 2 chromatography steps. A t h i r d and a fou r th 

step provide a two-dimensional adduct f i nge rp r i n t . By the application of th is 
7 8 

procedure one adduct In 10 -10 nucleotides can be detected. The sensi t iv i ty 

can even be fu r t he r increased by the isolation of the adduct-containing nucleo­

t ides wi th 1-butanol In the presence of a phase t ransfer agent pr ior to the 

radioactive label ing. With th is modif icat ion, f i r s t described by Gupta (1985), a 

sensi t iv i ty of one adduct per 10 nucleotides can be reached when 10 ug of 

DNA Is used. This Is the highest sensi t iv i ty ever reported for assay systems 

for DNA lesions. Unfor tunate ly , application of the postlabeling method Is 

restr ic ted to aromatic carclnogen-DNA adducts . Fur thermore, the h igh amounts 

of radioact iv i ty used In th is method requires special precautions (Gupta, 

1985). 

2.4 Summary and Discussion 

In summary, various methods exist for quant i fy ing DNA excision repair 

act ivi t ies In mammalian cel ls. Isolated cel ls , cu l tured In v i t r o under 

standardized condi t ions, are good model systems for comparative studies of 

excision repair responses In relation to the actual removal of the damage 

Induced In the DNA, Their main disadvantage Is the uncerta inty as to whether 

they accurately resemble the In v ivo s i tuat ion, which Is of major importance In 

studies on the possible relationship between aging and DNA repa i r . For the 

analysis of DNA excision repair In v i v o , one depends on sensit ive detection 

methods for DNA lesions that are removed via the excision pathways, which do 

not requi re prelabeling of the DNA. At the present time Immunochemical 

detection methods seem to be the most versat i le ; specific antibodies can be 

made against all possible DNA lesions. Fur thermore, immunochemical assays for 

DNA damage are sensi t ive, r a p i d , accurate and do not require the use of 

rad ioact iv i ty . Removal of the damage Itself Is seen by many as the most 

reliable endpoint In assessing a repair pathway. However, also th is approach 

has Its l imitat ions. Modifications of the Induced lesions can often not be 
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dist inguished from repair (Baan et a l . , 1985). There fore , even when antibodies 

of h igh specif ic i ty and high a f f in i ty are available It Is st i l l necessary to s tudy 

the Induction and repair of the leslon(s) of interest w i th more than one 

method. 
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CHAPTER 3 

KINETICS OF UV-INDUCED DNA EXCISION REPAIR IN RAT 
AND HUMAN FIBROBLASTS* 

3.1 Introduction 

The level of excision repair occurr ing In mammalian cells af ter exposure to 

u l t ravio let l ight (UV) depends on the donor species. In genera l , human 

der ived cells are more competent In performing the DNA synthesis step of the 

excision repair process than are rodent der ived ones (Painter and Cleaver, 

1969; Har t and Setlow, 1974; Kato et a l . , 1980; Francis et a l . , 1981). A lso , 

the actual removal of pyr imidine d imers, the main UV photolesion, is much 

slower In rodent cells than In human cells (Ganesan et a l . , 1983; Takebe et 

a l . , 1983). These f ind ings have been in terpreted as evidence for "DNA repair" 

as a longevity-assurance system (Chapter 1 ) . However, the di f ference In 

excision repair capacity between UV- l r rad lated human and rodent cells Is not 

ref lected in a corresponding dif ference In s u r v i v a l , e . g . , the colony forming 

capacity of mouse cells Is similar to that of human cells (Ganesan et a l . , 1983). 

Moreover, I t has been reported that pr imary mouse embryonic f ib rob las ts . In 

contrast to late passage cel ls , excise dimers rather well and also perform high 

levels of repair synthesis (Peleg et a l , , 1977), There fore , the question arises 

of whether rodent cells are t r u l y defective In excision repair or are simply 

able to remove DNA damage In another way than do human cel ls , by a 

d i f fe rent mechanism of excision repair or via alternate repair pathways. For a 

fu r the r understanding of th is problem. It Is necessary to analyse the d i f f e ren ­

ces In excision repair between rodent and human cells In more detai l and 

preferably by several methods. To th is e n d , we have studied the excision of 

UV-induced photoproducts from the DNA of ra t and human skin f ibroblasts by 

(I) autoradlographlcal analysis of unscheduled DNA synthesis (UDS) , ( i i ) 

analysis of DNA repair synthesis by means of the bromodeoxyuridlne (BrdU) 

photolysis assay, (III) monitoring the disappearance of Micrococcus luteus 

UV-endonuclease sensit ive sites (ESS) and ( i v ) determining the number of 

induced and removed thymine dimers by h igh pressure l iquid chromatography 

* Parts of th is work have been published previously (Vl jg et a l . , 1984b). 
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(HPLC). The results obtained are discussed in relation to the capacity of these 

cells to surv ive the toxic effects of the applied UV doses. 

3.2. Materials and Methods 

3.2.1 Cell Isolation and cul ture 

Rat pr imary f ibroblasts were obtained from 10-mm surgical ell ipse biopsies 

from the skin of the anter ior par t of the back of inbred Wistar-der ived rats 

(WAG/Rij Î ] . The rats were maintained under "clean conventional" condi t ions. 

The biopsies were cu t Into fragments that were placed In 3,5-cm diameter pet r i 

dishes (Grelner) and supplied wi th a droplet of g rowth medium. This consisted 

of Dulbecco's modification of Eagle's medium (DMEM, GIbco), supplemented wi th 

20% fetal calf serum (FCS) and ant ib iot ics. Cell g rowth was usually observed 

wi th in 4 days . The pr imary expiant cul tures were supplied wi th f resh medium 

every two days and when they had reached confluency removed by t r y p s l n l ­

zatlon and t rans fer red to 25-cm^ cu l ture bottles (Gre lner ) . Al though some 

groups of epithelial cells were Ini t ial ly observed near the exp ian t , these were 

completely lost af ter the f i r s t t ryps ln lzat lon cyc le. This was determined by 

electron microscopy. A t th is po in t , the medium was changed to DMEM wi th 10% 

FCS. Human f ibroblast strains were obtained In the same way from the sk in of 

the upper arm of normal donors. Rat and human cells were studied between 3 

and 5, and 15 and 25 cumulative population doubl ings, respect ively. Prelimina­

r y experiments were performed wi th several d i f fe rent ra t and human cell 

s t ra ins . A l l the f inal comparisons, however, were made between ra t and human 

strains R33 and Mb, respect ively. 

3.2.2 Surv iva l assay 

Cells were seeded In 6-cm diameter pet r i dishes (Grelner) at a density of 

200 cells per dish and cul tured for 24 h . Af ter th is period the medium was 

removed and the cells were r insed wi th phosphate buf fered saline (PBS) , 

drained and exposed from above to 254-nm radiation suppl ied by a low pres-
_2 

sure mercury vapour lamp (Phil ips TUV , 15W) at a fluence rate of 0.38 W,m 

for various time in terva ls . Af ter I r radiat ion the cells were cu l tu red for 2 to 3 

weeks, f ixed wi th 70% ethanol and stained wi th 0.05% Coomassy br i l l iant blue 

G250 (Serva) In 20% methanol, 7.5% acetic ac id . The colonies were counted and 

the relat ive surv iva l was determined. 
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3.2.3 Determination of UDS 

Cells (1x10 ] were seeded onto 11-mm diameter glass cover sl ips in 3.5-cm 

diameter petr i dishes (Grelner ] and cul tured for 48 h . T h e n , they were r insed 

wi th PBS and Irradiated wi th va ry ing doses of UV as described for the 

surv iva l assay. Exposed and uni r radiated control cells were both Incubated 

wi th ( ' H ] thymidine (10 yC i /m l , 25 C i / mmole, Amersham) In medium wi th 10% 

dialyzed FCS for va ry ing periods of t ime. A t the end of the Incorporation 

per iod , the cells were r insed 3 times wi th medium without serum and f ixed In 

acetic acld-ethanol ( 1 : 3 ) . The cover slips were then r insed with 70% ethanol , 

air dr ied and mounted onto glass sl ides. Af ter d ipp ing in NTB2 l iqu id emulsion 

(Kodak) , the slides were stored in l i gh t -p roo f boxes at 4°C for 4 days . They 

were then developed and stained wi th toluldlne b lue. The amount of UDS was 

determined with an Ar tek Model 880 automatic gra in counter . For each s l ide, 

the total nuclear area, the area above the nuclei occupied by si lver grains and 

the percentage of the nuclear area occupied by si lver grains were measured In 

at least 30 l igh t l y labelled cells (which excludes cells performing semi-

conservative DNA syn thes is ] . The results were plotted as a histogram. As a 

ru le , 2 or 3 slides were counted for the same dose and labelling t ime. UDS 

values were corrected for background labelling found in uni r radiated contro ls . 

To Inhib i t the synthesis of T T P , UDS was also measured in the presence of 

aminopter in. This compound was added to a f inal concentrat ion of 0.2 |iM 24 h 

before UV i r rad ia t ion . For UDS determinations dur ing conf luency, cells were 

cu l tured for 10 days after seeding on cover s l ips . 

3.2.4 Determination of ESS 

Cells were seeded in 6-cm diameter petr i dishes (Grelner) at a densi ty of 

about 2x10 cells per d i sh , allowed to grow for 24 h and subsequently labelled 

for 3 days wi th 1 yCi ( 'H ) thymidine per 3 ml of medium (25 Ci/mmole, 

Amersham], The cul tures were then r insed wi th PBS and i r radiated as 

described for the surv iva l assay. A f te rwards , the cells were incubated with 

f resh unlabeled medium for periods of from 0 to 24 h , then r insed wi th PBS, 

d ra ined , immediately frozen on d r y ice and stored at -70°C for not more than 

3 days. The procedure used to determine the number of ESS was described 

earl ier (Paterson et a i . , 1973; Wade and Lohman, 1980), Enzymatic photoreac­

t ivat lon of extracted DNAs was performed by treatment wi th an ext ract from 

Streptomyces griseus plus white f luorescent l ight (Zelle et a l , , 1980), which 

preceded the treatment with the Micrococcus luteus UV-endonuclease. 
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3.2.5 HPLC analysis 

Cells were seeded In 9-cm t issue cu l tu re dishes (Grelner) at a densi ty of 

about 7.5x10 cells per d i sh . The cells were allowed to grow for 24 h , after 

which period they were labelled for 3 days wi th ( ' H ] thymidine (1 wCI/ml of 

medium, 25 CI/mmole, Amersham). The cul tures were then r insed wi th PBS and 

i r radiated as described for the surv iva l assay. Subsequently they were 

Incubated wi th f resh unlabeled medium for 0 or 24 h , then r insed wi th PBS 

and harvested by t ryps ln lza t lon . The cell suspension was then layered onto 2 

um polycarbonate f i l te rs (not more than 1.5x10 cells per f i l t e r ] for DNA 

Isolation according to the procedure of Leadon and Cerut t i (1982). DNA was 

released from the f i l te r by using DNase I . The DNA samples obtained were 

evaporated to dryness In a speed vac concentrator (Savant ) . They were 

hydro lysed wi th 98% formic a d d at 170°C for 90 mIn and again evaporated. The 

residues were dissolved In 5 mM Na-formiate, pH 6 .0 , and analysed on a 

Beekman l iqu id Chromatograph, using a 250x5 mm Lichosorb RP18 reverse 

phase column wi th 1% methanol ( in 5 mM Na-formiate, pH 6.0) at a flow rate of 

1 ml /mln . A small precolumn, packed wi th C.g Corasll (37-50 \im d iameter ] , was 

used to protect the analytical column from resinous material . Fractions of 0.5 

ml were sampled by a modified Redlrac f ract ion collector ( L K B ) . The six 

f ract ions elut ing d i rec t ly before thymine (containing the T T dimers] were 

pooled, evaporated to d ryness , and rechromatographed under the conditions 

described above. The radioact iv i ty-content was determined by l iquid sc in t i l ­

lation count ing . 

3.2.6 BrdU photolysis 

Cells were seeded In two 9-cm t issue cu l ture dishes (Grelner ] at a densi ty 

of about 7.5x10 cells each. They were allowed to grow overn igh t , af ter which 

the cells In one dish were labelled wi th (^H) thymidine (1 uCI/ml of medium, 
1 a 

25 Cl/mmoIe, Amersham) and In the other wi th ( C] thymidine (1 uCI/ml of 

medium, specific ac t iv i ty 56,5 mCl/mmole, Amersham), A f te r a 3-day Incubation 

per iod , the radioactive medium was replaced by normal medium and the 

Incubation was continued for one day. Then , the normal medium was replaced 

by medium containing 3% FCS and 0,1 mM BrdU (the ^H labelled cells) or 0.1 

mM thymidine ( the C labelled ce l l s ) . Both BrdU and thymidine were obtained 

from Sigma. Af te r 30 mIn of Incubat ion, the cells were Irradiated as described 

for the surv iva l assay and subsequently Incubated In the same medium for 24 

h . Af ter th is per iod , they were washed wi th PBS, t ryps in lzed and suspended 
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In 5 ml PBS-containIng glucose (1 mg /m l ] . Cells from the two dishes were now 

mixed and placed into a quartz cuvet te . The cells In the cuvet te (placed In a 

holder cooled wi th tap water ] were i r radiated wi th 313-nm l igh t wi th a XeHg 

lamp (Hanovia) operated at 1000 W. The power supp ly , lamp hous ing, co l l i ­

mator, f i l te r and monochromator were from Or ie l . The entrance and ex i t sl i ts 

had a width of 1.8 mm, resul t ing in a half-maximum bandwidth of 12 nm. 

Between the monochromator and the cuve t te , a 5-mm th ick glass f i l te r WG 305 

(Schott) was placed to absorb the radiation below 290-nm. The fluence rate 

(about 60 W.m ) was determined In each experiment by means of a radiant 

f l ux meter (Hewlett Packard) . Dur ing Irradiat ion the cell suspension was con t i ­

nuously s t i r r e d . A t d i f ferent t imes, a 5D-ul sample was taken and sandwiched 

between two layers of 75 ul of lysis solution (1 M NaOH, 0.01 M EDTA) on top 

of a h igh-sal t alkaline sucrose gradient (5-20% w / v , 2 M NaCl, 0.01 M EDTA 

and 0.33 M NaOH). The f i r s t sample was collected at the beginning of the 

I r rad ia t ion, the last at 2 h thereaf ter . Af ter a lysis and denaturat ion period of 

1 h , tubes wi th the gradients were centr i fuged at between 25,000 and 35,000 

rpm (depending on the number of breaks expected) In a Beekman SW60TI rotor 

for 180 min at 20°C, These rather high rotor speeds are just i f ied by the range 

of molecular weights. The number of breaks was der ived from the size d i s t r i ­

but ion of the DNA In the same way as in the UV-endonuclease experiments 

(Wade and Lohman, 1980), The maximum number of breaks resul t ing from the 

photolysis Indicates the number of repaired s i tes. The kinet ics of the 

photolysis reaction are used to calculate the average number of nucleotides 

Inserted Into the repaired regions. For th is purpose, a computer programme 

was developed to determine the best f i t for the data obtained In the equation 

descr ib ing the kinetics of the photolysis reaction (Regan and Setlow, 1974; 

Chapter 2 ) . The value for sigma, represent ing the eff iciency of 313-nm -l ight 

In Inducing alkal l- labl le sites In BrdU-contalnIng regions, was determined ( for 

ra t as well as for human cells) on fu l l y subst i tu ted ( 'H ] - labe l led DNA 

Irradiated wi th three d i f ferent doses of 313-nm l igh t . The values obtained for 

—fi —6 

ra t and human f ibroblasts were 0.32±0.01 x 10 and 0.3610.02 x 10 m^/J , 

respect ively. The assumption was made that the percentage of thymidine 

nucleotides In the DNA of both ra t and human cells Is 30%. 

3.2.7 Thymidine kinase assay 

Thymidine kinase (TK) act ivi t ies were measured as described by Olashaw et 

a l . (1983) wi th some modif ications. B r i e f l y , cells were harvested by t r y p s l ­

nlzatlon and resuspended In 10 mM T r i s , pH 8 at a densi ty of 3x10 /100 uL 
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Subsequent ly, T r i ton X100 was added to a f inal concentration of 0.02%. Then 

100 ul of th is suspension was mixed wi th 100 ul TK-bu f fe r (50 mM T r I s , pH 8.5 , 

5 mM M g C L , 10 mM ATP, 10 mM ß-mercaptoethanol). The reaction was started 

by adding 1 uCI ^H-thymldlne (25 Cl/mmole, Amersham] and 4 nmole cold 

thymid ine. The mixture was incubated for 0 to 30 mIn at 37° C. The reaction 

was terminated by boi l ing for 3 mIn, af ter which period 3 ml DEAE-cellulose 

suspension (1 g/60 ml of 1 mM ammonium formlate, pH 7] was added. The 

mixture was vor texed for 10 min and centr i fuged at 2000 rpm for 5 mIn. The 

pellet was washed 6 times wi th 1 mM ammonium formlate, pH 7, resuspended In 

1 ml 1 N HCl and cen t r i fuged . The amount of radioact iv i ty in the supernatant 

was determined by l iquid scint i l lat ion count ing . 

3.3 Results 

3.3.1 Surv ival 

The cytotoxic effect of UV- l r rad lat lon of ear ly passage rat f ibroblasts was 

compared wi th that of normal human f ibrob lasts . Figure 3.1 shows that the 

capabi l i ty of the two cell lines to form colonies upon UV- i r rad lat lon fal ls In the 

same range. 

loOn 

Figure 3 . 1 : 
Colony forming abi l i ty of rat 
( i ) and human (o) f ibroblasts 
after various doses of UV. 

i^ r -
0 

—I— 
10 

UV-dose (J/m^) 
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3.3.2 Unscheduled DNA synthesis 

A time course s tudy of UDS In UV- l r rad lated f ibroblasts Is shown in 

F ig .3 .2 . I t I l lustrates that human cells are more capable of repair synthesis 

than are ra t ce l ls , especially In the Ini t ial phase of the process. In i t i a l l y , the 

rate of UDS in both ra t and human cells Is h i g h , bu t gradual ly the slope of 

the curve becomes less steep. Since these kinet ics could be due to a decrease 

In repair ac t i v i t y , for Instance by a loss in cell v i ab i l i t y , a sp l i t dose 

experiment was performed. Seven hours after a f i r s t UV dose of 4.6 J / m ' , rat 

f ibroblasts were Irradiated a second time wi th the same dose ( F i g . 3 . 3 ) . The 

30 

^ 20-

10 

/ 

. / 

. • ^ 

I I I I I I 
10 20 30 

Figure 3.2: 
UDS occurr ing in rat (A) and 
human ( ! ) f ibroblasts as a 
funct ion of repair time after 
exposure to 4.6 J/m^ of 254-
nm UV, Points In each curve 
were obtained by determining 
the amount of UDS occurr ing 
dur ing the preceding time 
Interval and adding each 
value to the preceding ones. 
Correct ions for the back­
ground were made by sub ­
t rac t ing the value obtained 
for un i r rad ia ted control 
cel ls. Each point Is the mean 
determined from 60 cells 
belonging lo two separate 
cell cu l tu res . Bars Indicate 
the standard e r ro r of the 
means. 

p o s t - i r r a d i a t i o n t ime ( hour ) 

reaction to th is second dose ( indicated by the broken line) Is the s ta r t of a 

new rapid process, w i th a 24-h level s igni f icant ly lower than that obtained 

when both doses are given at the same time (upper solid line In F i g . 3 . 3 ) . 

However, since I t can be expected that dose fract ionat ion leads to a certain 

delay In reaching the 24-h level , complete add l t l v l t y of UDS Is assumed. I t Is 

obvious that rat cells are st i l l fu l ly able to perform repair synthesis at 7 h 

after I r rad ia t ion. Comparable experiments wi th two doses of 10.3 J/m^ showed 

that In both human and rat f ibroblasts UDS af ter the second dose was reduced 

by about 50% as compared to the f i r s t ( resul ts not shown] . 

57 



o- 20 

t t 
10 20 30 

post irradiation time ( h ) 

Figure 3.3: UDS In ra t f ibroblasts as a funct ion of repair time after 
exposure to 9.2 J/m^ ( A ) , 4.6 J/m^ (•) and 2 times 4.6 Mm^ 
wi th a 7-h Interval ( o ) . The times of I rradiat ion are Indicated 
by the ar rows. Data points were obtained as In F i g . 3 . 1 . 

3.3.3 Removal of ESS 

With the UV-endonuclease method, the number of UV-induced ESS In rat 

and human f ibroblasts after I r radiat ion wi th d i f fe rent UV doses can be 

determined. A dose-response curve for the Induction of these sites In the DNA 

of both species Is presented In F ig .3 .4 . Al l three doses Induced s l ight ly more 

ESS In human than in rat cells (50 ± 4 and 47 + 2 Induced ESS per J/m^ per 
g 

10 molecular weight of DNA, respect ive ly ) . This might be a reflection of 

dif ferences In nucleotide content between the two species. 

From the results on UDS, one can conclude that human cells are more 

active wi th regard to UV-lnduced DNA repair synthesis than are rat cel ls. The 

di f ference varies from a factor of 2.7 at 3 h after I r radiat ion to one of 1.6 at 

24 h af ter i r radiat ion (Table 3 .1 ) . As It Is general ly assumed that UV-lnduced 

DNA repair synthesis reflects the removal of pyr imidine d imers, one would 

expect the di f ference In this latter process to be similar. To determine whether 

th is Indeed was the case, we followed the removal of ESS (pyr imidine dimers] 

In both cell t ypes . The results (F ig .3 ,5 ] show a d is t inc t di f ference between 
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s 300-

Figure 3.4: 
Dose response for ESS 
induct ion by 254-nm UV 
in ra t [ L ] and human 
(•) f ib rob lasts . For 
each dose, two determi­
nations were made. 

doM of UV (J/m ) 

the two species wi th respect to the removal of ESS wh ich , however, is much 

greater than was expected. While the human cells removed more than 70% of 

the total number of Induced lesions wi th in 24 h , the rat cells dur ing the same 

period and under Identical conditions removed less than 20% of the dimers 

or ig inal ly present . Af ter 5 days , rat cells st i l l contain 71% of the dimers 

or ig inal ly Induced (resul ts not shown). This indicates t ha t , although rat cells 

are qui te capable of performing DNA repair synthesis, they are much less able 

to remove pyr imidine dimers (Table 3 .1 ) . To check whether the ESS st i l l p r e ­

sent In ra t cells at 24 hours af ter i r radiat ion were genuine pyr imidine d imers, 

the i r photoreact lvabl l l ty was determined. As Indicated In F ig .3 ,5 , v i r t ua l l y all 

sites determined as ESS were photoreactlvable both Immediately af ter I r radiat ion 

and 24 h later. To invest igate whether there was a correspondence between 

the number of dimers present in ra t cells at certain times after i r radiat ion and 

the rate of DNA repair synthes is , we determined the amount of UDS (over a 

period of 4 h) as possibly evoked b y : (1) the dimers s t i l l present at 24 h 

after I r rad ia t ion ; (2) the same number of dimers as in (1) consist ing half of 

old (s t i l l present at 24 h after i r rad ia t ion] and half of newly Introduced 

dimers; and (3) the same number of dimers as In (1) and ( 2 ) , all of them 

newly In t roduced. The results presented In Table 3.2 show that hard ly any 

UDS Is Induced by 24 h old d imers. However, wi th the same number of new 

60 



dimers present , rapid UDS Is obtained, about twice as high as the amount of 

UDS observed when the same number of dimers Is present , half of which being 

introduced 24 h ear l ier . While these results could already be predicted from 

the time course curve (F ig ,3 .2 ] and the sp l i t dose curve ( F i g . 3 . 3 ] , they 

unequivocally demonstrate that newly Induced dimers appear to be able at any 

time to Induce rapid UDS, whereas old dimers are unable to do so. 

100 

75-

50-

25 

> 
3 — I — 

10 15 20 
— I — 

25 

post- i r rad iat ion time ( h ) 

Figure 3.5: Relative time course of disappearance of ESS from the DNA of rat 
(A) and human ( • ] f ibroblasts exposed to 4.6 J / m ' of 254-nm UV. 
The numbers of ESS determined after treatment of the extracted 
DNAs wi th photoreactlvat ing enzyme (PRE) at 0 and 24 h after 
I r radiat ion are also Indicated ( i ) . Bars indicate the standard de­
viat ions as determined from four determinations. 

In view of the absence of a relat ionship between DNA repair synthesis and 

dimer removal, in ra t cel ls , we compared the kinetics of UDS with ESS removal 

In both ra t and human cel ls. For th is purpose, their ratios of UDS vs ESS 

removal were calculated at 3, 7 and 24 h after i r radiat ion (the data were the 

same as presented In F ig.3.2 and F i g . 3 .5 ) . The results presented in Table 

3,3 show that neither In rat nor In human cells do the kinetics of UDS and 

ESS removal d i f fer s ign i f icant ly . However, I t Is obvious that In both cell types 

the kinetics of ESS removal tends to be slower than the kinetics of UDS. This 

Is Indicated by the fact that for both cell types the rat io of UDS to ESS 
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removal is the smallest at 24 h after I r rad ia t ion. Fur thermore, from Table 3.3 

It can be der ived that the rat io of UDS to ESS removal for human cells Is 

s igni f icant ly smaller than that for ra t cel ls. 

TABLE 3,2 

t=0 

INDUCTION OF UDS BY "OLD" AND "NEW" 

Number of dimers 

Induced^ 

414 ± 15 

207 + 8 

0 

t=24 
Number of dimers 

remaining induced total 

352 ± 1 8 0 352 ± 18 

176 + 9 175 ± 6 351 + 11 

0 352 + 13 352 + 13 

DIMERS 

t=24-28 
UDS 

(gra in area]*" 

0,4 ± 0,1 

7,2 ± 0.2 

13.7 + 0.4 

The numbers of Induced dimers were calculated from the dose-response 
curve In F ig .3 .4 . The er ro rs were der ived from linear regression 
analysis. 
The numbers of removed dimers were der ived from the percentage of 
dimer removal In F ig .3 .5 . The er ro rs are composed of the estimated 
er ro rs in the number of removed dimers (4 Expts . ) and the er rors In 
the number of Induced dimers. 
UDS was determined over 4 h as described under Materials and 
Methods. The er ro rs are estimated from 4 experiments. 

3.3,4 Monitoring of dimer removal by HPLC 

Instead of a ref lect ion of the incapacity of rat cells to remove pyr imidine 

dimers by excision repa i r , the observed persistency of ESS In these cells could 

be an artefact of the dimer detection method used. This is not wholly Inconcei­

vab le , since with the enzymatic assay used dimers are detected In an indi rect 

way, as substrates of a crude bacterial ex t rac t . As long as the dimers them­

selves have not been shown to persist in the DNA of ra t cells the possibi l i ty 

should be taken into account that the persistent ESS (In spite of thei r photo-

react lvab i l i ty ] represent some other k ind of UV damage. In order to address 

th is problem we applied a chromatographical method to measure the induct ion 

and removal of UV damage. General ly, chromatographical methods are not very 

sensit ive and the i r application therefore requires high doses of UV (10 J/m* or 

h i g h e r ) . Since we have shown that at such high doses UDS Is being Inh ib i ted , 

we considered i t necessary to work wi th the same low doses as In the UV-endo 

assay. For that purpose we made use of a recent ly developed HPLC assay. 
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which allows the quant i f icat ion of UV damage after doses below 5 J / m ' (Niggl i 

and C e r u t t i , 1983). 

A typical HPLC elut ion prof i le of hydrolysed radioact iv i ty- label led DNA from 

human f ib rob las ts , i r radiated wi th 4,6 J / m ' , Is shown In F ig .3 ,6 . The position 

10 

lO ' 

a 

10 

10' 

10 

10" 

0 10 20 30 

elution time (min) 

Figure 3.6: HPLC elution prof i le of hydrolyzed radioact iv i ty- label led DNA from 
human f ib rob las ts . I r radiated wi th 4.6 J / m ' of UV. 

of the co-chromatographed thymine and TT dimer markers (the latter was 

obtained by i r rad ia t ing a frozen thymine solution wi th 20 k J / m ' of 254-nm of 

UV) were detected by spectrophotometry (220-nm UV absorpt ion) . In the 

radioact iv i ty pro f i les , the small peak d i rec t ly before thymine appeared to be 

the TT dimer. This peak was not present in the DNA of unir radiated control 

ce l ls . The 0 h elut ion prof i le of the rat cells was Identical to that of the 

human cells shown In F ig .3 .6 , Quantif ication of the radioact iv i ty contents of 

the fract ions containing the TT dimers (described under Section 3.2.5) In 

comparison to those containing the radioactive thymine (which served as an 

64 



Internal standard) provided Information on the number of TT dimers Induced 

and repai red. The results were essentially the same as those obtained wi th the 

UV-endo enzymatic method. Human cells appeared to remove about 70% of the 

dimers or ig inal ly induced, whereas ra t cells remove only about 20% over the 

same time period (Table 3 ,1 ) . The number of dimers Induced was found to be 

less as compared to those detected wi th the UV-endo method. Af te r correct ion 

for the contr ibut ion of CC, CT and TC dimers, which also form a substrate 
g 

for the M.luteus ex t rac t , about 29 dimers per 10 molecular weight of DNA per 

J / m ' were found . However, in view of the systematic er rors In the two 

methods (the e r ro r in the cal ibrat ion of the UV-endo method using T4 DNA 

may already amount to 50%; Van der Schans, unpubl ished resul ts ] th is 

di f ference Is not stat ist ical ly s ign i f icant . 

3.3.5 The number and average size of repair patches 

One factor that may Influence UDS but not dimer removal is the size of the 

repair patches. To f ind out whether a di f ference In repair patch size between 

ra t and human cells modulates the dif ference In UDS, the BrdU photolysis 

assay was appl ied. This assay offers the possibi l i ty of determining both the 

number and the size of repair patches In one experiment (Regan and Setlow, 

1974). Figure 3.7 shows the photolysis curves for rat and human f ibroblasts at 

24 h after a 254-nm UV dose of 4,6 J / m ' , From these cu rves , obtained by 

f i t t i ng the numbers of breaks after various doses of 313-nm l igh t into the 

equation descr ib ing the kinetics of the photolysis reaction (Regan and Setlow, 

1974), the number as well as the mean size of the repair patches was der i ved . 

Such data were also obtained for the period between 0 and 3 h after I r rad ia­

t i on . The results are shown In Table 3 . 1 , in comparison to the values for UDS 

and dimer removal over the same time per iods. Since all three methods are 

based on d i f ferent pr inciples comparison among them may be biased by syste­

matical e r r o r s . However, determinations using one technique on ra t and human 

cells were always done simultaneously. Therefore conclusions can be drawn 

from the ratios rat to human, which are also provided In Table 3 . 1 . The 

results provided In Table 3.1 Indicate that a) the average repair patch size 

remains fa i r ly constant over the whole repair per iod ; b ] th is size is not 

d i f ferent for the two species; c) the ratio ra t to human In dimer removal Is 

s igni f icant ly smaller than that In DNA repair synthesis , both at 3 and 24 h 

after I rradiat ion (conf irming the discrepancy observed between dimer removal 

and UDS); d ] In both species, DNA repair synthesis seems to proceed conside­

rably faster than dimer removal. 
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Figure 3.7: BrdU photolysis curves for rat (AA) and human (D I ] fibroblasts 
irradiated with 4.6 J/m' of 254-nm UV and allowed a 24-h repair 
period In medium with BrdU, Each point indicates the number of 
single strand breaks above the number of background breaks 
(breaks In the non-BrdU containing control cells). The results of 
two Independent experiments are presented (open and closed sym­
bols); the points were fitted Into the equation describing the pho­
tolysis kinetics. 

3.3.6 Effect of thymidine pool size 

A different thymidine pool size could be Involved In the observed discre­

pancy between UDS and dimer removal. Whether It may also influence the 

number of repair patches, which is one of the endpolnts measured In the 

BrdU photolysis assay, is unlikely. Instead, It may influence the number of 

BrdU substitutions per repair patch, which will manifest Itself In this assay as 

differences in patch size. Such differences were not observed in this study. 

However, In view of the rather large experimental error in patch size determi­

nations using the BrdU photolysis assay (Table 3.1), the possibility of pool 

size differences could not be entirely ruled out. To check whether differences 

in thymidine pool size between rat and human cells could have been modulated 

the observed difference in UDS level, UDS was determined at different concen­

trations of (^H) thymidine. Figure 3,8 shows that, at the normally used 

concentration of 10 uCi/ml, saturation of the thymidine pools of the two cell 
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types was almost reached but not complete. This indicates that th is factor can 

not be neglected In comparative studies on UDS. However, the fact that the 

dependency of UDS In rat and human cells on the concentration of radioactive 

thymidine does not appear to be d i f f e ren t . Indicates that no substantial pool 

size di f ference ex is ts . This conclusion was confirmed by the f ind ing that the 

amount of ( 'H ) thymidine Incorporated du r ing semiconservatlve DNA synthesis 

is the same for the two cell types ( resul ts not shown). 

30 

20 

10-

O ^ r 
10 20 30 40 

H-thymidine ( | lCi /ml) 

Figure 3.8: UDS In rat (A) and human (1) f ibroblasts as a funct ion of ' H - t h y -
mldlne concentrat ions. Apar t from the added 'H- thymid lne no t h y ­
midine was present in the medium. UV dose, 4.6 J / m ' ; post i r rad la-
t lon t ime, 3 h . 

In order to completely rule out the possibi l i ty that pool size dif ferences are 

responsible for the observed discrepancy between dimer removal and repair 

synthesis , we determined the amount of UDS in ra t and human cells In the 

presence of aminopterin and dur ing conf luency. Aminopterin completely blocks 

the ut i l izat ion of endogenous thymine by Inhib i t ing the synthesis of TTP from 

UTP. Consequently, the radioactive thymidine added Is no longer d i luted by 

endogenous thymidine. In conf luent ce l ls , thymidine pool sizes are considerably 

reduced In comparison to act ively pro l i ferat ing cells (Olashaw et a l . , 1983], I f 

such relat ively large changes In pool size would not affect the level of UDS, It 

was assumed that the concentration of radioactive thymidine in our s tudy was 
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high enough to preclude any pool ef fects. 

The effects of aminopterin and confluency on UDS In rat and human f i b r o ­

blasts are shown In Table 3.4. In the presence of aminopter in, the levels of 

UDS In the two cell types were s igni f icant ly Increased as compared to the 

situation in the absence of aminopter in. The Increase In UDS In human was 

s l ight ly larger than that in ra t cel ls . Indicating a smaller pool size In the 

la t ter . However, since even In the presence of aminopterin the rat io ra t to 

human In UDS Is s t i l l s igni f icant ly larger than that In dimer removal (compare 

Table 3.4 wi th Table 3 . 1 ] , the small di f ference in pool size Indicated by these 

results does not explain the observed discrepancy between these two DNA 

repair endpolnts. In add i t ion , in the course of th is s tudy I t was found that at 

higher concentrations of aminopterin UDS In ra t cells Is Inh ib i ted , whereas that 

in human cells is not Inf luenced. In view of th is d i f ference, the possibi l i ty 

should be taken into account that the relat ively small ef fect of aminopterin on 

UDS In ra t cells ref lects the greater sensi t iv i ty of th is cell type to the toxic 

effects of aminopterin rather than a di f ference In pool size. Moreover, the UDS 

level of conf luent ce l ls , which have a ve r y low pool s ize. Is hard ly d i f fe rent 

from that In exponential ly d iv id ing cells (Table 3 .4 ) . This suggests that under 

the experimental condit ions normally applied ( the absence of aminopterin] there 

Is no effect of possible pool size di f ferences. In th is respect, UDS might be a 

far better measure for excision repair than Is often assumed. 

TABLE 3.4 UDS IN POLIFERATING VS CONFLUENT HUMAN AND RAT 

FIBROBLAST POPULATIONS IN THE PRESENCE AND 

IN THE ABSENCE OF AMINOPTERIN 

Species 

Human 

Rat 

Ratio 
Rat/Human 

Repair time 
(h) 

3 
24 

3 
24 

3 
24 

Prol i ferat ing 
-AP' +AP' 

14.0 ± 0.6 
17,5 ± 0,7 

7,9 ± 0,3 
12,5 ± 0,5 

0,56 ± 0,03 
0.71 + 0.04 

27,1 ± 1.0 
31.1 + 1,2 

12.2 + 0.5 
18.3 ± 0.7 

0.45 ± 0.03 
0.59 + 0.03 

Confluent 
-AP' 

18.5 ± 0.7 

8.3 ± 0.3 

0,45 ± 0,03 

AP = Aminopterin 
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3.3.7 Thymidine kinase act iv i ty 

Another factor that has often been suggested to be a modulator of the 

experimental endpoint of DNA repair synthesis assays Is the thymidine kinase 

ac t i v i t y . The possibi l i ty that our results were Influenced by dif ferences 

between human and ra t cells in TK act iv i ty was taken Into account. For that 

purpose we measured TK act iv i t ies of the two cell t ypes . I f the small d i f ­

ference between rat and human cells In UDS as compared to the much larger 

di f ference In dimer removal would be due to a dif ference In TK ac t i v i t y , a 

relat ively high level of act iv i ty should be found In ra t cel ls . Su rp r i s ing l y , the 

human cells had far larger TK act iv i t ies than the ra t cells ( F i g . 3 . 9 ) . 

Therefore we conclude that the level of TK ac t iv i ty In th is specific case does 

4000. 
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Figure 3.9: Thymidine kinase act iv i ty in rat (A) and human ( ! ) f ib rob lasts . 

not Influence UDS at a l l . In Chapter 5 data are presented which Indicate that 

even confluent cel ls, wi thout any detectable TK act iv i ty (which does not mean 

that there Is no such a c t i v i t y ] , have the same level of UDS as exponential ly 

d iv id ing cel ls. In view of these data i t seems that also the putat ive effect of 

TK act iv i ty on UDS has often been overestimated. 
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3.4 Discussion 

A comparison of the UV-lnduced DNA excision repair process In cells of 

d i f fe rent mammalian species Is Important for an eventual understanding of the 

relat ionship between Induced DNA damage, i ts repair and physiological 

phenomena such as aging and carcinogenesis. Whereas much attent ion has been 

recent ly paid to In te r - and Intraspecles differences In DNA repair responses, 

there Is as yet no consensus wi th respect to the mechanism of excision repair 

of UV-lnduced DNA damage In mammalian cel ls. To gain a f u r t he r unders tan­

d ing of th is problem, we have compared the kinetics of UDS and the disappea­

rance of pyr imidine dimers In UV- i r rad la ted f ibroblasts from rats and humans, 

being representat ives of the two groups that are most dissimilar wi th respect 

to excision repair level . The results obtained on the kinetics of UDS In cells 

from these species Indicate that the rate of the repair process In ra t cells Is 

much slower than In human cel ls. However, dur ing the course of the process, 

the di f ference becomes less. This suggests t h a t , al though human cells are more 

rapid In recognizing and removing UV-induced DNA damage, there may not be 

a di f ference In the end level of the repair process between the two cell t ypes . 

When the excision repair capacity of both cell types was assessed by 

fol lowing the removal of UV-endonuclease susceptible sites (pyr imidine dimers] 

Instead of determining UDS, an apparent discrepancy between the two techn i ­

ques became obvious. While the di f ference In UDS between the two cell types 

Is approximately a factor of 2 , the dif ference In thei r capacity to remove 

pyr imidine dimers Is much more s t r i k i n g . Human cells remove 4-5 times as 

many dimers du r ing the same time Interval than do rat cel ls. Essentially the 

same results were obtained when pyr imidine dimer removal was analysed by 

HPLC instead of using the UV-endo enzymatic assay. This means t ha t , a l ­

though ra t cells are qui te capable of performing DNA repair synthesis , they 

are much less able to perform the process thought to under ly t h i s , i . e . , the 

removal of pyr imidine dimers. Our results made It l ikely that the discrepancy 

between UDS and dimer removal is not due to a species specific di f ference in 

thymidine pool s ize, thymidine kinase act iv i ty or repair patch size. This last 

f ind ing Is In agreement wi th data from Francis et a l , (1981), who d id not f ind 

Interspecies dif ferences In repair patch size In a s tudy wi th cells from 21 

animal species. Including humans and rodents. Fur thermore, the dif ference 

between human and ra t celts In the number of repaired sites as determined by 

the BrdU photolysis assay closely corresponds wi th the dif ference In UDS. 

These f ind ings indicate the absence of a consistent relat ionship between UV-

lnduced DNA repair synthesis and pyr imidine dimer removal In rat cel ls. The 
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absence of such a relat ionship was suggested earl ier by Lohman et a l . (1976), 

who demonstrated that hamster cell lines show a markedly reduced capacity in 

the removal of pyr imidine dimer sites as compared wi th normal human cel ls , 

whereas thei r levels of DNA repair synthesis were not s igni f icant ly d i f fe ren t . 

While our s tudy shows that a similar discrepancy Is found in normal ra t 

cel ls . It also provides additional Information wi th respect to the nature of th is 

phenomenon, which Is best demonstrated by the results presented In Table 

3 ,2 . It Is tempting to conclude from this experiment that newly Induced dimers 

are able to evoke rapid repair synthesis while the same amount of old dimers 

(dimers that have been present In the cell for a period of 24 h af ter I r rad ia­

t ion) is clearly no t . I t should be noted that all of these dimers seem to be 

authent ic , that i s , they are all photoreactlvable and elute to the same position 

after HPLC. This makes an explanation of th is phenomenon In terms of a 

modification of Induced dimers dur ing postIrradiat ion Incubat ion, as has recent­

ly been described for xeroderma pigmentosum group D cells (Paterson, 1982a), 

un l ike ly . This and the al ternat ive possibi l i ty that unremoved dimers In ra t 

cells are simply Inaccessible to the repair enzymes should also be considered 

unl ikely In another respect. Indeed, If th is were to be the case, the small 

number of dimers removed In rat cells should give r ise to a relat ively high 

level of UDS. This would Imply that pyr imidine dimers induce more UDS In rat 

cells than In human cells ( indicated by the dif ference In the rat io of UDS vs 

ESS removal between the two cell t y p e s ) , for instance, as a consequence of 

large repair patches or a small thymidine pool size. This Is not supported by 

our results wi th respect to these parameters. 

Another possible explanation for our present f ind ings Is that the observed 

UDS In rat cells ref lects the removal from the DNA of o ther , as yet unknown, 

UV lesions Instead of being due to the removal of d imers. Results of expe r i ­

ments wi th embryonic chick ce l ls , which have an ef f ic ient photoreactivatlon 

repair system, suggest that excision repair of other lesions may occur. When 

these cells were Incubated In the dark af ter I rradiat ion wi th UV, removal of 

pyr imidine dimer s i tes, associated wi th DNA repair synthesis occur red . 

Surp r i s ing l y , the same level of DNA repair synthesis was found after the 

removal of pyr imidine dimers by exposing the cells to photoreact lvat ing l igh t 

(Paterson et a l . , 1974). However, cont rary to these resu l ts . I t has been shown 

recently that photoreactivatlon In embryonic chick cells is accompanied by a 

decrease In the end level of UDS (Roza et a l . , 1985). Moreover, there Is no 

present evidence that pyr imidine dimers do not represent the vast majority of 

UV-lnduced damage. 

In relation to the above considerat ions, our f ind ings are best explained 
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by assuming that In the rat (1) DNA repair synthesis is a rapid process that 

Is almost ended at 24 h after I r radiat ion and (2) pyr imidine dimer removal Is a 

slow process and occurs after DNA repair synthesis. Fur thermore, there is no 

reason to assume that the situation In human cells Is much d i f ferent from that 

in ra t cel ls. Indeed, a comparison of the kinetics of UDS and dimer removal In 

human cells (Table 3.3] also suggests that most of the UDS in human cells 

occurs wi th in the f i r s t few hours , while dimer loss occurs later . Essentially 

the same conclusion can be drawn when the creation of repair patches Is 

compared to dimer removal; whereas the number of patches at 3 h after 

i r radiat ion is s igni f icant ly larger than the number of dimers removed, th is Is 

just the opposite between 3 and 24 h (Table 3 .1 ) . In th is respect , our data do 

not d i f fer from those of Ehman et a i . (1978), who compared UDS wi th the 

chromatographlcally determined removal of acid precipi tated dimers in UV-

l r radlated human cel ls . These authors suggest a "patch and cu t " type of 

mechanism to explain the rapid kinet ics of repair synthesis as compared wi th 

the slower loss of thymidine dimers In these cel ls. However, others (Williams 

and Cleaver, 1978) found the loss of T4 endonuclease V-sensl t lve sites In 

Af r ican green monkey cells to be at least as rapid as the occurrence of repair 

synthesis. Nevertheless, a "patch and cu t " type of mechanism for excision 

repair in which repair synthesis occurs before the dimers are actually excised 

should be taken Into considerat ion. As has been demonstrated wi th bacter ia, 

the Init ial step In such a process might be the action of a dimer specific 

glycosylase which d is rupts one of the two bonds between the dimer and the 

DNA phosphorlbosyl backbone (Haseltlne and Gordon, 1982). I f mammalian cells 

would pr imar i ly (bu t not necessarily solely) Init iate excision repair in th is 

way, one might assume that In subsequent steps the resul t ing apyrlmidlnic site 

is removed, followed by resynthesis and l igat ion. According to th is speculative 

model, schematically depicted in F ig .3 .10 , the dimers are not removed but 

remain semidetached in the DNA. In view of i ts small size, such a s t ruc tu re 

may st i l l be able to basepair and therefore not form a block dur ing repl icat ion. 

In add i t ion , the semidetached dimer may then st i l l be recognized by M.luteus 

UV-endonuclease and by photoreact lvat ing enzyme. This would explain why In 

ra t cells most of the in i t ia l ly present dimers are st i l l found after most of the 

repair synthesis has already been accomplished. The model may also explain 

the discrepancy between immunochemical and enzymatic monitoring of dimer 

removal. I t has been shown that the kinetics of dimer removal In Chinese 

hamster ovary cells as determined wi th antibodies are even more rapid than 

DNA repair synthesis In these rodent cells (Mitchell et a l . , 1982; Clarkson, 

1983). This may be explained by assuming t ha t . In contrast to the M.luteus 
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ex t rac t , the antibodies are able to select between genuine dimers and 

semidetached ones. Removal of antibody binding sites would then rather be a 

measure for glycosylase action than for dimer removal. 
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Figure 3.10: Possible sequence of events in an hypothetical pathway of 
UV-lnduced excision repair In rat and human f ib rob lasts . 

As already mentioned above, we do not consider the speculative pathway 

shown in Fig.3.10 to be the only one ut i l ized by mammalian cel ls. Instead, It Is 

not inconceivable that mammalian cells ut i l ize a number of d i f fe rent excision 

repair pathways. The ut i l izat ion of these pathways could be species (or even 

cell type) specif ic. Rat cells may for Instance rely more heavily on the 

pathway proposed above than human cel ls. Species specific ut i l izat ion of DNA 
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repair pathways may also explain why no dif ference In surv iva l Is observed 

between human and rodent cel ls. One might assume that the latter cell t ype Is 

more dependent on er ror prone DNA repair pathways. In th is context , i t Is of 

Interest to mention that In human cells the extent of excision repair before 

semiconservatlve DNA synthesis determines the mutagenic bu t not the lethal 

effect of UV (Konze-Thomas et a l , , 1982). In keeping wi th th is are the obser­

vations of Menck and Meneghlnl (1982) that the recovery In surv iva l of UV 

i r radiated mouse 3T3 cells cannot be accounted for by excision of pyr imidine 

dimers. As to the nature of the recovery process, they considered the act iv i ty 

of systems resembling bacterial SOS repai r . According to th is line of reaso­

n i n g , the ratio of e r ro r free to e r ro r prone repair act iv i t ies may differ 

between human and rodent cel ls. While th is evident ly does not lead to a 

di f ference In surv iva l capacity between the two cell t ypes . I t may lead to an 

increased frequency of genetic changes in rodent cel ls. The Increased rate of 

evolution of rodents in comparison to primates supports th is Idea ( B r i t t e n , 

1986). 
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CHAPTER H 

UV-INDUCED DNA EXCISION REPAIR IN FIBROBLASTS 

OF AGING INBRED RATS* 

4.1 Introduction 

I t can be hypothesized that DNA damage Is the pr imary cause of ag ing . 

Aging may then be envisaged as the consequence of two processes the 

occurrence of which Is not mutually exclusive: (1) a d i rect process In which 

DNA lesions accumulate in the genome of the const i tuent cells of aging o r ­

ganisms a n d . In ter fer ing w i th t ranscr ip t ion and repl icat ion, lead to loss of cell 

funct ion and death (Gensler and Berns te in , 1981); and (2) an Indirect process 

In which induced lesions lead to genetic alterations such as base pair mutations 

and DNA rearrangements, changing the normal pat tern of gene expression 

(Chapter 1 ) . 

Much attention in aging research has been focused on certain steps In the 

complex of DNA repair pathways thought to determine to a large extent the 

rate at which lesions accumulate In the aging genome (Williams and Dear f le ld , 

1981), Mainly on the basis of the correlat ion found by Hart and Setlow (1974) 

between the lifespan of a species and the act iv i ty of the excision repair 

pathway In Its UV- l r radiated f ib rob lasts . I t has been suggested tha t "DNA 

repair" may be a determinant of l i fespan. This hypothesis is supported by the 

fact that both cancer and Immunological defects , the incidences of which 

Increase great ly with age, have been shown to be associated wi th deficiencies 

In certain DNA repair pathways (Setlow, 1978; Paterson, 1982b; Har r i s , 1983). 

However, a connection between biological aging and age-related changes 

predisposing to fatal disease Is not clear at present . In th is context , d i rect 

evidence for the Implication of any DNA repair pathway as a determinant of 

Individual longevity is st i l l lack ing. 

A possible relat ionship between DNA repair act ivi t ies and l ifespan may be 

twofo ld. F i r s t , cellular repair systems might remain constant throughout the 

lifespan of an organism, but might vary from Individual to Ind iv idua l . In this 

case, relat ively prof ic ient DNA repair systems in early age would be predict ive 

* Parts of th is work have been publ ished previously (Vl jg et a l . , 1985b). 
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for a long l i fespan. A l te rna t ive ly , cel lular DNA repair systems might deter io­

rate wi th age. The rate of th is deter iorat ion could va ry from Individual to 

Ind iv idua l , In which case a rap id rate of deter iorat ion would be predic t ive for 

a shor t l ifespan and vice versa . Complicating factors are that the two possibi ­

l i t ies are not mutually exclusive and that switches in the ut i l izat ion of the 

many d i f fe rent DNA repair pathways may occur dur ing the l i fespan, that i s , 

the relat ive Importance of the d i f fe ren t DNA repair pathways may vary wi th 

age. To address these questions It would be necessary to test in a lifespan 

study each of the various DNA repair pathways Indiv idual ly and In relation to 

each o ther . 

Recen t l y , ' a number of Invest igators have attempted to correlate the amount 

of DNA repair synthesis occurr ing In human cells af ter treatment wi th rad ia­

t ions or chemicals wi th the age of the donor (Pero et a l . , 1978; Lambert et 

a i . , 1979; Nette et a l . , 1984; Kovacs et a l , , 1984), According to Setlow (1983 

and personal communication), the most s t r i k i ng results of these studies were 

not so much the age-related changes In th is DNA synthesis step of the 

excision repair pathway that were observed In most of these cases bu t the 

large variat ions among apparent ly normal Indiv iduals. Hence, age-related 

changes In DNA repair synthesis can only be established on the basis of 

determinations on many Indiv iduals. Even t h e n , i t Is not allowed to draw any 

def in i te conclusion from cross-sectional analyses In which groups of young 

subjects are compared with groups of aged subjects. I t should be realized that 

in th is t ype of approach each group has i ts own unique character ist ics based 

on both Individual and generational d i f ferences. Therefore , the best way to 

s tudy a DNA repair pathway In relation to donor age Is th rough longitudinal 

studies In which the same population is followed over many years . In humans, 

such an approach Is complicated by the length of the human l i fespan. A good 

model system that may be Influenced to a much lesser extent by the above-

mentioned factors is offered by relat ively shor t - l i ved mammals such as rats or 

mice wi th a maximum lifespan of about 4 years . Divers i ty due to genetic and 

environmental variables can be minimized by the use of inbred rodents kept 

under well defined condit ions (Hol lander, 1976). In add i t ion , the short 

maximum lifespan of these animals makes I t possible to perform a longitudinal 

s tudy . 

In th is paper , the strategy for a l i fespan study- of DNA repair pathways 

wi l l be out l ined. The results of the f i r s t two time points (separated by a time 

interval of 9 months] In a time sequential cross-sectional ( longi tudinal ] s tudy 

of UV-induced DNA repair synthesis in sk in f ibroblasts Isolated from rats of 

the same Inbred stra in wil l be presented. 
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4.2 Materials and Metiiods 

4.2,1 Animals 

The animals used In th is s tudy were female WIstar-derlved WAG/Rlj r a t s , 

one of the Inbred strains kept especially for aging research at the TNO 

Inst i tu te for Experimental Gerontology, The surv iva l character ist ics of the 

s t ra in are shown in F i g , 4 , 1 . The animals were well defined In terms o f 

age-related pathology and health status (Bu rek , 1978). They were maintained 

under "clean conventional" condit ions as described by Hollander (1976). 

100-1 

c 
S 
L. 
<l 
Q. 

80 

> 
t 
3 

40 

20 

O-l 

12 18 
—I— 
24 30 36 42 

—I 
48 

age (month) 

Figure 4 . 1 : Surv ival character ist ics of WIstar-derlved WAG/Rij female ra ts . 

4.2.2 Cell Isolation and cul ture 

Primary rat f ibroblasts were Isolated and cu l tured as decribed In Chapter 3. 

Primary cells were t ryps in lzed and used for the determinations of unscheduled 

DNA synthesis . The normal human (HAN) and xeroderma pigmentosum (XP2CA) 

cells were early passage sk in f ibroblasts and k ind ly prov ided by D r . A . 

Westerveld (Erasmus Un ivers i t y , Rotterdam). 
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4.2.3 Determination of UDS 

Unscheduled DNA synthesis (UDS) was determined as described In Chapter 

3. In each cross-sectional s t u d y , all handl ings on the d i f ferent cell samples 

such as cell Isolations, cell c u l t u r e , UV- i r rad la t ion , f ixat ion and d ipping were 

performed together . The sequence of the individual samples undergoing each 

operation was random. Grain areas were determined wi th good agreement by 

two observers who were unaware of the Ident i ty of the cel ls, 

4.3 Results 

To Investigate possible variat ions In DNA repair synthesis among aging 

inbred rats of the same st ra in and sex, we ini t iated a l ifespan s tudy of 

UV-lnduced UDS In Isolated sk in f ib rob lasts . UDS was determined autoradio­

graph ica l ly ; th is assay Is general ly accepted as an appropr ia te , relat ively 

simple and rapid technique for the detection of var iat ions In the excision 

repair process (Cleaver and Thomas, 1981; Mitchell et a l . , 1983). However, Its 

potential application In longitudinal studies Is limited because no quant i tat ive 

comparisons can be made between determinations not performed together at the 

same time (Cleaver and Thomas, 1981). There fore , In our op in ion, the only 

suitable data base for a l i fespan s tudy on UDS Is a time sequential sampling 

p lan . This Involves the repl ication of cross-sectional studies at successive 

determination points and permits the segregation of Inter indiv idual di f ferences 

from tiiose at t r ibutable to the age level of the sample (see Fig 4.2 and Schale 

and Parr , 1983). 

To get an Impression of the occurrence of age-related differences and to 

select the optimal parameters for a longitudinal s t udy , a pi lot experiment was 

performed wi th f ibroblasts from a young adult rat (3 months of age) and from 

an old one (40 months of age] using d i f fe rent doses of UV and post i rradiat ion 

t imes. Normal human skin f ibroblasts from an adul t donor were used as 

posit ive control cells (F lg .4 .3C) and xeroderma pigmentosum skin f ibroblasts as 

negative controls ( F i g . 4 . 3 D ] . The results shown in F ig.4.3 suggest the 

absence of large dif ferences In UDS values between cells of the young (Figure 

4.3A) and the old (F igure 4.3B) ra t . 

Subsequent ly, experiments wi th groups of animals were performed In which 

two UDS values were s tud ied: UDS over the f i r s t 3 and the f i r s t 24 h after 

UV i r rad ia t ion . The f i r s t can be considered a measure for the ini t ial rate of 

UDS. The latter va lue. In our op in ion, can be considered a good measure of 

the total UDS performed in response to the i r rad ia t ion . This can be concluded 
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Figure 4 .2 : Time-sequential data base. Such data Involve the repl ication 
of cross-sectional studies of the same animals at successive 
determination points ( indicated on the abscissa), Af ter Schale 
and Parr (1983), 

from the observation that at 24 h after i r radiat ion hardly any UDS Is tak ing 

place while the excision repair system is st i l l Intact at that t ime, that Is , the 

cells are able to react to a new UV dose with the same kinet ics as to the f i r s t 

one (Vl jg et a l , , 1984; Chapter 3 ) . 

Figure 4.4 shows the dose response curves for the two selected UDS 

values. On the basis of these resu l ts , the dose to be used In the aging study 

was chosen. In our opin ion, the most suitable dose for such a s tudy should be 

the one that burdens the cell as much as possible without having an adverse 

effect on Its excision repair system. In th is way the capacity of an aging cell 

to perform UDS is fu l ly tes ted , which is not the case when lower, more 

"physiological" doses, are used. T h u s , a dose of about 10 J/m , just sa tura­

t ing the repair system, seemed to be optimal for th is cell t y p e . We have 

previously shown that such a dose leads to the Induction of about 450 py r lm i -

dine dimers per 10 molecular weight of chromosomal DNA (Vl jg et a l , , 1984; 

Chapter 3 ) , 
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Figure 4 ,3 : Dose response and time course study of UV-induced unsche­
duled DNA synthesis In normal sk in f ibroblasts from a 
3-month- old rat ( A ) , a 40 month-o ld-rat ( B ) , a normal human 
(C) and a xeroderma pigmentosum patient ( D ) , Each point Is 
the mean of two determinations. The doses of UV were 4.6 
J / m ' ( . . . . ] , 10.3 J / m ' ( ] and 22.7 J / m ' ( ] . 

In view of the above considerat ions, we have determined the UDS level In 
2 

ra t f ibroblasts at 3 and 24 h after a UV dose of 10,3 J/m in two cross-
sectional studies separated by a time interval of 9 months. In which for a par t 
the same animals par t ic ipated. The results of both cross-sectional studies are 
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shown In F lg .4 ,5 . Each point is the mean of 3 determinations (3 s l ides) ; as 

described under Materials and Methods, the cell samples involved In each study 

underwent each handling together In a random sequence to avoid systematic 

e r r o r s . No age-related changes In the cell to cell var iat ion In UDS (ref lected 

by the standard deviation or the w id th of the histograms) were observed 

(Table 4 . 1 ] , 

30 

o. 20-

10 

10 20 30 40 

UV-dose (J/m2) 

50 

Figure 4 .4 : Dose response curve for UV-lnduced UDS in ra t f ibroblasts 
over 3h ( • ] and 24h ( o ) . 

Figure 4.5 and Table 4,2 show that the second cross-sectional s tudy yielded 

values f o r ' t h e repair levels which generally were lower than those of the f i r s t 

s tudy . The in ter ind iv idual variat ion too, d i f fe red ; i t was greater in the second 

study than In the f i r s t (Table 4 . 2 ) . This I l lustrates the fact that no d i rect 

comparisons can be made between UDS determinations performed at d i f ferent 

times ( for a discussion of the factors that may be involved In th is f luctuat ion 

wi th t ime, see Cleaver and Thomas, 1981). 

An Indication of the Intra lndlv idual var iat ion in th is type of 

comparative s tudy on UDS was obtained from determinations (In t r ip l icate) 

on 7 cell samples Isolated from d i f fe rent adjacent skin biopsies of the same 

animal. These determinations were performed together wi th the second cross-

sectional s tudy . The standard deviation In UDS among the 7 cell samples 

of one animal (which can be considered as the methodological e r ro r In determl-
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nations on d i f ferent animals) was compared wi th that among the cell samples of 

the d i f fe rent animals part ic ipat ing in the two cross-sectional studies (Table 

4 . 2 ) . The resul ts suggest tha t the Inter indiv idual dif ferences are relat ively 
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Figure 4 ,5 : Two cross-sectional studies of UV-induced UDS In f ibroblasts from 
rats vary ing In age from 6 to 44 months. The second study (B) 
was performed at 9 months af ter the f i r s t ( A ) . Each point r e ­
presents the mean value of a t r ip l icate determination in one ra t . 
Each group of points on a vert ical line represents a d i f ferent 
cohor t , indicated by a number, A cohort Is defined as the rats of 
a part icular st ra in born dur ing the same week. Animals belonging 
to cohorts 4 to 8 were Included In both studies. Cohort 10 was 
newly Introduced into the second s tudy . The animals belonging to 
cohorts 1 to 3 died du r ing the Interval between the f i r s t and the 
second s tudy . Closed symbols, UDS over the f i r s t 3 h after 
I r rad ia t ion; open symbols, UDS over 24 h after i r rad ia t ion . 
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TABLE 4.1 CELL-TO-CELL VARIATIONS IN UV-INDUCED UDS IN 

FIBROBLASTS FROM RATS OF VARIOUS AGES 

Age 
Cohort(s) (mo) 

A F i rs t cross-sectional 

5-9 6-10 

4 22 

1-3 32-44 

Post-
time 

s tudy 

B Second cross-sectional s tudy 

10 6 

5-8 16-20 

4 32 

- i r radiat ion 
(h) 

3 
24 
3 

24 
3 

24 

3 
24 
3 

24 
3 

24 

Standard 
among 30 

deviation 
cells (%)^ 

24 
15 
24 
15 
26 
15 

29 
20 
28 
19 
30 
17 

a The mean of all s tandard deviations in the age g r o u p . 

TABLE 4.2 THE VARIATION IN UV-INDUCED UDS IN FIBROBLASTS 

WITHIN AND AMONG RATS 

Number of Post . irradiation UV-induced 
rats time (h) UDS ± S .D,^ 

. d 

Post 
time 

. irradiation 
(h) 

3 
24 

3 
24 

3 
24 

27'* 3 11.4 ± 0.9 (7.9) 
21,6 + 1,0 (4,7) 

20^^ 3 8.1 ± 0.9 (11.1) 
19.8 + 1.8 (9.1) 

1 3 6.8 ± 0.5 (7.4) 
19.1 ± 1.3 <6.8] 

a The average value of the means of t r ip l icate determinations. 
Numbers In parentheses indicate the SD In percentage of the mean, 

b F i rs t cross-sectional s tudy ( F i g , 4 . 5 A ) . 
c Second cross-sectional s tudy ( F l g . 4 . 5 B ] . 
d Seven adjacent sk in biopsies of one ra t . 
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small. The Impression of a somewhat larger Inter indiv idual var iat ion in UDS at 

3 h than at 24 h after I r radiat ion can be a t t r ibu ted to the age effect described 

In the next paragraph. 

When the results shown in Fig.4,5 were examined for a possible Influence 

of aging on the level of UDS a small, though stat ist ical ly s igni f icant age-

related decrease was found In the 3-h values, of about 12% in the f i r s t and 20% 

In the second cross-sectional s tudy . Appl icat ion of the d is t r ibu t ion- f ree test 

for ordered alternatives of Jonckheere and Terpst ra (Danie l , 1978] showed that 

the decrease In the 3-h value Is stat ist ical ly s igni f icant (p < 0.01 In both 

s tud ies ] , while no stat ist ical ly s igni f icant change occurred In the 24-h level. 

Essentially the same signif icance was obtained after l inear regression analysis. 

T h u s , a stat ist ical ly s igni f icant age-related decrease In UDS was found In both 

cross-sectional s tud ies , but only In the Init ial rate of th is process. 

4.4 Discussion 

A considerable amount of data Is present ly available wi th respect to the 

act iv i ty of a few DNA repair steps In some of the const i tuent cell types of 

aging animals ( for a rev iew, see Williams and Dearf le ld, 1901). However, many 

of the results obtained are contradic tory and no cle; r p ic ture has yet 

emerged. This may be explained In par t by the use of d i f ferent cell t ypes . 

Very limited Information is recorded on the occurrence of age-related changes 

In DNA repair steps In d i f ferent cell types from one Ind iv idual , To a large 

ex ten t , however, contradic tory results can be a t t r ibu ted to shortcomings 

and/or l imitations In the design of performed studies on the relationship 

between aging and DNA repair pathways. For instance. In many studies wi th 

experimental animals, the so-called old animals were not t r u l y old ( for a 

discussion of th is subject , see Knook and Hollander, 1978), A second p re re ­

quis i te that has not always been fu l f i l l ed , is to define the DNA repair 

pathway to be analysed to such an extent that a reasonable Impression Is ob ­

tained wi th respect to the character ist ics of the endpoint that is measured by 

the applied technique. In th is respect. I t should be mentioned that In most of 

the aging studies on DNA repair synthesis another endpoint has been 

measured, namely, UDS in the presence of hydroxyurea . In those studies, 

repair synthesis Is usually determined by l iqu id scint i l lat ion coun t ing , which 

inevi tably Introduces a certain amount of semiconservatlve DNA synthesis In 

the endpoint . In add i t ion , hydroxyurea may have an influence on the DNA 

repair endpoint , as shown by Clarkson (1978), Francis et a l . (1979) and 

ourselves (Chapter 2 ) . There fore , hydroxyurea may confuse comparative 
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studies of th is k ind and should be omit ted. The argument that in autoradio­

graphic analysis of UDS the lack of an agent to ar rest cell d iv is ion wil l resul t 

in the inclusion In UDS determinations of cells which are undergoing the ini t ial 

stages of repl ication is not va l i d . Normally, S-phase cells can be easily 

d ist inguished from repair ing cells and the number of those that are not 

recognized appears to be negl ig ib le, as can be concluded from many aspects of 

th is and ' fo rmer studies such as the negative response of un i r rad iated control 

cells and xeroderma pigmentosum cel ls. 

We feel conf ident to have determined In the present s tudy the ini t ia l rate 

and the end level of UV-induced DNA repair synthesis in f ibroblasts Isolated 

from young , adult and aged Inbred rats which were well def ined in terms of 

s u r v i v a l , health condit ion and patterns of age-related pathology. Prev iously , 

we have studied the kinetics of th is DNA repair step in a comparison of ra t 

cells wi th human cells by apply ing both autoradiographical ly determined UDS 

and the BrdU photolysis assay and we related the results to the induct ion and 

removal of pyr imidine d imers, the main UV photolesion (Vl jg et a i . , 1984; 

Chapter 3 ) . From that s t udy , i t became clear that the autoradlographlcal 

determination of UDS is a good method for s tudy ing the DNA synthesis step in 

the excision repair process in ra t cel ls. In the present s t udy , we found the 

var iat ion in both the ini t ial rate and the end level of UDS among d i f fe rent rats 

to be small. Since indiv idual var iat ion in l i fespan among inbred rodents of the 

same st ra in and sex is large (see Fig.4.1) and of the same relat ive extent as 

that in normal human populations ( B u r e k , 1978], we conclude that UDS 

appears not to be correlated wi th individual l i fespan. The large var iat ion in 

UDS among humans may then ref lect genetic dif ferences that may predispose to 

certain diseases but does not tel l anyth ing about aging rate per se. 

An important observation in the present s tudy is the stat ist ical ly s igni f icant 

age-related decrease in the init ial rate of UDS. This f ind ing is in reasonable 

agreement wi th recent results obtained by Kempf et a l . (1984), These au thors , 

s tudy ing aging mice, found an age-related decrease (between 7 and 132 weeks) 

of approximately 30% In UV-induced UDS determined at 5 h af ter i r radiat ion 

(the 24-h values were not determined in that s t u d y ) . The fact that In our 

s tudy no corresponding decrease is observed in the 24-h level Is in te res t ing , 

since i t suggests t ha t , although "o ld " cells are slower than "young" ones in 

repair ing UV damage, they are nevertheless able to repair the same number of 

lesions. In th is context , i t is interest ing to mention that the dif ference in UDS 

between rat and human cells is also much more pronounced in the ini t ia l rate 

than at the 24-h level (Vi jg et a l . , 1984; Chapter 3 ) . In keeping wi th th is Is 

our recent observation of a decline of about 50% in the ini t ia l rate of UDS In 
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rat fibroblasts "aged" in vitro, accompanied, by a decline of ^nly about 30% In 
the end level (Vljg et al. , 1986b; Chapter 5). This strongly suggests that 
observed differences in DNA repair synthesis (between species, "old" and 
"young" cells, etc.) are not absolute, that is, differences occur only In the 
rate at which the repair process is being carried out. 

By now It seems fairly well established that the rate of UV-induced UDS Is 
significantly lower in cells from old animals than In those from young ones. We 
do not think It Is justified, however, to conclude that this is indicative of a 
significant decrease In the capacity of fibroblasts to maintain the Integrity of 
their DNA: firstly, because we have measured only one step in a DNA repair 
pathway of which the mechanism and function are not at all clear at present 
and, secondly, because In our opinion the decrease is too small to be of any 
biological significance, that is, it might be a consequence but not a cause of 
aging. However, the possibility cannot be ignored that other cell types may 
undergo a much more pronounced decrease In UDS. Indeed, decreases In UV-
induced UDS of up to 80% were recently reported to occur in rat liver paren­
chymal cells during aging (Plesko and Richardson, 1984). However, the 
dosimetry in that study was obviously wrong (UV doses of up to 2100 J/m' 
were used). Furthermore, UDS was determined in the presence of hydro­
xyurea. Still, It should be taken into consideration that long-lived non-
dividing cells may exhibit more pronounced symptoms of cellular senescence 
than actively dividing cells (Knook, 1980), 

Finally, In view of the results obtained a continuation of the initiated 
lifespan study on this parameter, with this specific cell type, does not appear 
very promising. Instead, it is our intention to apply the developed (and 
partially applied] strategy on alternative molecular genetic parameters that may 
be more subjected to age-related and/or inter-individual variability. 
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CHAPTER 5 

UV-INDUCED DNA EXCISION REPAIR IN RAT FIBROBLASTS 

DURING IMMORTALIZATION AND TERMINAL 

DIFFERENTIATION IN VITRO* 

5.1 Introduction 

I t has been hypothesized that the loss of pro l i ferat ive capacity (growth 

cr is is) of f ibroblasts in v i t r o , widely accepted as a model of cellular ag ing , is 

related to DNA alterations that resul t from a decline In DNA repair act iv i t ies 

dur ing cu l tu r ing (L i t t l e , 1976). In human f ibroblasts Hart and Setlow (1976) 

and Bowman et a l . (1975) found a gradual decrease of UV-lnduced DNA repair 

synthesis dur ing passaging In v i t r o . On the other hand , Goldstein (1971) and 

Painter et a i . (1973) could only detect a moderate decline at ve ry late 

passages. 

Rodent f ibroblasts also have been reported to go th rough a growth c r i s i s . 

However, In contrast to human cel ls , rodent cell populations form Immortal cell 

lines dur ing cu l tu r ing in v i t r o (Todaro and Green, 1963; Meek et a l . , 1980). 

Declining DNA repair act ivi t ies have been suggested to be Involved in th is 

Immortalization process, which is considered as a preneoplastic state (El l io t t 

and Johnson, 1985). Unfor tunate ly , the available data on DNA repair act iv i t ies 

In mouse f ib rob las ts , most extensively studied In th is respect, are conf l i c t ing . 

In embryonic mouse cells an almost complete loss of UV-induced DNA excision 

repair ac t iv i ty was found after 7-8 passages by Peleg et a l . (1977) and by l-a 

Belle and Linn (1984), who determined dimer removal and unscheduled DNA 

synthesis (UDS) , and by Meek et a i . (1980), who only determined UDS. La 

Belle and Linn found some restorat ion In the rate of dimer removal and a 

complete restoration of UDS after spontaneous Immortalization. The- lat ter was 

observed also by Meek et a l . (1980). In contrast w i th these results YagI 

(1982) found for embryonic f ibroblasts from three mouse strains an Increase in 

UDS dur ing the f i r s t passages followed by a decrease upon Immortalization. 

Comparable results were obtained by Ell iott and Johnson (1985) wi th respect to 

* Parts of th is work have been published previously (Vl jg et a i . , 1986b) or 
are In press (Vl jg et a i . , 1987b]. 
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the level of Incision breaks after UV I r rad ia t ion. T h u s , no comprehensive 

p icture exists of the DNA excision repair levels du r ing passaging of mouse 

f ibroblasts In v i t r o . 

For ra t f ib rob las ts , no Information Is present ly available on UV-induced 

DNA excision repair du r ing In v i t r o c u l t u r i n g . In one study wi th f ibroblasts 

from newborn ra t s , a loss of the capacity to perform DNA repair synthesis 

upon treatment wi th 4-nl t roqulnol lne-1-oxide was reported (Chan and Walker, 

1977). Recently, we have demonstrated a s l ight decrease In the Init ial rate of 

UV-induced DNA repair synthesis In ra t sk in f ibroblasts du r ing in v ivo aging 

(Vl jg et a l . , 1985; Chapter 4 ) . There fore , we considered i t of interest to 

monitor UV-lnduced DNA excision repair act iv i t ies in the same cell type dur ing 

passaging In v i t r o . 

Here we repor t on UV-lnduced DNA excision repair act iv i t ies In sk in f i b r o ­

blasts of adul t rats In relation to the i r cu l tu re character ist ics dur ing 

passaging. Data are presented on ( I) unscheduled DNA synthesis (UDS); (II) 

the number and sizes of repair patches; and (Hi) the excision of pyr imidine 

dimers. 

5.2 Materials and Methods 

5.2.1 Cell isolation and cu l ture 

Primary f ibroblasts were der ived from skin biopsies taken from the anter ior 

par t of the back of 6-month old Inbred WIstar-derlved WAG/Rlj female rats (see 

Chapter 3 ) . Cell cul tures were Init iated by t rans fe r r ing 1000 or 100,000 

pr imary cells to a 25-cm' cu l ture bott le (Gre lner ) . T h u s , the ini t ial cell 

densities were 40 and 4000 per c m ' , respect ively. A r b i t r a r i l y , cells from the 

f i r s t conf luent 25-cm' bott le were designated as passage (p) 1 cel ls . Cells 

were t rans fer red only when they fu l l y had reached conf luency. When observa­

t ion of the cells under the microscope suggested conf luency, they were 

suppl ied wi th f resh medium and cu l tu red for another 48 h , du r ing which 

period cell numbers s t i l l Increased; thereafter no s igni f icant Increases 

occur red . 

Cells were subcul tured with a spl i t rat io of 1:2 wi th the exception of cells 

In growth c r i s i s , which were subcul tured 1 : 1 , and some established (Immortal] 

cell lines' for which spl i t ratios of 1:4 were found adequate. The specific 

procedures followed for the determinations of UDS, the number and average 

size of repair patches, the number of pyr imidine dimers and thymidine kinase 

act iv i ty have been described extensively In Chapter 3. Confluent and quiescent 
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(low serum arrested] cells were obtained from densely Inoculated early passage 

f ibroblasts ( p 5 ] , which were seeded on cover slips as described In Chapter 3 

and cu l tured for 10 days In normal medium (wi th 10% FCS] and medium conta in­

ing 0.5% FCS, respect ive ly , before UV i r rad ia t ion , 

5.2.2 Morphological analysis 

For morphological examination f ib rob las ts , grown on cu l tu re bot t les, were 

f ixed In acetic acld/ethanol ( 1 : 3 ) , They were stained for 5 sec In 0.05% 

Coumassie br i l l iant blue G250 (Serva) In 20% methanol, 7.5% acetic ac id , r insed 

wi th water and stained for 30 min in a 4% Giemsa solution In phosphate 

buf fered saline (PBS). 

5.2.3 Determination of ^H-thymldlne labeling Index 

The percentage of S-phase cel ls , the 'H- thymld lne labeling Index, was de­

termined by incubating cel ls , grown on cover slips for 24 h , wi th 'H- thymld ine 

(0.1 i iCI /ml ; 25 Ci/mmoIe, Amersham] for 24 h (Crlstofalo and Sharf , 1973). A t 

the end of the Incorporation period the cells were r insed 3 times wi th medium 

without serum and f ixed In acetic acld/ethanol ( 1 :3 ) . Af ter r ins ing wi th 70% 

ethanol the cover slips were processed for autoradiography as described 'In 

Chapter 3 for the determination of UDS. The percentage of labelled nuclei 

(containing 5 or more si lver gra ins ] was determined by scoring at least 200 

cells In random f ields throughout the cover s l i p . 

5.3 Results 

5.3.1 Cul ture character ist ics 

Dur ing studies on the effects of successive subcu l tur lng on rat f ib rob las ts . 

I t was observed that the densi ty at which the cells were Inoculated determined 

whether or not a growth cr is is would occur. Data are provided for 2 represen­

tat ive cell l ines, RF61, established from an Init ial inoculum of about 100000 

pr imary cells (4000/cm') and RF55, established from 1000 pr imary cells 

( 40 / cm ' ) . The dif ference In growth capabi l i ty Is I l lustrated by the percentage 

of cells In S-phase ( F l g , 5 . 1 ) , which rapid ly declined In cell l ine RF55 after 

in i t iat ion of the cu l t u re , whereas no signi f icant decline was observed In RF61. 

In RF55 (the th in ly inoculated cu l tu re ] Immortalization was clearly indicated by 

small areas of rapid ly growing cells in a population of large non-d iv id ing 
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Figure 5 . 1 : 'H- thymid lne labeling index (percentage of cells in S-phase) 
as a funct ion of passage number of rat f ibroblast strains RF55 
( ] and RF61 ( ] . Each point Is the mean of a t r i p l i ­
cate determinat ion. Bars indicate the standard deviat ion. 

plelomorphic cel ls . This resulted In a restorat ion of the percentage of cells In 

S-phase ( F i g . 5 , 1 ] . In the densely Inoculated cul tures such a phenomenon d id 

not occur and the time when immortal cells took over the population was only 

Indicated by the morphological changes observed. Like th in ly Inoculated 

cul tures also dense ones underwent a sh i f t from small spindle shaped cells to 

large plelomorphic ones ( F i g . 5 . 2 ) , However, densely Inoculated cul tures kept 

containing a considerable number of small spindle shaped cel ls, while most of 

the large cells could s t i l l go Into S-phase. I t was assumed tha t in such cell 

populations Immortal cells had begun to take over the population after p 12, 

when the average cell surface area started to decrease again, resul t ing In an 

immortal cell population wi th about the same morphology as pr imary cells 

( F i g . 5 . 2 ) . 

5.3.2 Unscheduled DNA synthesis 

UV-lnduced UDS was studied du r ing the successive subcu l tur lng of rat 

f ibroblasts inoculated at a h igh and at a low dens i ty . Aga in , data are provided 

for the 2 representat ive cell lines RF55 ( th in Inoculum] and RF61 (dense 

Inoculum). F ig,5.3 shows that in both RF55 and RF61 the average amount of 

UDS per nucleus, measured over the f i r s t 3 h as well as over 24 h after 

I r radiat ion wi th 10.3 J / m ' , increased about twofold over the f i r s t 5 passages. 

The UDS autoradiographs left no doubt about the fact that the Increase in UDS 

is associated wi th the sh i f t in the population of small spindle shaped cells to 
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Figure 5.2: (a) Primary rat f ibroblasts from a skin blopt 10 days after 
placing i t in a pe t r id ish ; (b) secondary rat f ibroblasts at 
passage 8 (RF61); and (c) immortalized rat f ibroblasts at 
passage 23. X43. 
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Figure 5.3: 
UV-induced UDS 
as a funct ion of 
passage number 
in rat f ibroblast 
strains RF55 ( I 
D) and RF61 (»o) 
after 10.3 J / m ' 
of UV and 3-h 
(closed symbols] 
and 24-h (open 
symbols) of r e ­
pa i r . Each point 
is the mean of at 
least 3 deter ­
minations. Bars 
indicate the 
estimated er rors 
(SD) . 
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Figure 5.4: Autoradiographs of UDS over 24 h after i r radiat ion wi th 10.3 
J / m ' of UV in pr imary ( a ) , secondary ( b ) , terminally d i f f e r ­
entiated (c) and Immortalized (d) rat f ibroblasts (RF55). In 
d , 2 cells in S-phase are present. X270. 

large plelomorphic ones (F ig .5 .4a ,b ) . When these 2 cell types were d iscr imi­

nated wi th in one s l ide, UDS was about twice as high in the latter cell type 

(resul ts not shown). 

The morphological change especially relevant to autoradlographlcal UDS 

determinations is the increase in nuclear size ( F i g . 5 . 5 ) . This increase cor re ­

sponds with the increase in UDS ( F i g . 5 . 3 ) . Comparison of the UDS autoradio­

graphs of pr imary cells (Fig.5.4a) with those of secondary cells (F ig .5.4b) 

shows tha t , although in the latter the total area occupied by grains is much 

larger than in the former, the grain densities are about the same. UDS, 

expressed as the average gra in area per nuclear area (gra in dens i t y ) , is 

constant over this cul ture period (resul ts not shown). This raised the question 

whether the UDS levels were genuinely higher In secondary cells as compared 
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Figure 5.5: Nuclear area as a funct ion of passage number In ra t f ibroblast 
s t ra in RF61. Each point Is the mean of at least 3 determina­
t ions. Bars Indicate the estimated er ro rs (SD) . 

wi th pr imary cells or that we were dealing wi th decreased sel f-absorpt ion of ^H 

ß par t ic les, due to a decrease In nuclear th ickness. Electronmlcroscoplcal 

determination of nuclear thickness (after sectioning at r i gh t angles) revealed 

tha t nuclei from pr imary cells were not s igni f icant ly th icker than those of 

secondary cells ( resul ts not shown). In both cell populations nuclear thickness 

was about 1 vm. Therefore we conclude that dif ferences in se l f -absorpt ion, the 

most important single factor In considering autoradlographlcal eff ic iency 

(Rogers, 1969), are not l ikely to be involved In the observed Increase in UDS 

over the f i r s t 5 passages, 

A drast ic decline In both the 3-h and the 24-h level of UDS was observed 

In st ra in RF55 upon enter ing the growth cr is is per iod. A t p8 the Ini t ia l , rate (3 

h ] and the end level (24 h ] of UDS was only about 50% and 70%, respect ive ly , 

of the average level at p 5 ( F i g , 5 , 3 ) , Cell populations in growth cr is is consist 

predominantly of terminal ly d i f ferent iated cel ls. In these populations both total 

and relat ive gra in areas were lower as compared to act ively d iv id ing secondary 

populations (compare F ig ,5 .4b wi th 5 .4c) . A f te r spontaneous Immortalization of 

s t ra in RF55, a restorat ion of the UDS levels was observed of up to 80% of the 

level at p 5 ( F i g , 5 , 3 ) . In st ra in RF61 no growth cr is is occurred and changes 

in the UDS level were only observed upon Immortalization. The Immortal esta-
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bllshed cell line (p 23] appeared to have undergone a slight (20-30%) reduction 
In both the Initial rate and the end level of UDS as compared to passages 5-8 
(Fig.5.3). This reduction is not accompanied by a decrease In nuclear area, 
probably because of the larger DNA content of the Immortal cells (see next 
section). Over the whole culture period, also during growth crisis, all cells 
not engaged In normal DNA replication were able to perform UDS. 

5.3,3 The number and average size of repair patches 

The BrdU photolysis assay offers the possibility to determine both the 
number and the average size of the repair patches per amount of Isolated 
DNA, This method Is therefore not subjected to artefacts due to differences In 
morphology or average repair patch size. Fig.5,6 shows the photolysis curves 
of primary (p 0), secondary (p 5-8) and Immortalized (p 30] RF61-fibroblasts 
after 3 h of repair. From these curves, and the corresponding curves for 24 h 
of repair, the number of patches and their average size were obtained. Table 
5.1 shows that the mean repair patch size is not significantly different for the 
three cell populations or for the two repair periods studied. The number of 
repair patches, however, is substantially higher In the secondary cells (Table 
5.1). The differences In the number of repair patches suggest that secondary 
cells have an initial rate of DNA repair synthesis that Is about twice as high 
as that of primary or immortalized cells (Table 5.1). For immortalized cells no 
accurate BrdU photolysis data on the 24-h level could be obtained. This was 
due to the relatively high proliferative activities of such cells, which resulted 
In Increased semi-conservative Incorporation of BrdU. Apparently, this made 
the opposite DNA strand extra sensitive to background breaks which made It 
very difficult to accurately determine the plateau level of the BrdU photolysis 
curve. 

Thus, the BrdU data showed the same trend as the results obtained with 
UDS (Fig,5.3): an increase In DNA repair synthesis from primary to secondary 
cells, followed by a decrease upon development Into an Immortal cell line. The 
latter Is more clearly indicated by the BrdU data than by the pattern of UDS. 
This discrepancy may be explained by the generally larger (and varying) DNA 
content of the Immortal cell lines. Tetraplold and hypertetraploid cells were 
observed as early as p 26 (results not shown). ,ln these cells, therefore, 
determinations of UDS per nucleus can be expected to indicate relatively high 
levels of DNA repair synthesis when compared to the BrdU photolysis method, 
which provides data per amount of DNA. 
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Figure 5.6: BrdU photolysis curves of pr imary ( A ) , secondary ( ! ) and 
immortalized (•) rat f ibroblasts (RF61) after 4.6 J / m ' of UV 
and 3 h of repa i r . Each point Indicates the number of s ing le-
s t rand breaks above the number of background breaks 
(breaks In the non-BrdU containing control ce l l s ) . Each curve 
represents the results of 2 Independent experiments; the lines 
were drawn according to the equation descr ib ing photolysis 
k ine t ics , which had been f i t t ed to the experimental po in ts . 

5.3.4 Effect of thymidine pool size and thymidine kinase act iv i ty 

A common disadvantage of DNA repair synthesis assays based on the incor­

poration of nucleotide analogues. Is their dependence on factors such as thym i ­

dine pool size and thymidine kinase (TK) ac t i v i t y . I t has been shown that In 

exponential ly d iv id ing cell populations both TK act iv i ty and thymidine pool 

sizes are much higher than in conf luent populations (Olashaw et a l . , 1983). In 

order to asses If such variat ions in pool size and TK act iv i ty would Influence 

the DNA repair synthesis endpolnts used in th is s t udy , we determined UDS In 

exponential ly d iv id ing cells and In cells that were allowed to grow confluent or 

rendered quiescent by means of serum s tarvat ion. Table 5.2 shows that the 

UDS levels are about the same In these three secondary cell populat ions, a l ­

though the mitotic index varies from the regular 70 % In exponential ly d iv id ing 

cells to less than 10 % In confluent cel ls. With respect to TK act iv i ty our data 
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TABLE 5.1 NUMBER AND SIZE OF REPAIR PATCHES IN PRIMARY, 

SECONDARY AND IMMORTALIZED RAT FIBROBLAST 

POPULATIONS AFTER 4,6 J / m ' OF UV 

Cell population 

Primary (pO) 

Secondary (p5-p8] 

Immortal (p30) 

postIrradiat ion 

time 

3 h 

24 h 

3 h 

24 h 

3 h 

number of 

patches per 

10^ mw DNA 

12 ± 2 

36 ± 4 

25 + 3 

51 ± 5 

11 ± 2 

number of nucleo­

t ides per repair 

region 

69 ± 15 

46 ± 5 

56 + 5 

48 + 5 

73 + 15 

Al l data are der ived from photolysis curves as shown In F ig , 5 ,6, 
The er ro rs (SD] were estimated from the photolysis curves of at least 
2 experiments. 
For immortalized cel ls, no 24-h data were available (see t e x t ) . 

TABLE 5.2 UDS AND THYMIDINE KINASE ACTIVITY 

IN RAT FIBROBLASTS 

Cell population 

Primary (pO) 

Secondary (p5-p8) 
pro l i ferat ing 
confluent 
quiescent 

Immortal (p30) 

UDS S-phase cells 

(gra in area/nucleus] (%] 

414 ± 21 

859 ± 40 
919 ± 28 
898 + 100 

752 + 35 

90 + 5 

79 + 8 
9 + 3 

18 + 5 

97 ± 2 

TK activity '^ 

(cpm/IO^cells) 

260 ± 100 

370 + 100 
-10 + 100 

ND 

1870 ± 100 

a UDS was determined over 24 h after a UV dose of 10,3 J / m ' , 
b The percentage of S-phase cells was determined over 24 h . 
c TK act iv i t ies were determined from linear incorporat ion curves 

constructed from 3 time po in ts , 0, 10 and 20 min. 

Al l data are der ived from at least two experiments. 
The experimental e r ro rs (SD) were estimated, ND = not determined. 
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are essentially the same as those of Olashaw et a l . (1983); no TK act iv i ty was 

detected In confluent cel ls , whereas th is ac t iv i ty Is clearly present In 

exponential ly d iv id ing ce l ls , both secondary and pr imary (Table 5 . 2 ] , In the 

Immortal cell lines TK act iv i ty appeared to be much higher than In secondary 

cells whereas DNA repair synthesis In these cells Is lower. We conclude from 

the data In Table 5.2 that In rat f ibroblasts neither variat ions In thymidine 

kinase ac t iv i ty nor pool size dif ferences have any signi f icant Influence on UDS. 

This may be due to the h i g h , probably sa tu ra t ing , concentrations of radio­

active thymidine used in th is assay. 

5.3,5 Removal of pyr imidine dimers 

Recently we have shown tha t , al though rat f ibroblasts are qui te capable of 

performing DNA repair synthesis, they almost lack the capacity to remove 

pyr imidine dimers (Vl jg et a i . , 1984; Chapter 3 ) . An extension of these data Is 

prov ided in Table 5 .3 , which shows t h a t , a f ter a dose of 4,6 J / m ' and over a 

repair period of 24 h , neither pr imary (p 0 ) , secondary (p 5) nor Immortal (p 

31] ra t skin f ibroblasts remove more than about 20% of the dimers or ig inal ly 

Induced. Since Peleg et a l . (1977) and La Belle and Linn (1984) demonstrated 

that embryonic mouse cells at the beginning of the i r in v i t r o l i fespan were able 

to remove dimers, we considered It of interest to investigate whether pr imary 

TABLE 5.3 PERSISTENCE OF ESS IN VARIOUS RAT FIBROBLAST 

POPULATIONS AFTER 4,6 J / m ' OF UV 

Cell population 

(A) Embryonic 
pr imary 

(B) Adu l t 
pr imary 

secondary 

Immortalized 

post i rradiat ion 

time 

0 h 
24 h 

0 h 
24 h 

0 h 
24 h 

0 h 
24 h 

number of 
ESS per 

10^ 

207 
183 

240 
198 

253 
198 

227 
195 

mw DNA 

+ 6 
± 5 

+ 8 
+ 12 

+ 12 
+ 7 

+ 14 
± 2 

percentage 

of removal 

12 ± 4 

18 ± 6 

22 ± 6 

14 ± 6 

The er rors (SD) were estimated from at least 2 experiments. 
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embryonic ra t f ibroblasts possessed the same capaci ty. However, as shown in 

Table 5.3 also f ibroblasts from rat embryos (15 days gestat ion] were unable to 

remove a substantial number of pyr imidine dimers. 

5.4 Discussion 

The results obtained In the present s tudy allow some conclusions wi th 

respect to the act iv i ty of two steps in the DNA excision repair pathway, v i z . , 

pyr imidine dimer removal and repair synthesis , dur ing passaging of rat skin 

f ibroblasts In v i t r o . The persistence of ESS in pr imary (adul t and embryonic) , 

secondary as well as Immortalized cells suggests that In all of these cell popu­

lations dimer removal occurs ve ry slowly. This f ind ing is not In agreement wi th 

the data of Peleg et a l . (1977) and La Belle and Linn (1984), who showed that 

at least early passage mouse embryo cells do remove dimers. This discrepancy 

Is not l ikely to be due to methodological dif ferences (both Peleg et a l . and La 

Belle and Linn used a chromatographical method for the determination of p y r i ­

midine d imers, whereas we applied the UV-endonuclease enzymatic method), 

since we have checked our UV-endo data by HPLC analysis and st i l l found 

dimers to be persistent in pr imary embryonic f ibroblasts (resul ts not shown). 

In contrast to the i r low capacity to remove dimers, rat f ibroblasts are well 

able to perform DNA repair synthesis at any stage of thei r in v i t r o l i fespan, 

as was indicated both by UDS and by the appearance of BrdU containing 

repair patches. The observed increase in both the Init ial rate and the end 

level of DNA repair synthesis in ra t f ibroblasts over the f i r s t 5-8 passages 

was found to be associated with the di f ferent iat ion of p r imary , spindle shaped 

cells into large plelomorphic ones. In this context It is of Interest that in some 

cases alterations In DNA repair act iv i t ies were found to be associated wi th d i f ­

fe rent ia t ion. For instance, human peripheral blood lymphocytes have been 

shown to undergo a marked Increase In thei r capacity to perform DNA repair 

synthesis upon phytohemagglut inin (PHA) stimulation (Lavin and Kidson, 

1977). Th is has been Interpreted In terms of a possible role of DNA repair 

systems In the d i f ferent ia t ion of the numerous immune system funct ions 

(K idson, 1978], 

For ra t f ibroblasts a detailed morphological s tudy made i t l ikely that In 

v i t r o these cells d i f ferent iate via one or more mitotlcally active stages into 

non-d lv ld ing cells (Kontermann and Bayreuther , 1979). Our data are in 

agreement with such a sequence of events. In add i t ion , they indicate that cell 

densi ty Is an Important factor in determining how r a p i d , in terms of the 

number of generat ions, terminal d i f ferent iat ion occurs. This can be deduced 
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from Flg.5.1, showing that only thinly Inoculated cultures undergo a growth 
crisis, whereas densely Inoculated cultures do not show a significant decrease 
In the percentage of cells in S-phase. The morphological data clearly show 
that, like In thinly inoculated cultures, also In the densely Inoculated ones 
differentiation occurs (Fig.5.2], However, In the latter case this process does 
not lead to a growth crisis. We conclude that In densely inoculated populations 
terminal differentiation requires more generations, allowing Immortal cells that 
have arosen to take over the population gradually, without any significant 
growth Inhibition, until a permanent cell line results. 

Considering our results on DNA excision repair In the rat fibroblast cell 
system. It can be concluded that the large mitotlcally active cells have signi­
ficantly higher levels of DNA repair syrtthesis than primary, terminally dif­
ferentiated or Immortalized cells. Analogous to the situation In PHA-stlmulated 
lymphocytes, DNA excision repair levels may be higher In differentiating 
fibroblasts (secondary cells) than in cells just removed from their "resting" 
state (primary cells). 

With respect to terminally differentiated cells our data Indicate that the 
decrease In UDS over 3 h (Initial rate) Is much more pronounced than that 
over 24 h (end level). A comparable difference in kinetics was found In a 
study on UDS in fibroblasts taken from old and young rats, that Is, a small 
age-related decrease In UDS over the first 3 h and no change in the 24-h 
levels (Vljg et ai . , 1985; Chapter 4). In view of the present results the 
possibility must be taken into account that the age-related decrease In the 
Initial rate of UDS observed In that study simply reflects a slight Increase In 
the rate at which cells from old animals terminally differentiate. Although In 
the present study this was not systematically investigated, others have shown 
that for human fibroblasts the in vitro lifespan of cells taken from old 
Individuals Is slightly but significantly shorter than that of cells from young 
individuals (Martin et al . , 1970). 

The relatively low rate of UDS In the large terminally differentiated cells as 
compared to that In its mitotlcally active counterparts of about the same 
morphology may also reflect a more general phenomenon. It was demonstrated 
that terminally differentiated cells are generally characterized by low DNA 
repair activities (Hahn et al , , 1971; Wheeler and WIerowski, 1983). The possi­
bility that the low rate of UDS in terminally differentiated fibroblast 
populations reflects a general deterioration of cellular functions with a 
stochastic character instead of being a programmed event is unlikely In view of 
the absence of cells that were unable to perform UDS. Moreover, the variation 
In UDS among terminally differentiated cells was not found to be significantly 
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larger than that in most pr imary or Immortalized cell populations (resul ts not 

shown). 

The observation of a relat ively low excision repair ac t iv i ty in immortalized 

cells Is In agreement wi th f ind ings of others (El l iot t and Johnson, 1985). With 

regard to the in i t ia l rate of DNA repair synthesis these cells are ve ry similar 

to the pr imary populat ions, which also predominantly consist of small spindle 

shaped cel ls . In th is respect i t Is important to realize that Immortalization of 

ra t f ibroblasts In v i t r o appears to occur before or du r ing the early stages of 

terminal d i f fe rent ia t ion . This was demonstrated In experiments In which 

Immortal cell lines were obtained from clones of small spindle shaped cells 

wi thout having gone through the changes In cell morphology that are so 

character ist ic for rat f ibroblast cell cu l tures du r ing passaging In v i t ro 

(unpubl ished observat ions) . The fact that most of these clones had a spindle 

shaped morphology st rongly suggests that immortalization occurs In v i t r o wi th 

a f requency tha t Is highest In the small spindle shaped cells and becomes 

smaller at every step In the pathway towards terminal d i f fe rent ia t ion . This Is 

In agreement wi th recent data on Immortalization of Chinese hamster cells 

(Kraemer et a l . , 1986). T h u s , our data Indicate that cells that escape terminal 

d i f ferent iat ion by enter ing the process of Immortalization maintain both their 

morphology and DNA repair character is t ics , in contrast to cells that do under­

go terminal d i f fe rent ia t ion . 

In conclusion, the variat ions In DNA repair synthesis observed In f i b r o ­

blasts dur ing passaging In v i t r o are In our opinion best explained In 

association wi th a d i f ferent iat ion process Instead of being a ref lect ion of 

cellular ag ing . There fore , f ibroblasts of var ious passager are not a good model 

system for s tudy ing the possible relat ionship between DNA repair and the 

aging process. Moreover, In view of the fact that DNA repair In somatic cells 

can undergo such rap id changes upon establishment In cu l t u re . I t Is advisable 

to d i rect aging studies In th is f ie ld towards the analysis of repair processes In 

v ivo (Vl jg et a l , , 1986a), 
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CHAPTER 6 

DIFFERENCES IN PYRIMIDINE DIMER REMOVAL BETWEEN 

RAT SKIN CELLS IN VITRO AND IN VIVO* 

6.1 Introduction 

The persistency of UV-induced pyr imidine dimers In cu l tured rodent cells Is 

well documented (Lohman et a l , , 1976; Ganesan et a l . , 1983; Takebe et a l . , 

1983; YagI et a l . , 1984; Vl jg et a l . , 1984). This persistency Is not l ikely to be 

due to an Inherent DNA repair defect of rodent cel ls , as can be deduced from 

data on the surv iva l of such UV- l r rad la ted cel ls , which Is not lower than that 

of human cells under comparable condit ions (Ganesan et a l . , 1983; YagI et a l . , 

1984; Chapter 3 ) . In add i t ion , the capacity of rodent cells to perform 

unscheduled DNA synthesis over a given time period Is not dramatically lower 

than that of human cel ls; consequent ly. I t appears too h igh to match the low 

number of dimers removed (Lohman et a l . , 1976; YagI et a l . , 1984; V l jg et a l . , 

1984). In teres t ing ly , I t has been shown by Peleg et a l . (1977), and more 

recently by La Belle and Linn (1984), that early passage embryonic mouse cells 

remove pyr imidine dimers we l l . These f ind ings suggest that in rodents the 

excision repair pathway(s) similar to those via which UV damage is repaired in 

human cel ls , can be activated but are not always fu l l y u t i l i zed , possibly due to 

changes In the expression of specific DNA repair genes du r ing embryonic, 

development (Peleg et a l . , 1977], 

Recently we showed that UV-lnduced pyr imidine dimers in early passage 

f ibroblasts from rat embryos were as persistent as those In cells from adult 

rats (Vl jg et a l , , 1986b). In th is regard It Is conceivable that rat f ibroblasts 

lose thei r capacity to remove dimers upon establishment Into cu l tu re . In order 

to test th is possibi l i ty i t is necessary to measure the induct ion and removal of 

pyr imidine dimers in cells In v i v o . In comparison to the same cell type cu l tu red 

In v i t r o . In p r inc ip le , such a comparative study can be performed by using 

the UV-endonuclease enzymatic method (Paterson et a l . , 1973; Chapter 2 ) . 

However, a serious disadvantage of th is method Is Its dependence on radlo-

* Parts of this work have been submitted for publ ication by E. Mul laart , 
P .H.M. Lohman and J . V l j g . 
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actively labelled DNA for the analysis of the breaks Induced by the enzyme, 

which Involves centr i fugat ion th rough alkaline sucrose grad ients . This limits 

Its application to growing cells cu l tured In v i t r o , the DNA of which can be 

labelled dur ing S phase wi th radioactive precursors . Modifications that 

c i rcumvent the need of detection by radioact iv i ty and therefore allow appl ica­

t ion of the alkaline sucrose grad ient centr i fugat ion technique to non-d lv ld ing 

cells or f reshly Isolated t issues, are based on the detection of DNA in the g r a ­

dient fract ions by f luorescent staining (Ono and Okada, 1973; Brash and Har t , 

1983). Unfor tunate ly , these modifications made the method rather t ime-

consuming, because the DNA in each gradient f ract ion has to be prec ip i ta ted, 

stained and spectrophotometrical ly quant i f ied . Fur thermore, the sensi t iv i ty of 

these non-radloact lve detection methods appears to be low. 

Recently, a rapid and sensit ive method for the determination of non-rad io-

ac t lv l ty labelled alkaline sucrose gradient DNA profi les was developed (Vl jg et 

a i . , 1986c). I t Is based on the fract ionat ion of gradients In the wells of plastic 

microt l ter plates and the subsequent covalent labell ing of DNA adsorbed to the 

walls by reaction of the guanines wi th N-acetoxy-2-acetylamlnofluorene (N-AcO-

A A F ) . Then the treated DNA Is quant i f ied by means of an enzyme-l inked 

immunosorbent assay (EL ISA) , wi th specific antibodies of h igh a f f in i ty towards 

dG-AAF. The method was found suitable for the accurate and sensit ive detec­

t ion of pyr imidine dimers induced In v i t r o as well as In v ivo In ra t sk in cells 

by i r radiat ion wi th UV. Fur ther Improvement was obtained when antibodies 

wi th a h igh a f f in i t y for DNA became avai lable, which made the d i rect 

Immunochemical detection of DNA possible wi thout the necessity of pre iabel l lng. 

The avai labi l i ty of the above described method allows an unbiased compari­

son of the repair of pyr imidine dimers In sk in cells In v i t r o wi th that in v i vo . 

Here we show that epidermal cells in v ivo repair pyr imidine dimers rap id l y , 

whereas In the same cell type in v i t r o these UV-induced lesions are as pers is­

ten t as in cu l tu red f ib rob lasts . 

6.2 Materials and Methods 

6.2.1 Animals 

The rats used In th is s tudy were 6 and 36-month old female Wistar-der ived 

WAG/Rlj ra ts . 
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6.2.2 Cell Isolation and cu l ture 

Rat epidermal kerat inocytes were Isolated and cu l tu red according to 

Rhelnwald and Green (1975) wi th some modif ications, A ra t was narcotized wi th 

ether and after shaving a par t of Its back wi th a razor blade In 70% alcohol, 

10-mm diameter sk in biopsies were taken , cu t Into small pieces and incubated 

overn ight at 4°C, f loat ing (wi th the horny layer up) on the surface of 0.25% 

t r y p s i n , 5 mM EDTA In PBS. Af te r this period the epidermis was removed. A 

cell suspension was obtained by thorough disaggregation by p ipe t t i ng . About 

250000 cells were seeded In a 6-cm tissue cu l ture dish (Grelner) on top of a 

feeder layer of about 750000 rat f ib rob las ts , plated 1 day In advance after 

having received a lethal dose of 3 krad of gamma radiat ion. The cu l ture 

medium used was the complete DMEM described in Chapter 3, containing 0.1 nM 

cholera t o x i n , 0.4 ng/ml hydrocort isone and 10 ng/ml epidermal growth factor 

(added to the cul tures after 2 days ) . The medium was changed 3 times a 

week. A f te r 5-7 days the cells were used for the experiments. 

Rat f ib rob las ts , obtained from skin biopsies (Vi jg et a l . , 1984; Chapter 3 ) , 

were used between passage 5 and 10. They were cu l tured as described In 

Chapter 3 and used for the experiments as an exponential ly d iv id ing population 

in 6-cm pet r i d ishes, 

6.2.3 Determination of pyr imidine dimers after UV- l r rad iat lon In v i t r o 

I r radiat ion of f ibroblasts wi th UV-C was as described in Chapter 3. Af ter 

i r rad ia t ion , the cells were Incubated wi th f resh medium for periods from 0 to 

24 h . Then , the f ibroblasts were r insed wi th PBS, d ra ined . Immediately frozen 

on d r y ice and stored at -70°C for not more than 3 days. Cul tured kerat ino­

cytes were r insed wi th PBS and Irradiated (on ice] wi th near UV (as described 

in the next paragraph] th rough a Schott WG 305 f i l te r (mimicking the horny 

layer of the skin) for 6 min. Dur ing i r radiat ion the cells were covered by a 

th in layer of PBS containing 1 mg/ml glucose. To remove the f ibroblast feeder 

layer from the epidermal kerat inocytes, these cells were r insed once wi th PBS. 

Subsequent ly, PBS containing 0.02 % EDTA and 0.1 % glucose was added. The 

feeder layer was removed by p ipet t ing (complete removal was evident from 

microscopic observat ion] and the cells were frozen on d r y ice l ike the 

f ibrob lasts . Double labell ing experiments on f ibroblasts and epidermal 

keratinocytes were performed essentially as described in Chapter 3 for the 
14 

experiments on BrdU photolysis. The keratinocytes were labelled wi th C and 
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the f ibroblasts w i th ^ H . Af ter 3 days of labell ing and one day of incubation In 

non-radloact lve medium, the medium was removed and the cells were washed 

with Ice cold PBS. Subsequently the cells were Irradiated wi th UV-B and 

allowed to repair as described above for kerat inocytes. The procedures for 

lysis of the cel ls , DNA Isolation and determination of ESS were essentially as 

described earl ier (Paterson et a l . , 1973; Wade and Lohman, 1980] w i th one 

modif icat ion. This involved the lysis of the kerat inocytes, which was accom­

plished by Incubation of the cel ls , st i l l attached to the pet r i d i s h , in the SDS 

lysis bu f fe r described In the next paragraph for 1 h at 37°C in the presence 

of 0.5 mg/ml proteinase K under continuous rock ing . 

6.2.4 Determination of pyr imidine dimers after UV- l r rad lat lon In v ivo 

For UV Irradiat ion in v i v o , a ra t was narcotized wi th e ther , shaved and 

Irradiated wi th UV-B ( l igh t of the wavelength range 290-320 nm] for various 

periods of t ime, wi th a Philips TL-20/12 f luorescent sunlamp at a fluence rate 
_2 

of 11 W.m . A f te r each time Interval a 10-mm diameter skin biopsy was taken 

and kept in Ice-cold PBS for no longer than 3 h . For measuring the rate of 

DNA repa i r , a second and a t h i r d biopsy were taken at 3 and 24 h after 

i r rad ia t ion . Dur ing the repair per iods, the rats were kept In the dark to 

exclude the possibi l i ty of photoreactivatlon repa i r . Epidermal keratinocytes 

were Isolated as described In Section 6 .2 .2 , by overn ight f loat ing on t r yps in 

at 4°C. The cell suspensions obtained were lysed In 0.5% ( w / v ) SDS, 150 mM 

NaCl, 10 mM EDTA and 20 mM Tr i s (pH 7 . 6 ] , followed by a 3-h Incubation 

period at 55°C In the presence of 0.5 mg/ml proteinase K under continuous 

rock ing . DNA Isolation was as described earl ier (Paterson et a l . , 1973; Wade 

and Lohman, 1980). For the determination of pyr imidine d imers, these were 

f i r s t converted Into s ingle-st rand DNA breaks by incubating 50-100 ng of DNA 

In 80 vl w i th 10 vl of crude M.luteus ext ract for 30 min at 37°C, In the 

presence of 10 \ i \ of tRNA (1 mg/ml] to suppress aspecific nuclease ac t i v i t y . 

Af ter the incubation per iod , the sample was treated wi th proteinase K (1 

mg/ml) for 1 h at 37°C and subsequently extracted once with 2 volumes of 

phenol saturated with 0.2 M T r i s - H C l , pH 7 .6 , followed by overn ight dialysis 

against UV-endo buf fe r (Wade and Lohman, 1980) to remove the phenol . The 

DNA was then denatured by addit ion of 100 pl of 1 M NaOH, 0.01 M EDTA. 

Subsequent ly, the mixture was carefu l ly layered onto a low-salt alkaline 

sucrose gradient (5-20% w / v , 0.5 M NaCl, 0.2 M NaOH, 0.01 M EDTA) and 

cent r i fuged at 40000 rpm in a Beekman SW60Ti rotor for 80-170 min (depending 

on the number of breaks expected] at 20°C. 
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6.2.5 Gradient fract ionat ion and detection of DNA 

The procedures for f ract ionat ion, l lquld-sclnt l l la t ion counting and computer 

analysis of the DNA d is t r ibut ions obtained wi th radioactlvely labelled cells have 

been described (Wade and Lohman, 1980). Non-radloactlve detection of DNA 

prof i les was essentially as described earl ier (Vl jg et a i . , 1986c), bu t w i th some 

modif ications. Alkal ine sucrose gradients containing DNA were centr i fuged as 

described above, fract ionated Into 96-well polystyrene microt l ter plates 

(Grelner ] at 8 drops (about 200 )il) per we l l , which were neutral ized by 

adding 0.25 volume (60 i i l ) of neutral izat ion buf fe r (1.3 M KHjPO^, 1.7 M 

Na^HPO», pH 6 .9 ) . Direct ly thereafter 100 iil was taken out of each well and 

equally d iv ided over the 2 corresponding wells of 2 new microt l ter p lates, 

which had previously been coated wi th poIy-L- lys lne (by overn ight Incubation 

at 4°C w i th 1 \tglm\ po ly -L- lys ine in PBS). Subsequent ly, the DNA was allowed 

to adsorb to the coated surface of the wel ls, overn ight at room temperature. 

The amount of DNA In each well was quant i f ied by means of a d i rec t ELISA 

(Engva l l , 1980) wi th a mouse monoclonal antibody wi th a high a f f in i t y towards 

DNA. The absorbance data were obtained wi th a multichannel photometer 

(T i te r tek Mul t iskan, Flow] and analysed wi th respect to the DNA d is t r ibu t ion 

In the original gradient by using a modification of our computer program for 

the analysis of radioact iv i ty d is t r ibut ions In sucrose gradients (Wade and 

Lohman, 1980). 

6.3 Results 

When skin Is I rradiated wi th u l t ravio let l igh t ( U V ) , the radiation wil l not 

penetrate deeply. The local s t ruc tu re in d i f fe rent sk in regions determines to a 

large extent which cell types are being damaged. The th in upper layer of 

epidermal keratinocytes Is most susceptible to the genotoxic effects of UV, 

whereas the DNA of f ibroblasts - located much deeper In the skin - is not 

l ikely to be severely damaged. Thus , epidermal keratinocytes are the relevant 

cells In the skin for studies with respect to the Induction and removal of UV-

induced pyr imidine dimers in v i vo . 

Unfor tunate ly , most studies on dimer removal In mammalian cel ls . Including 

our own (Vl jg et a l , , 1984), have been performed wi th cu l tu red f ib rob lasts . I t 

was unknown whether the well documented persistency of UV-induced py r im i ­

dine dimers in th is cell type would also be a character ist ic of cu l tured 

kerat inocytes. In view of the intended comparison between the In v ivo and the 

in v i t r o situation we were obliged to investigate th is quest ion. For an optimal 
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comparison of dimer removal In f ibroblasts wi th that In kerat inocytes, these 

cells were separately Isolated from a ra t sk in biopsy and subsequently metabo-
14 Ilcally labelled w i th 'H- thymid ine and C-thymld ine, respect ively. The cells 

were UV- l r rad la ted and DNA was Isolated, Immediately thereafter or af ter a 

certain repair per iod . Dur ing th is period the cells were kept in the dark to 

exclude the possibi l i ty of photoreactivat lon repa i r . DNAs, Isolated from 

Identically t reated kerat lnocyte and f ibroblast samples, were mixed and the 

pyr imidine dimer contents were determined as described In Materials and 

Methods. In this way the number of dimers could be compared on the basis of 

the two dist inguishable sedimentation prof i les in the same grad ien t . 

Figure 6.1 clearly shows that there Is no dif ference in dimer removal 

between f ibroblasts and keratinocytes after i r radiat ion wi th U V - B . In neither 

of the two cell types was there any s igni f icant repair over the f i r s t 3 h , while 

af ter 24 h only 20% of the dimers was removed. These DNA repair time courses 

were completely Identical to that found for ra t f ibroblasts af ter I r radiat ion wi th 

UV-C ( F i g . 6 . 1 ) . 
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Figure 6 , 1 : Time course of in v i t r o repair of ESS In rat epidermal kerat ino­
cytes (D) In comparison wi th that In ra t f ibroblasts ( • ) , The 
fract ional disappearance of ESS from DNA after exposure of the 
cells to 4000 J / m ' of UV-B has been p lo t ted. Under the exper i ­
mental circumstances such a dose Induces about 180 ESS. A control 
experiment with rat f ibroblasts i r radiated wi th 4.6 J / m ' of 254-nm 
UV has been included ( û ) . 
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In order to accurately quant i fy the number of pyr imidine dimers present In 

the DNA of epidermal cells at various time points af ter I r radiat ion of rat skin 

In v i v o , we also wished to apply the UV-endonuclease method. However, an 

Impediment for the application of th is method In In v ivo studies was Its 

dependency on radioactlvely labelled DNA for the analysis of sedimentation 

profi les In sucrose grad ients . Recently, th is problem was solved by the 

development of a rapid and sensit ive Immunochemical procedure for the quan t i ­

tat ion of DNA in such grad ients , that can be applied on profi les of non-rad lo­

actlve DNA (Vl jg et a l . , 1986c). With th is technique, about 1-2 ng of DNA 

can st i l l be detected. Or ig ina l l y , DNA was detected via an enzyme-l inked 

Immunosorbent assay of AAF , covalently bound to guanine residues. When 

dur ing the course of th is s tudy antibodies became available that allowed the 

d i rect detection of DNA, the preiabell lng wi th AAF could be omit ted. The 

results obtained when these antibodies were used for detect ing DNA In alkaline 

sucrose grad ien ts , wi thout previous treatment wi th A A F , were not s igni f icant ly 

d i f ferent from those described for the AAF system (unpub l ished) . 

Using th is modified UV-endonuclease assay, we determined the induct ion of 

pyr imidine dimers In the DNA of epidermal kerat inocytes Irradiated In v ivo wi th 

U V - B . As shown In F ig . 6 . 2 , a linear dose dependency was observed. The 
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Figure 6 .2 : Dose response curve for ESS induct ion by UV-B In rat sk in In 
v i v o . Points Indicate the mean of 3 determinations. The er rors 
were estimated from the standard deviat ions. 
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detection limit was about 500 J / m ' of U V - B , which Is relevant for human 

exposures as It Is the equivalent of 1-2 times the minimal erythemal dose. 

Subsequent ly, we determined the number of pyr imidine dimers In rat 

epidermal sk in DNA of 6 - , and 36-month-old ra t s , immediately af ter exposure 

to 4000 J / m ' of UV-B and at 3 and 24 h thereaf ter . Dur ing the repair periods 

the animals were kept In the d a r k . Af ter 3 h of repa i r , a substantial sh i f t of 

the DNA d is t r ibu t ion in the sucrose gradient towards a higher molecular weight 

was seen ( F i g . 6 . 3 ) , which clearly demonstrated that ra t epidermal kerat lno-
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Figure 6.3: Immunochemlcally detected prof i les of rat sk in DNA after treatment 
wi th M. luteus ex t rac t and centr i fugat ion In alkal ine sucrose 
grad ients . DNAs were isolated from a sk in biopsy at 0 h (closed 
l ine] and at 3 h (broken line) after i r radiat ion In v ivo wi th 4000 
J / m ' of U V - B . 

cytes In v ivo are well able to remove pyr imidine dimers over th is short time 

in te rva l . The Increase In molecular weight corresponds to 50-60 % removal. 

A l though the removal of pyr imidine dimers In the epidermis was ini t ia l ly 

r a p i d , about 30% of the dimers or ig inal ly Induced were st i l l present at 24 h 

after i r radiat ion ( F i g . 6 . 4 ) . We were able to conf irm the persistency of a 

considerable f ract ion of the lesions Induced, by using a non-quant i tat ive 
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Figure 6.4: Time course of in v ivo repair of ESS in ra t s k i n . The f rac t io ­
nal disappearance of ESS from DNA after exposure of rat sk in 
to 4000 J / m ' of U V - B , which induces about 600 ESS, has 
been p lo t ted. Points Indicate the mean of t r ip l icate determina­
t ions. Closed symbols, 6-month old ra ts ; Open symbols, 36-
month old ra ts . 

Immunofluorescence assay on cryostat sections of ra t skin at var ious time 

points af ter I r radiat ion wi th U V - B . With an antibody specific for thymine 

dimers we could st i l l detect a considerable number of lesions as late as 48 h 

after I r radiat ion (resul ts not shown) . Figure 6.4 does not Indicate any s i gn i ­

f icant dif ferences in the capacity of young and old animals to remove UV-

induced pyr imidine dimers. 

6.4 Discussion 

In the present s tudy we have shown that rat epidermal kerat inocytes In 

v ivo are able to remove 50-60% of UV-induced pyr imidine dimers by dark repair 

wi th in 3 h , whereas in the same cell type cul tured In v i t r o no s igni f icant 

removal was observed over th is time per iod. Al though we are not aware of any 

previous studies In which such a d i rect comparison has been made, th is resul t 

Is not completely unexpected. Indeed, Peleg et a l . (1977) already showed that 

rodent cells have the potential capacity to rapid ly remove UV-induced py r lm l -
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dine dimers. In add i t ion , data from Sutherland et a l . (1980) and D'Ambroslo et 

a l . (1981) Indicated a more rapid removal of pyr imidine dimers from human skin 

In v ivo than that found by numerous o thers , including ourselves (Chapter 3) 

for human f ibroblasts in cu l tu re . According to these data. In human skin about 

50% of the dimers induced are removed wi th in 1 h , while 24 h after i r radiat ion 

v i r tua l l y all dimers have disappeared, wi th repair kinet ics composed of rapid 

Init ial phase followed by a much slower later phase. 

On the basis of our s tudy we may now def ini te ly conclude that the rate of 

DNA repa i r , measured as the removal of UV-induced ESS, d i f fe rs between the 

In v i t r o and the In v ivo s i tuat ion. I t appears that mammalian cells are able to 

suppress the ut i l izat ion of the DNA repair pathway responsible for the removal 

of pyr imidine dimers as a consequence of the i r t ransfer into cu l t u re , possibly 

in response to the great ly altered circumstances these cells have to deal wi th 

du r ing act ive repl ication in v i t r o , as compared to the relat ively " r es t i ng " state 

In the s k i n . 

Thus fa r , I t Is unknown whether other repair systems follow the same 

p a t t e r n , or - on the cont rary - may become act ivated. Even i f our f indings 

could be extended to other DNA repair systems, other forms of DNA damage 

and other cell t ypes , th is would st i l l not be Indicative of a decreased capacity 

to ef f ic ient ly deal w i th DNA damage In cells In v i t r o as compared to the in v ivo 

s i tuat ion. As yet the biological consequences of rapid or slow removal of DNA 

lesions are far from clear. Before conclusions can be drawn i t is necessary to 

obtain Insight Into the nature of the relat ionship between Induced DNA 

damage, DNA repair processes and biological phenomena such as the Induct ion 

of mutat ions, cancer and ag ing . The major implication of our present f ind ings 

is that one should be cautious wi th the extrapolat ion of data on DNA repair 

responses obtained w i th cu l tu red cells to biological phenomena in the l i v ing 

organism. 
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CHAPTER 7 

SUMMARY AND GENERAL DISCUSSION 

7.1 DNA Repair and Maximum Lifespan 

In the Introduct ion to. th is thesis the possibi l i ty was considered that the 

character ist ics of an organism's DNA repair responses ult imately determine its 

maximum attainable l i fespan. In research on aging much attent ion has been 

paid to dif ferences In DNA repair processes between species d i f fe r ing in thei r 

maximum l i fespan. The observation that cells of long- i lved species general ly 

have a higher level of UV-lnduced DNA repair synthesis than those of shor t ­

l ived ones was in i t ia l ly made by Painter and Cleaver in the late s ix t ies. These 

Investigators were the f i r s t to compare several k inds of cu l tured mammalian 

cells wi th respect to DNA repair parameters (Painter and Cleaver, 1969). With 

the exception of cells der ived from XP pat ients, all k inds of cells showed DNA 

repair synthesis upon treatment with the genotoxicant u l t rav io let l ight ( U V ) . 

However, cells of human or ig in or those from the cow exhibi ted the phenome­

non to a greater extent than cell lines der ived from rodents. 

In 1974 a s t rong log-l inear correlat ion was reported between the amount of 

UV-induced unscheduled DNA synthesis (UDS) in cu l tu red f ibroblasts and 

maximum l i fespan, for the seven mammalian donor species, shrew, mouse, r a t , 

hamster, cow, elephant and man (Har t and Setlow, 1974). A l though the 

correlat ion reported by Hart and Setlow fu r the r extends the early f ind ings of 

Painter and Cleaver, I t seems h igh ly speculative to In terpre t i t as evidence for 

"DNA repair" as a longevity-assurance system. The longevity-assurance theory 

states that animal species wi th a longer maximum lifespan are genetically 

equipped wi th more ef f ic ient systems for the protect ion, regulat ion and repair 

of the essential information molecules In the organism. The f ind ings of Hart 

and Setlow received much publ ic i ty (see for Instance, Kahrv, 1985) and "DNA 

repair" (usual ly considered synonymous to UV-induced UDS) was adopted by 

many gerontologlsts as a blomarker for the rate of ag ing . Subsequent f ind ings 

of Hart et a l . suggested a correlat ion between lifespan and DNA repair 

synthesis also among species wi th less di f ference In the i r taxonomlcal posi t ion. 

They reported a 2.2 times higher rate of repair synthesis In cells of the 

whitefooted mouse (Peromyscus leucopus) than In those of the house mouse 
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(Mus musculus). The latter species has a 2.5 times shorter mean lifespan (Har t 

et a l . , 1979). The same type of relat ionship was reported by Paffenholz (1978) 

for UV-lnduced DNA repair synthesis In 3 Inbred strains of mice wi th d i f ferent 

mean l i fespans. Walford and Bergmann (1979) even claimed to have found such 

a correlat ion among congeneic mouse s t ra ins , d i f fe r ing only In thei r MHC 

haplotype. They concluded that longevity was associated wi th specific MHC 

haplotypes. Cells from mice wi th a " long- l i ved" MHC haplotype had h igh levels 

of UDS. On the basis of these f ind ings the authors reasoned that the MHC and 

DNA repair were Interrelated longevity assurance systems. 

On the other hand there were also reports o n . less perfect correlat ions. 

Kato et a l . (1980) failed to f ind a correlat ion between maximum lifespan and 

DNA repair synthesis In cells der ived from 34 mammalian species, and data 

from Francis et a l . (1981) on 21 species suggested only a s l ight l inear 

correlat ion between maximum lifespan and DNA repair synthesis. Fur thermore, 

no dif ference In repair synthesis was observed between cells der ived from a 

congeneic pair of shor t - l i ved and long- l ived mice (Coll ier et a l . , 1982). 

In te res t ing ly , we d id not f ind any dif ference between UV-lnduced UDS In skin 

f ibroblasts from male WAG/Rlj rats and that In cells from females. In spite of a 

di f ference In maximum lifespan of almost a factor of two (unpubl ished resu l t s ) . 

Recently, T u r t u r r o and Hart (1984) explained the conf l ic t ing data on Inter­

species dif ferences in DNA repair synthesis In terms of certain shortcomings In 

the experimental design of the studies that fai led to show the log-Ilnear cor ­

relation reported earl ier by Hart and Setlow. 

Whatever the precise character ist ics of a putat ive Interrelat ionship of 

UV-lnduced DNA repair synthesis In cells from various species may be, a 

correlat ion of "DNA repair capacity" wi th l i fespan can not d i rect ly be Inferred 

from It for the simple reason that there Is no experimentally approachable 

endpoint for "DNA repair capaci ty" . Since there are so many d i f ferent DNA 

repair pathways the i r ut i l izat ion should not necessarily be the same for all 

species. In other words , there may be mechanistic dif ferences In the way cells 

from d i f fe rent species remove damage Induced In the i r DNA. Fur thermore, in 

view of the l imitations of the present methods for s tudy ing DNA repair (see 

Chapter 2] It Is necessary to employ a var ie ty of methods to enable the 

ident i f icat ion and accurate quant i f icat ion of each step In the DNA repair 

pathway of in terest . In add i t ion , the possibi l i ty should be taken Into account 

tha t cer ta in DNA repair character ist ics of cells In cu l tu re va ry wi th donor age, 

du r i ng thei r t ransfer from the In v ivo to the in v i t r o si tuation or dur ing 

subcu l tu r l ng . Character is t ics-of the in v ivo situation such as hormonal ac t i v i ­

t i es , specific cell to cell contacts, metabolic condit ions and the status of 
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di f ferent iat ion may influence repair act ivi t ies of the cells under s tudy and 

could easily change wi th age and/or become lost In cu l t u re . Jn th is thesis some 

of the above mentioned sources of var iat ion were s tud ied . 

7.2 DNA Excision Repair in Human and Rat Fibroblasts in Culture 

I t Is generally assumed that UV-lnduced DNA repair synthesis , measured 

for instance as UDS, reflects the removal of pyr imidine d imers, the main UV 

lesion. In 1976, Lohman et a l , showed that interspecies differences in DNA 

repair synthesis can be misleading, by demonstrating that UV- l r rad lated 

established hamster cells were well able to perform DNA repair synthesis , bu t 

failed to remove pyr imidine dimers. In add i t ion, i t was shown that human cells 

not only perform DNA repair synthesis bu t also show a great capacity for 

removal of pyr imidine dimers. The authors emphasized that Interspecies 

differences In the in t r ins ic capacity to restore the in tegr i ty of DNA are not 

necessarily ref lected In the abi l i ty to perform DNA repair synthesis , or vice 

versa (Lohman et a l , , 1976), 

To obtain Insight In the relation between lesion removal and repair 

synthesis , we studied UV-lnduced excision repair in normal (untransformed) 

rat and human f ibrob lasts . By using an enzymatic method (the UV-endonuclea­

se method] for monitoring the removal of pyr imidine dimers and the so-called 

bromodeoxyuridlne (BrdU) photolysis assay for determining the number and 

average size of repair patches. In pr incip le we covered all but the ini t ial 

(recognit ion) steps of the excision repair pathway (see Chapter 2 ] , The 

results obtained are described in Chapter 3 and allowed the fol lowing 

conclusions. 

1 . The average repair patch size remains fa i r ly constant over the whole 

repair per iod . 

2. The repair patch size Is not d i f ferent for the two species. 

3. Af ter the same UV dose and repair per iod , less repair patches are 

present in rat cells than in human cel ls. 

4. Af ter prolonged repair per iods, some dimer removal can be observed In 

ra t cel ls. Relative to human cel ls , the di f ference in dimer removal Is 

substant ial ly larger than the dif ference in repair synthesis , both at 3 

and 24 h af ter i r radiat ion (conf irming the discrepancy between dimer 

removal and DNA repair synthesis reported by Lohman et a l . , 1976). 

5. In both species, DNA repair synthesis seems to proceed considerably 

faster than dimer removal, as Is most obvious in rat cel ls; at 3 h af ter 

i r radiat ion no signi f icant dimer removal had occur red , although about 24 
g 

repair patches per 10 molecular weight of DNA were already created. 
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In view of these f indings we suggest that In ra t cells excision repair takes 

place pr imar i ly according to a mechanism in which DNA repair synthesis 

precedes dimer removal. A model for such an hypothetical mechanism has been 

presented In Chapter 3. Whatever the nature of the observed differences in 

excision repair between ra t and human cells may be. It can be concluded from 

this s tudy that Interspecies dif ferences In DNA repair processes are more 

complicated than one might assume. 

Another aspect of DNA excision repair in rodent cells that deserves 

attent ion Is thei r relat ively high surv iva l upon UV i r rad ia t ion . The surv iva l 

character ist ics of rodent cel ls, in terms of thei r colony-forming capaci ty, do 

not d i f fe r from those of human cel ls . In spite of thei r poorer capacity of dimer 

removal and repair synthesis . This has been shown for mouse f ibroblasts 

(Ganesan et a l . , 1983; Yagi et a l . , 1984) and also for the rat sk in f ibroblasts 

used in our s tudy (Chapter 3 ) . In view of thei r identical surv iva l character is­

t ics i t seems highly unl ike ly that the observed differences in DNA excision 

repair between human and rodent cells ref lect a di f ference in " repair 

capaci ty" . Instead, the ut i l izat ion of d i f ferent DNA repair pathways could be 

fundamental to the above described discrepancy. The characterist ics of the 

complex of DNA repair act iv i t ies In rodents could then be such that the 

surv iva l of thei r act ively d iv id ing cells Is comparable to that of human cel ls, 

bu t at the cost of (more) mutat ions. In other words , the balance of e r ro r 

prone versus e r ro r free DNA repair act ivi t ies might be higher in rodent than 

in human cel ls. Consequently, the frequency of genetic changes in rodent cells 

would be higher than In those of humans. This Is In keeping wi th f ind ings of 

Br i t ten (1986), Indicating a higher rate of DNA sequence evolution of rodents 

in comparison to primates. The observed differences In mutation rate were 

probably not due to dif ferences in generation time and/or population h is tory or 

select ion. Instead, evolut ionary changes In DNA repair were considered as the 

most l ikely explanation for th is phenomenon. 

7.3 DNA Excision Repair in Rat Skin Cells In Vitro and In Vivo 

The above described differences in repair characterist ics between human 

and rodent cells in cu l ture i l lust rate the limited signif icance of studies aiming 

at a correlat ion of species lifespan wi th only one DNA repair parameter. In our 

studies on one cell t ype , which is easy to handle in cu l t u re . In combination 

wi th a model genotoxic agent such as UV, we were not able to get more than 

limited information about the nature of Interspecies differences in DNA repair . 

But even i f the mechanism(s) of excision repair under such standardized 
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condit ions were well understood, the problem remains that repair character is ­

t ics appear to change dur ing cu l tu r ing of pr imary cells in v i t r o or du r ing 

aging In v i v o . By s tudy ing UV-induced DNA repair synthesis in ra t f ibroblasts 

both in relation to donor age (Chapter 4] and du r ing In v i t r o passaging 

(Chapter 5] we showed that while undergoing terminal d i f ferent iat ion (also 

termed In v i t r o senescence] these cells underwent a 50% reduct ion in the i r 

capacity to perform DNA repair synthesis . Simultaneously we showed that 

du r ing In v ivo ag ing , repair synthesis in the same cells decreased by about 

16% (Chapter 4 ) . However, upon establishment Into cu l t u re , pr imary ra t f i b r o ­

blasts of old donors reached growth cr is is earl ier than those of young donors 

(unpubl ished resu l t s ) . The relat ively low average level of repair synthesis in 

f ibroblast populations from old rats could therefore be due to the Inclusion In 

the UDS determinations of some terminal ly d i f ferent iated cel ls . Instead of 

ref lect ing a t rue age-related decrease In DNA repair ac t i v i t y . 

Related to the var iat ion observed du r ing passaging In v i t r o Is the possib i ­

l i ty that DNA repair character ist ics of cells change dur ing thei r t ransfer from 

the In v ivo to the In v i t r o s i tuat ion. In 1977, Peleg et a i . reported that 

pr imary mouse embryonic f ibroblasts excise dimers wel l . However, af ter a 

number of passages In v i t ro they lost th is capaci ty. This could ref lect the loss 

of dimer-removing capacity upon b r ing ing cells Into cu l tu re . It is almost 

needless to emphasize the Importance of such potential var iat ion for the subject 

of this thesis. Af ter a l l , aging of mammals Is In the f i r s t place an In v ivo 

phenomenon. To address th is quest ion, reliable techniques, unbiased by d i f f e ­

rences in cell morphology or animal physio logy, are requi red for comparing 

DNA repair act ivi t ies In d i f fe rent cells and tissues In v ivo and In v i t r o . 

Recently, we have adapted the UV-endo method for the detection of pyr imidine 

dimers to the application on sk in cells In v ivo (Vl jg et a l . , 1986c). Chapter 6 

describes the application of th is method In the study of DNA repair of UV 

damage In ra t sk in In v i vo . 

We showed that rat epithelial cells In v ivo remove UV-induced pyr imidine 

dimers much faster than do the same cells In v i t r o . Whereas wi th f ibroblasts or 

epidermal cells In v i t r o we never observed any removal wi th in three hours , 

epidermal cells In v ivo have already removed more than 50% of the damage over 

th is time per iod. In te res t ing ly , a substantial par t of the damage Is pers is tent ; 

at 24 h after I rradiat ion about 30% of the induced lesions can st i l l be found . 

No differences In DNA repair kinetics were found between old and young ra ts . 

Our observation that rat epidermal cells In v ivo are well able to remove 

pyr imidine d imers, whereas such cells in v ivo are no t , clearly demonstrates 

that rats are genetically equipped wi th the excision repair pathway via which 
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pyr imidine dimers can be rapidly removed. Whether this pathway is Identical to 

the one human cells In cu l ture ut i l ize remains to be seen. Indeed, It is well 

conceivable that excision repair can proceed via multiple pathways. The possi­

b i l i t y that the ut i l izat ion of such pathways depends on the cell t y p e , the 

species and the environmental constraints the cells are subject t o . Is a 

fascinating area to explore f u r t h e r . Especially the rationale for the ut i l izat ion 

of d i f fe ren t DNA repair pathways by d i f fe rent species Is an Important aspect 

of research on ag ing . One might speculate that the set of genetically expres­

sed repair pathways and possible switches therein is the resul tant of a balance 

between such factors as the generation time of the cell ( for some cells this 

means the total l i fespan of the organism) and the amount of DNA sequence 

changes that can be to lerated. However, before any realist ic conclusions can 

be drawn about the possible role of a mult i tude of more or less e r ro r -p rone 

DNA repair pathways In the aging process i t is necessary to develop tech ­

niques that allow to accurately assess the frequency and molecular nature of 

DNA sequence changes in various organs and tissues of aging organisms. 

7.4 Recapitulation and Conclusions 

The purpose of the research described in th is thesis was to fu r the r 

investigate the possible role of DNA repair In the aging process in mammals. 

Two main lines of research were exp lored, v i z . , the putat ive correlat ion of 

DNA repair w i th species lifespan and the possible occurrence of changes In 

DNA repair dur ing cell ag ing . The possibi l i ty that dif ferences In DNA excision 

repair between cells of d i f fe rent species might be fundamental to the well 

documented interspecies var iat ion in maximum lifespan was investigated by 

s tudy ing various steps in UV-induced DNA excision repair in rat and human 

f ib rob las ts , using a number of d i f fe rent techniques. Possible changes In DNA 

repair du r ing cell aging were studied by repeated determinations of UV-

lnduced DNA repair synthesis In f ibroblasts from Inbred rats of various ages. 

In add i t ion , the possibi l i ty was Investigated that rat skin cells would undergo 

changes In DNA excision repair dur ing subcu l tur lng and upon thei r t ransfer 

from the in v ivo to the in v i t r o s i tuat ion. The results obtained can be 

summarized as fol lows. 

1 . In cu l tured rat and human f ibroblasts there is a lack of correspondence 

between the removal of pyr imidine dimers and the number of newly 

synthesized patches of DNA; especially for rat cells we found evidence 

tha t repair synthesis can , at least in p a r t , precede dimer removal. 

2, There are no considerable changes in UV-induced DNA repair synthesis 

116 



In rat f ibroblasts in v i t r o as a funct ion of donor age. 

3. UV-induced DNA repair synthesis undergoes a 50% Increase du r ing the 

f i r s t stages of terminal d i f ferent ia t ion In v i t r o , followed by a 50% 

decrease after the cessation of overal l repl lcat ive ab i l i t y ; du r ing 

Immortalization, however, no changes In DNA excision repair were 

observed. 

4 . Epidermal kerat inocytes In v i v o . In both young and old r a t s , repair 

UV-lnduced pyr imidine dimers rapid ly although not completely; In v i t r o , 

however, UV-lnduced pyr imidine dimers are as persistent as they are In 

rat f ibroblasts In cu l tu re . 

From these resul ts three major conclusions can be d rawn : 

a. mammalian cells can ut i l ize more than one pathway to remove pyr imidine 

dimers by excision repai r . 

b . mammalian cells can suppress the ut i l izat ion of a DNA repair pathway. 

c. mammalian cells do not undergo major changes In UV-lnduced DNA 

excision repair dur ing ag ing . 
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SAMENVATTING 

Het onderwerp van d i t p roefschr i f t heeft bet rekk ing op de mogelijke rol van 

DNA-herstelsystemen In het verouder ingsproces. Met name aan de mogelijke 

relat ie tussen de zogenaamde "DNA-herstelcapacl tel t " van een d iersoor t en 

diens maximale levensduur Is binnen het verouderingsonderzoek veel aandacht 

besteed. Tegen het einde van de zestiger jaren werd door de Amerikaanse 

onderzoekers Painter en Cleaver waargenomen dat gekweekte huidcellen 

afkomstig u i t ( langlevende] koelen of mensen na bestral ing met u l t rav io let l icht 

(UV) meer DNA-herstelsynthese per t i jdseenheid vertoonden dan cellen u i t 

(kort levende) knaagdieren. Bij DNA herstelsynthese worden nieuwe stukjes 

DNA ingebouwd ter vervanging van de door het UV beschadigde gedeelten 

( F i g . 1 ) . In het algemeen wordt aangenomen dat de snelheid waarmee deze 

Inbouw plaats v ind t een maat vormt voor de act iv i te i t van het DNA-hers te l -

systeem dat de reparaties u i t voer t . 

in tact DNA 

UV i r rad ia t ion 

excision 

gap f i 11 i ng 

I igat ion 

I I I I I I I I I I I I 
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Figuur 1 : 
Schema van de wijze waarop 
o .a . zoogdiercellen veronder­
steld worden DN A-beschadig in­
gen te verwi jderen vla excls ie-
hers te l . Na beschadiging van 
het DNA, bi j voorbeeld door 
u l t ravio let l icht ( U V ) , wordt 
het stukje DNA dat de schade 
bevat e ru i t gekn ip t , en door 
middel van zogenaamde "DNA 
herstelsynthese" vervangen 
door een nieuw stuk je . 
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In 1974 rapporteerden twee andere Amerikaanse onderzoekers. Hart en 

Setlow, hun resultaten over de UV-geïnduceerde DNA-herstelsynthese In cellen 

van zeven verschi l lende zoogdieren: spi tsmuis, muls, r a t , hamster, koe, ol i fant 

en mens. Een gedeelte van deze resultaten is weergegeven in F ig . 2. Daaruit 

b l i j k t dat de hoeveelheid DNA-herstelsynthese In- de' met UV bestraalde cellen 

van de verschi l lende diersoorten log-l ineair gecorreleerd Is . Dit betekent da t , 

hoe langer de levensduur van de betreffende diersoort I s , hoe meer DNA-

herstelsynthese per t i jdseenheid plaats v i n d t . 
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Figuur 2: 
De door Hart en Setlow In 
1974 gepubliceerde correlat ie 
tussen UV-geïnduceerde DNA 
herstelsynthese In gekweekte 
huidf ibroblasten ( "gra ins / 
nucleus" op de x-as) en de 
logaritme van de levensduur 
(" l i fe span" op de y - a s ) . 
Duidel i jk is te zien dat voor 
3 doses UV (5 , 10 en 20 
Joules per m') de hoeveel­
heid herstelsynthese (over 
13 uur ) groter Is In lang 
levende dieren (mens, 
o l i fan t , koe] dan in ko r t 
levende dieren (knaag­
dieren) . 

20 40 60 80 
GRAINS/NUCLEUS 

Deze bevindingen kregen veel pub l ic i te i t . Immers, zij leken de theorie te 

ondersteunen dat bepaalde cel lulaire funkt ies de lengte van het leven bepaal­

den . Het "DNA herste l " werd door veel gerontologen d i rek t beschouwd als één 

van de belangr i jkste van deze funk t ies . De verwacht ingen omtrent verdergaand 

onderzoek op d i t gebied waren dan ook hooggespannen. Ongelukkigerwi js 

resulteerden veel andere studies vaak In een veel minder fraaie corre lat ie . 

Hoewel met name Hart nog een aantal resultaten publiceerde die mooi in de 

theorie pasten, bleek u i t onderzoekingen van andere Amerikaanse en van 

Japanse onderzoekers aan veel meer diersoorten dat , gemiddeld genomen, cellen 

van langlevende dieren Inderdaad meer DNA-herstelsynthese ver toonden, maar 

dat d i t , zelfs binnen de zoogdieren, lang niet al t i jd op hoeft te gaan. Bij de 

lagere soorten dan zoogdieren kon zo'n correlat ie helemaal niet worden aange­

toond. Buiten Hart zel f , die alle negatieve resultaten consequent weet te 
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verk laren u i t fouten in de experimentele opzet e t c . , is er dan ook vr i jwe l geen 

ervaren molekulalr-biologisch onderzoeker die nog verondersteld dat er een 

simpele relatie Is tussen UV-geïnduceerde DNA-herstelsynthese In de huidcellen 

en levensduur. De echte reden hiervoor Is niet zozeer het al of niet gecor­

releerd zi jn van DNA-herstelsynthese met levensduur, maar meer het toe­

genomen begr ip omtrent de complexiteit ' van DNA herstelprocessen. Het Is op 

d i t moment wel duidel i jk dat er veel verschi l lende manieren zi jn om beschadi­

gingen van het DNA te herste l len. Het Is daarom heel goed mogelijk dat cellen 

van de ene diersoort de voorkeur geven aan het gebru ik van het ene systeem, 

terwi j l cellen van andere diersoorten preferent ieel weer andere systemen 

gebru iken . Deze complexiteit kan zich heel goed voortzetten binnen het 

Ind iv idu . Een levercel zou DNA schade - bi jvoorbeeld op een geheel andere 

manier kunnen verwi jderen dan een huidcel . Verder Is het niet onwaarschi jnl i jk 

dat zich verander ingen voordoen In het gebru ik van DNA-herstelsystemen 

t i jdens en na het In kweek brengen van cel len. 

Op basis van het bovenstaande zal duidel i jk zi jn dat de "DNA-herste lcapacl­

te l t " van een organisme niet zo gemakkeli jk experimenteel benaderbaar i s . In 

d i t proefschr i f t z i jn metingen ve r r i ch t aan DN A-herste l processen in met UV 

bestraalde huidcellen van mensen en rat ten met gebruikmaking van ve rsch i l ­

lende methoden. Daarbij is getracht inzicht te verk r i jgen in de mogelijke 

invloed op de DNA-herste lakt iv i te i ten van een aantal var iabelen, waaronder de 

leeft i jd van de donor , de t i jd gedurende welke de (delende) huidcellen 

gekweekt werden en het kweken zelf . Met bet rekk ing to t d i t laatste Is 

vergel i jkend onderzoek gedaan aan herstel van UV-schade In cellen In het 

Intakte dier en in cellen van hetzelfde type na het In kweek brengen. Door 

met behulp van verschi l lende methoden verschi l lende stappen In het hers te l ­

proces te meten Is tevens getracht het boven beschreven verschi l in DNA-

herstelsynthese tussen kort levende rat ten en langlevende mensen wat nader te 

karakter iseren. 

Ti jdens het gehele onderzoek werd gebru ik gemaakt van UV als schade-

Inducerend agens, omdat d i t a] goed is te doseren en b) tot het best gekarak­

teriseerde genotoxische agens behoort . Voor de mens komt daar dan bi j dat 

meer kennis omtrent het UV-schademetabolisme in de huid van belang Is In 

verband met de mogelijke rol van UV bi j huidverouder ing en het ontstaan van 

huidtumoren. Behoudens het gedeelte van het proefschr i f t dat handelt over 

verschi l len In DNA-excisleherstel tussen humane en rattecellen In v i t r o 

(Hoofdstuk 3 ) , zi jn alle andere studies ve r r i ch t aan Ingeteelde ra t ten . Dit is 

niet zo verwonder l i jk gezien de belangri jke rol van knaagdieren als model­

systemen voor het onderzoek naar verouder ing en kanker . Het gebru ik van 

ingeteelde ra t ten , gehouden onder Identieke condi t ies, beperkt de i n te r l nd l v i -
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duale var iab i l i te i t (de belangr i jkste storende faktor bi j verouderingsonderzoek 

aan mensen] tot een minimum. Verder zi jn experimenten met mensen om voor de 

hand liggende redenen nu eenmaal moeili jker ui tvoerbaar dan met proefd ieren. 

Na de algemene Inleiding waarin de aard van het verouderingsproces wordt 

bediscussieerd, alsmede de mogelijke rol van "DNA-hers te l " daa r in , biedt 

Hoofdstuk 2 een overz icht van de gebru ik te (en tevens ook van andere 

mogelijke) methoden voor het meten van DNA-excis leherstel . Hoofdstuk 3 

handelt over experimenteel onderzoek aan UV-geïnduceerd DNA-herstêl In 

huidf ibroblasten van mens en ra t . Het bet re f t hier In feite een ui tgebreide 

analyse van een fenomeen dat reeds In 1976 door Lohman werd gesignaleerd en 

gepresenteerd In een kor t verslag In Mutation Research. Daarin wordt 

beschreven dat gekweekte hamstercellen na bestral ing met UV goed In staat 

zi jn tot DNA-herstelsynthese. Echter met behulp van een op zi jn 

laboratorium opgezette methode voor het meten van de door het UV aangerichte 

beschadigingen toonde Lohman aan dat de gevonden herstelsynthese niet 

gekoppeld was aan enige noemenswaardige verwi jder ing van de belangri jkste 

UV-schade, pyr imidine dimeren. Dit is zeer verwonder l i jk aangezien hers te l ­

synthese In het algemeen geacht wordt op te t reden nadat de schade 

verwi jderd is ( F i g . 1 ) . Andere gegevens afkomstig van het laboratorium van 

Lohman lieten zien dat gekweekte humane cellen wel degeli jk in staat waren tot 

verwi jder ing van de schade. 

Om nu wat meer inzicht te ve rk r i j gen in de relat ie tussen schadeverwi j ­

der ing en herstelsynthese zi jn humane en rattecellen steeds In één experiment 

verge leken, zowel wat be t re f t DNA-herstelsynthese als schadeverwi jder ing. 

Schadeverwijdering werd gemeten zowel met behulp van de zogenaamde UV-

endo methode als met behulp van HPLC analyse (belde technieken staan 

beschreven in Hoofdstuk 2 ) . Herstelsynthese werd gemeten als de mate van 

Inbouw van radioactieve thymidines per t i jdseenheid. Dit wordt ook wel 

"unscheduled" DNA-synthese (UDS) genoemd, te r onderscheiding van de 

"scheduled" DNA-synthese, zoals die optreedt v lak vóór de celdel ing. 

Daarnaast werd met behulp van nog een andere methode, de BrdU-photolyse 

methode, de grootte van de gemiddelde "herstel pa t ch " , het stukje beschadigd 

DNA dat vervangen Is , alsmede het aantal van deze patches gemeten. Het 

aantal patches, vermenigvuld igd met de gemiddelde grootte daarvan, zou dus 

eigenl i jk dezelfde relatieve waarden op moeten leveren als de boven beschreven 

UDS waarden. Echter de BrdU-photoIyse methode Is veel specif ieker dan de 

UDS assay, hetgeen van essentieel belang Is bi j een vergel i jkend onderzoek 

naar excisleherstel . 

De verkregen resultaten hebben tot de volgende conclusies gele id: 
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1 . Ti jdens het proces van herstelsynthese, dat bij de gebru ik te dosis in beide 

celtypen grofweg 24 uur d u u r t , b l i j f t de gemiddelde grootte van de hers te l ­

patches, die steeds gecreëerd worden, ge l i j k . 

2. De gemiddelde patchgrootte In het DNA van humane en rattecellen versch i l t 

n ie t . 

3 . Na eenzelfde UV-dosis en herstelperiode z i jn er minder patches gevormd in 

het DNA van de rattecellen dan In dat van humane cel len; echter na 24 uur 

Is d i t verschi l veel kleiner dan na ^ i tot 3 u u r . 

4 . Schadeverwijdering in rattecellen wordt pas gevonden tussen 3 en 24 u u r ; 

na 3 uur Is nog geen verwi jder ing opgetreden. Het verschi l In dlmeer-

verwi jder lng tussen humane en rattecellen Is s igni f icant groter dan het 

verschi l In herstelsynthese. De discrepantie tussen dimeerverwi jder ing en 

DNA-herstelsynthese zoals voor het eerst gevonden door Lohman is hiermee 

bewezen 

5. In cellen van zowel mens als rat l i j k t DNA herstelsynthese sneller té gaan 

dan d imeerverwi jder ing. In rattecellen Is d i t het du ide l i j ks t ; 3 uur na UV-

bestral ing zijn nog geen dimeren ve rw i j de rd , terwi j l reeds 24 herstelpatches 
9 

per 10 dalton DNA zijn gecreëerd. 

Op basis van onze bevindingen l i j k t het er s terk op dat In leder geval in 

rat tecel len, maar well icht ook voor een deel in die van de mens, DNA-hers te l ­

synthese vooraf gaat aan d imeerverwi jder ing. Een model voor zo'n hypothet isch 

mechanisme is gepresenteerd aan het eind van Hoofdstuk 3. De belangri jkste 

algemene conclusie u i t boven beschreven werk Is dat de gevonden verschi l len 

In DNA-herstel tussen humane en rattecellen niet noodzakeli jkerwijs dulden op 

een verschi l in DNA herstelcapaciteit tussen de twee d iersoor ten. Het Is zeer 

goed mogelijk dat knaagdiercellen preferentieel gebru ik maken van een DNA 

excisieherstelsysteem da t , hoewel potentieel mogelijk ook bi j de mens aanwezig, 

daar toch niet de voorkeur geniet . 

Dat knaagdiercellen niet noodzakeli jkerwijs een infer ieur DNA herstel systeem 

hebben, b l i j k t ook u i t hun vermogen tot klonale ui tgroei na UV bes t ra l ing . 

Zoals F lg . 3.1 laat z ien, hebben humane en rattecellen dezelfde mate van 

over leving (klonale u i t g roe i ) . 

Terwi j l Hoofdstuk 3 gewijd Is aan verschi l len In DNA-excIsieherstel tussen 

humane en rat tehuldf ibroblasten gaan de overige 3 hoofdstukken u i ts lu i tend 

over rat tecel len. Hoofdstuk 4 beschr i j f t een serie metingen van UV-geïnduceer­

de UDS in huidf ibroblasten van rat ten van verschi l lende leef t i jd . Hoewel het 

oorspronkel i jk de bedoeling was een aantal rat ten gedurende hun leven te 

vervolgen door met bepaalde tussenpozen een meting te doen aan f ibroblasten 
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geïsoleerd u i t een hu idb lopt , bleek al gauw dat de Inter indiv iduele verschi l len 

in UDS zeer ger ing waren. Opmerkeli jk was de k le ine, doch signif icante leef­

ti jdsgeassocieerde dal ing in UDS. Dat deze dal ing well icht geen echte afname In 

UDS vertegenwoordigde, maar meer een secundair e f fek t , bleek u i t de ve rvo lg ­

studie waarbi j gekeken werd naar UV-geïnduceerd excisleherstel in ra t te f ib ro -

blasten t i jdens het kweken in v i t r o ! 

Reeds door anderen werd beschreven dat gekweekte huidf ibroblasten morfo­

logische verander ingen ondergaan alvorens in een z . g . "groelcr is is" terecht te 

komen. Humane f ibroblasten bereiken zo'n groelcr is is pas na ca. 60 populat ie-

verdubbel ingen en komen er dan nooit meer u i t . Veel onderzoekers beschouwen 

deze afname In prol l ferat ieve capacitei t , die geassocieerd Is met een serie 

morfologische verander ingen, als representat ief voor het cel lulaire veroude­

r ingsproces zelf . Op basis hiervan zou men kunnen zeggen dat wij b i j de ra t 

zowel naar in v ivo als In v i t r o verouder ing hebben gekeken (zie ook F ig .1 .4 ) . 

Metingen van UV-geïnduceerd DNA excisleherstel In rat tef ibroblasten t i jdens 

het kweken in v i t r o laten In eerste instantie een snelle s t i jg ing zien die 

geassocieerd bleek met het overgaan van de primaire populatie van smalle 

spoelvormige cellen in een populatie van grote plelomorfe cellen die nog steeds 

actief deelden. In een dun opgezette populatie cellen vond ui te indel i jk terminale 

d i f ferent ia t ie (groelcr is is) p laats, d . w . z . de meeste cellen ver loren hun 

vermogen tot delen en weerhielden door het grote oppervlak dat ze innamen, 

de weinige overgebleven kleine cellen van u i tg roe i . Echter , doorgaan met 

populatleopspli tsingen leidde tot het selectief ui tgroeien van deze "onster fe­

l i jke" cel len. Het bleek dat de terminaal gedif ferent ieerde cellen een UDS-

niveau hadden dat de hel f t lager was dan dat van de actief delende grote 

plelomorfe cellen en dus gel i jk aan dat van de primaire cel len. 

Onsterfel i jke cell i jnen konden veel gemakkeli jker worden verkregen door de 

kweek gewoon wat dichter op te zet ten. In dat geval bleven er steeds zoveel 

potentieel onsterfel i jke cellen In de populatie dat een groelcr is is in het geheel 

niet waarneembaar was. De reden hiervan is waarschi jnl i jk dat bi j lage ce l ­

d ichtheid het terminale di f ferent iat ieproces veel sneller gaat. Dit werd 

gesuggereerd door microscopische waarnemingen. De resultaten u i t d i t onder­

zoek ve rk regen , werden geïnterpreteerd In de context van het terminaal 

d i f ferent iëren van rat tef ibroblasten In kweek. Gesteld werd dat ra t te f ib ro ­

blasten na Isolatie u i t de huid en stimulatie tot del ing bl i jkbaar In staat zi jn tot 

een hogere UDS respons dan in hun " rus tende" toestand in de h u i d , of ko r t 

na isolatie. Echter na terminale d i f ferent iat ie Is de UDS respons weer terug In 

z'n oude toestand. Deze in terpretat ie Is deels gebaseerd op parallellen met UDS 

In andere celtypen waarbij lage waarden in het algemeen werden geassocieerd 
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met (terminaal) gedif ferent ieerde cellen en een snelle toename in UDS met 

prol i ferat ie en d i f ferent ia t ie . In d i t verband Is het ver le idel i jk om te 

speculeren over de mogelijkheid dat een goed DNA-herstel van essentieel 

belang is In prol l fererende en di f ferent iërende cellen met hun vele genen die 

afwisselend aan en u i t worden gezet, en omgekeerd dat in terminaal ged i f fe ren­

t ieerde of rustende cellen de DNA-herstelact iv l te i ten f l ink teruggeschroefd 

kunnen worden. Echter , zo'n simplistische denkwijze was al eens eerder toe­

gepast naar aanleiding van UDS-metIngen In cellen van kort levende en lang­

levende d ieren. Aardig dus om de gedachten te bepalen en well icht een u i t ­

gangspunt voor nader onderzoek. Voorlopig kunnen we volstaan met de 

conclusie dat UV-geïnduceerde excisleherstelprocessen behoorl i jk kunnen 

var iëren t i jdens het kweken. Hoewel onbewezen. Is het niet onwaarschi jnl i jk 

dat de ger inge leeftijdsgeassocieerde afname In UDS zoals beschreven In 

Hoofdstuk 4 , vol ledig te wi j ten is aan een hoger percentage terminaal 

gedif ferent ieerde cellen in kweekjes van oude d ie ren . Inderdaad was ons 

herhaalde malen gebleken dat f ibroblasten u i t oude rat ten iets langzamer 

groeiden dan cellen u i t jonge d ieren. 

Op basis van de resultaten vermeld in de Hoofdstukken 4 en 5 kunnen we 

concluderen dat het niveau van UV-geïnduceerde DNA herstelsynthese in 

geïsoleerde rat tehuldf ibroblasten opmerkeli jk stabiel Is t i jdens ve rouder ing , 

maar onderhevig aan snelle verander ingen t i jdens terminale d i f ferent iat ie In 

kweek. Ti jdens immortallsatie, wat door velen beschouwd wordt als een voor ­

waarde voor neoplastische t ransformat ie, l i j k t UDS opmerkeli jk stabiel . Zoals 

ook beschreven In Hoofdstuk 5 l i j k t immortallsatie bi j voorkeur op te t reden In 

de spoelvormige primaire cellen en met een veel minder hoge frequent ie t i jdens 

de verschi l lende stadia van terminale d i f ferent ia t ie ; slechts weinig onsterfel i jke 

cell i jnen met een morfologie zoals die van de grote plelomorfe cellen konden 

worden ve rk regen . De meeste onsterfel i jke cell i jnen waren spoelvormig, zoals 

de normale primaire cel len, en hadden hetzelfde niveau van DNA-hers te l ­

synthese na UV-best ra l Ing. 

De boven beschreven resultaten zi jn redel i jk In overeenstemming met 

bevindingen van andere onderzoekers zoals vóór , vr i jwel ge l i jk t i jd ig of na ons 

gepubl iceerd. Echter, zij wi jken op één belangri jk punt af . Terwi j l Amerikaan­

se en Israëlische onderzoeksgroepen onafhankeli jk van elkaar aantoonden dat 

primaire f ibroblasten afkomstig u i t mulze-embryo's zeer goed in staat waren 

UV-schades te verwi jderen ( i . t . t . late passagecellen waarin ook zij persistent ie 

van dimeren vonden] kon d i t niet door ons worden bevest igd. Noch primaire 

cellen u i t volwassen ra t t en , noch die u i t embryo's bleken in staat om over een 

t i jdsbestek van 24 uur meer dan 20% van de geïnduceerde pyr imidine dimeren 
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te verwi jderen (Hoofdstuk 5 ) . Di t laatste werd door Japanse onderzoekers 

bevest igd voor wat bet re f t de muizestam waar zij mee werk ten , maar is door 

hen nooit gepubl iceerd ( H . Takebe, persoonli jke mededeling). 

Om de mogelijkheid te onderzoeken of rattehuidcel len well icht de capaciteit 

to t UV schadeverwi jdering verl iezen t i jdens het In kweek brengen, bleek het 

noodzakelijk de UV-endo methode voor de detectie van pyr imidine dimeren dus ­

danig te modificeren dat het gebru ik ervan niet langer beperkt was tot de In 

v i t r o gekweekte cel len. Hoofdstuk 6 beschr i j f t de aangebrachte modif icaties, 

alsmede de toepassing van de techniek bi j de bestudering van in v ivo herstel 

van UV-schades In rat tehuidcel len. Omdat het gebru ik te UV niet ver genoeg de 

huid in st raal t zi jn deze experimenten ui tgevoerd met epidermale huidcellen In 

plaats van met f ibroblasten waar al het In v i t r o werk mee gedaan was. In d i t 

verband werd eerst nagegaan of pyrimidinedimeren ook in epidermale cellen 

persistent waren. Di t bleek inderdaad het geva l . Echter , 3 uur na UV-bes t ra -

l lng van de geschoren huid van een levende rat bleek reeds de hel f t van de 

geïnduceerde schade verdwenen. Di t Is tamelijk opmerkel i jk , gezien het fe i t dat 

met f ibroblasten of epidermale cellen In v i t r o over zo'n kor te t i jd nog nooit 

s ignif icante verwi jder ing was aangetoond. Echter , 24 uur na bestral ing bleek 

toch nog tenminste 30% van de geïnduceerde schade aanwezig. Met behulp van 

een antlllchaam tegen thymidinedimeren werd aangetoond dat zelfs na 48 uur 

nog DNA schade in de epidermis aanwezig was. Dit suggereert dat tenminste 

een deel van de geïnduceerde schade persistent i s . 

UV-schadeverwi jderIng u i t bestraalde epidermis van oude rat ten bleek niet 

s igni f icant af te wi jken van dat in jonge beesten. Echter , gezien het ger inge 

aantal dieren (twee) en de v r i j grote experimentele foUt kan h ie ru i t hoogstens 

geconcludeerd worden dat er geen grote leeftijdsgeassocieerde verschi l len 

zullen z i j n . 

De belangr i jkste conclusie met bet rekk ing tot de resultaten beschreven in 

Hoofdstuk 6 is ongetwi j feld dat de UV-schadeverwIjderIngsstap In het excis le­

hersteiproces s terk versch i l t tussen de In v ivo en de In v i t r o s i tuat ie . 

Bl i jkbaar zi jn rattecellen In staat om na het In kweek brengen hun DNA-

herstelpatroon drast isch te wi jz igen. Omtrent de noodzaak hiervan kan alleen 

maar gespeculeerd worden. Het Is echter niet onmogelijk dat in snel delende 

gekweekte cellen het accent meer op andere DNA-herstelprocessen word t 

ge legd, meer aangepast aan de nieuwe omgeving. Eens te meer is d i t een i l l u ­

s t rat ie van de complexiteit van DNA-hers te l . 

Teruggaand naar het begin van deze samenvatting kan gesteld worden dat 

de In d i t p roefschr i f t beschreven onderzoekingen bepaald geen spectaculair 

nieuw l icht werpen op de mogelijke rol van "DNA-hers te l " In het verouder lngs-
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proces. Een door veel auteurs beschreven verminderd vermogen tot DNA-

herstel in cellen van oude dieren is hier niet gevonden. Integendeel, de hier 

bestudeerde DNA-herstelresponses zi jn opmerkeli jk stabiel In relatie to t de 

leef t i jd . De enorme complexiteit van zelfs een schijnbaar simpel proces als de 

verwi jder ing van pyrimidinedimeren doen het ergste vrezen voor om het even 

wat voor correlat ie tussen een DNA-herstelrespons van een cel en de maximale 

levensduur van het donordier . Al met al dus niet erg hoopgevend voor de 

"DNA repair theories of a g i n g " , zoals tot nog toe geformuleerd. Echter , zoals 

u i t v r i jwel alle metingen van DNA-herstelresponses, Inclusief de onze, b l i j k t is 

het herstel van DNA-beschadigIngen vr i jwel nooit compleet. Zelfs in UV-

bestraalde gekweekte humane f ibroblasten d u u r t het erg lang voor er geen 

dimeren meer detecteerbaar z i j n . Hoewel d i t deels nog te wij ten zou kunnen 

zi jn aan de tamelijk kunstmatige si tuat ie en de (al t i jd) hoge UV dosis, anders 

Is het In de experimenten beschreven In Hoofdstuk 6. De situatie daar Is 

betrekkel i jk natuur l i j k (de in v ivo si tuat ie] en de dosis zeker niet te hoog. Op 

een zonnige dag doet vr i jwel elk mens wel zo'n dosis op . Toch b l i j k t een groot 

deel van de aangebrachte schade pers is tent . Een soortgeli jke bevinding werd 

gedaan bui ten het kader van d i t p roe fschr i f t . Ratten die Intraperitoneaal 

werden ingespoten met het carcinogeen 2-acetylamlnofluoreen bleken tenminste 

21 dagen later nog DNA schades te bevatten (ook hier werden géén leef t i jds­

geassocieerde verschi l len gevonden in de mate van DNA-hers te l ) . Gezien de 

dageli jkse blootstel l ing van levende organismen aan carcinogene chemicaliën -

dat door velen wel als kenmerkend voor deze t i jd wordt beschouwd - Is ook d i t 

een betrekkel i jk natuur l i jke s i tuat ie. Echter, er zijn aanwijzingen dat b i j ­

producten van de ademhaling, de llchaamswarmte zelf , alsmede de suiker In 

onze voeding al meer DNA-schades Induceren dan welk ten onrechte in het 

milieu geraakt landbouwgif dan ook. Het is daarom zeker niet onwaarschi jnl i jk 

dat bepaalde typen DNA-schades zich ophopen ti jdens ve rouder ing , well icht 

selectief in bepaalde gebieden van het genoom. Vóór het bestuderen van een 

groot aantal DNA-herstelprocessen in verschi l lende celtypen in relatie tot de 

leeft i jd l i j k t het daarom zaak eerst pogingen in het werk te stellen zo'n 

mogelijke ophoping van "spontane" DNA-schades in het verouderend genoom 

vast te stel len. De recente ontwikkel ing van u i ters t gevoelige en specifieke 

methodes voor de detectie en kwant i f icer ing van DNA-schades maakt d i t 

mogeli jk. 

127 



ACKNOWLEDGEMENTS 

I would l ike to thank all of my colleagues at the Inst i tu te for Experimental 

Gerontology and Medical Biological Laboratory for the i r suppor t dur ing the 

course of th is s t udy . I am especially indebted to Mrs. M. van Heyenoort for 

t yp ing a large par t of th is thesis and to Mrs. T . Hofland for the lay-out and 

the f inal touch. I also thank Mr, E, van der Rei jden, Mr. A , Glaudemans and 

Mr, M,J ,M, Boermans for drawings and photography. 

The help of D r , F. Berends in cr i t ica l ly reading the thesis Is great ly 

acknowledged. His capabi l i ty in systematically edi t ing my papers on internal 

logic is remarkable, his sharp comments never fai led to Impress me. 

I am grate fu l to my two promotors. P ro f .D r . P .H.M. Lohman and P ro f .D r . 

D .L . Knook, for thei r enthusiastic suppor t du r i ng th is s t u d y . The ind lspen-

s ib i l l ty of Dicks help in doing the research I considered Important was realized 

from the beg inn ing; to me, he symbolizes the scient i f ic manager of the f u t u r e , 

pract ica l , f lex ib le , w i th one eye on scienti f ic qual i ty and the other on polit ical 

feasib i l i ty . Af ter about 1 to 2 years of research, I learned that also the 

scienti f ic coaching of a promotor is something you actually cannot do w i thout . 

Paul's remarks, suggestions and speculations about experiments and fu tu re 

research were very important to me; his scienti f ic ins ight was of great value 

and is more far reaching than the boundaries of th is thesis. 

F inal ly , I would l ike to thank Er ik Mul laart , together wi th whom the 

experiments were performed and the results i n te rp re ted . This time he wil l 

assist me dur ing the defence of th is thes is . I am convinced that in 3 to 4 

years i t wi l l be the other way around. 

129 



REFERENCES 

Ames, B . N . (1983) Dietary carcinogens and ant i -carc inogens. Science 221, 
1256-1264. 

Baan, R .A . , M.J . Lansbergen, P .A .F . de B r u i n , M . I . Willems, and P.H.M. 
Lohman (1985) The organ-specif ic Induction of DNA adducts In 2-acety l -
aminofluorene-treated r a t s , studied by means of a sensit ive Immunochemical 
method. Mutation Res. . 150, 23-32. 

Bank, L . , and L ,F . Jarv ik (1978) A longitudinal s tudy of aging human tw ins . 
In : E.L. Schneider ( E d . ) , The Genetics of A g i n g , Plenum Press, New 
Y o r k , p p . 303-330. 

Be l l , G . I . , J . H . Karam, and W.J . Rutter (1981) A polymorphic DNA region 
adjacent to the 5' end of the human insul in gene, Proc. Nat l . Acad. Sc i . 
USA, 78, 5759-5763. 

Bernste in , H . , H.C. Bye r l y , F.A. Hopf, and R.E. MIchod (1985) The evo lu­
t ionary role of recomblnational repair and sex. I n t . Rev. C y t o l . , 96, 1-28. 

Bevan, M.J. (1981) Thymic educat ion, Immunol. Today, 1 , 216-219. 

Blest , A . D . (1963) Longevi ty , palatabl l l ty and natural selection in new species 
of new world saturn i id moth. Nature, 197, 1183-1186. 

Bohr , V . A , , C A , Smith, D,S, Okumoto, and P,C, Hanawalt (1985) DNA repair 
in an act ive gene: removal of pyr imidine dimers from the DHFR gene of 
CHO cells Is much more eff ic ient than in the genome overa l l . Cel l , 40, 
359-369. 

Bootsma, D. (1978) Xeroderma pigmentosum, i n : P.C. Hanawalt, E.C. F r ied ­
berg and C .F . Fox ( E d s . ) , DNA Repair Mechanisms, Academic Press, New 
Y o r k , 589-601. 

Bowman, P . D . , R .L . Meek, and C.W. Daniel (1975) Aging of human f ibroblasts 
in v i t r o , Exp. Cell Res . , 93, 184-190. 

Brash , D . E . , and R.W. Hart (1983) Fluorescent dye labeling to measure DNA 
damage in non-radiolabeled cel ls . I n : E.C. Fr iedberg and P.C. Hanawalt 
( E d s . ) , DNA Repair: A labora tory Manual of Research Procedures, Vo l . 2, 
Dekker , New Y o r k , pp . 171-183. 

B r i t t e n , R . J . , and E,H, Davidson (1969) Gene regulat ion for higher cel ls: a 
theory . Science, 165, 349-357, 

B r i t t e n , R.K. (1986) Rates of DNA sequence evolut ion d i f fe r between taxo­
nomie g roups . Science, 231, 1393-1398. 

Brown, R., and J . Thacker (1984) The nature of mutants Induced by ionising 
radiation in cu l tured hamster cel ls. I . Isolation and ini t ial characterisation 
of spontaneous, ionising radiat ion- induced and ethyl methane sulphonate-
Induced mutants resistant to 6- th ioguanine, Mutation Res . , 129, 269-281. 

Brooks, A . L . , D,K, Mead, and R,F, Peters (1973) Effect of aging on the 
frequency of metaphase chromosome aberrat ions In the l iver of Chinese 
hamsters, J , Geron to l , , 28, 452-454, 

131 



Burek , J , D , (1978) Pathology of aging r a t s , CRC Press, West Palm Beach, 

Bush , G , L , , S,M. Case, A . C . Wilson, and J . L . Patton (1977) Rapid speclation 
and chromosomal evolution In mammals, Proc. Nat l . Acad. Sci , USA, 74, 
3942-3946. 

Burne t , M. (1974) In t r ins ic Mutagenesis: A Genetic Approach to A g i n g , J . 
Wiley 8 Sons, New Yo rk . 

Ca i rns , J . (1980) Efficiency of the adaptive response of Escherichia coll to 
a lky lat ing agents. Nature, 286, 176-178. 

Ca i rns , J . (1981) The or ig in of human cancers. Nature, 289, 353-357. 

Car r ie r , W . L . , and R .B . Setlow (1971) I n : L. Grossman and K. Moldave 
( E d s . ) , Methods In Enzymology, Vol 2 1 , Part D, Nucleic Ac ids , Academic 
Press, New Y o r k , p p . 230-244. 

Cathcar t , R. , E. Schwiers, R .L . Saul , and B . N . Ames (1984) Thymine glycol 
and thymidine glycol In human and rat u r i ne : a possible assay for oxidat ive 
DNA damage, Proc. Nat l . Acad, Sci , USA, 8 1 , p p , 5633-5637, 

C e r u t t i , P.A. (1985) Prooxidant states and tumor promotion. Science, 227, 
375-381. 

Chan, A . C . , and I .G. Walker (1977) Loss of DNA repair capacity dur ing 
successive subcul tures of pr imary ra t f ib rob las ts , J . Cell B i o l . , 74, 365-370. 

Ci lento, G. (1980) Photochemistry In the d a r k , Photochem. Photoblol. Rev . , 5, 
199-228. 

Clare, M . J . , and L .S. Luckinbi l l (1985) The effects of gene-environment In ter ­
action on the expression of longev i ty . Hered i ty , 55, 19-29. 

C larkson, J .M . (1978] Enhancement of repair replication in mammalian cells by 
hyd roxyu rea . Mutation Res . , 52, 273-284. 

C larkson, J . M . , D .L . Mitchel l , and G.M. Adair (1983) The use of an immuno­
logical probe to measure the kinetics of DNA repair in normal and UV-
senslt lve mammalian cell l ines. Mutation Res. , 112, 287-299. 

Cleaver, J . E . (1968) Defective repair replication in xeroderma pigmentosum. 
Nature, 218, 652-656. 

Cleaver, J . E . , and D, Bootsma (1975) Xeroderma pigmentosum: biochemical and 
genetic character is t ics, A n n . Rev, Genet , , 9 , 19-38, 

Cleaver, J . E . , and Thomas, G .H . (1981) Measurement of unscheduled synthe­
sis by autoradiography, i n : E. Fr iedberg and P. Hanawalt ( E d s . ) , DNA 
Repair: A Laboratory Manual of Research Procedures, Vo l . 1 , Dekker , 
New Y o r k , p p . 277-287. 

Cof fey, D.S. (1983) The concept of DNA rearrangement In carcinogenesis: the 
nuclear mat r i x . I n : Genes and Proteins in Oncogenesis, Academic Press, 
p p . 339-349, 

Col l ier , l , E . , D.M. Popp, W.H. Lee, and J . D . Regan (1982) DNA repair in a 
congeneic pair of mice wi th d i f fe rent longevi t ies, Mech. Ageing Dev . , 19, 
141-146. 

132 



Col l ins, A . R . S . , S . L . Schor, and R .T . Johnson (1977) The inhibi t ion of 
repair of UV- l r radiated human cel ls . Mutation Res . , 42, 413-432. 

Col l ins, A . R . S . , and R.T , Johnson (1984) The Inhibi t ion of DNA repa i r . I n : 
J . T . Le t t , U.K. Ehmann and A . B . Cox ( E d s . ) , Advances In Radiation 
Biology, Vo l . 1 1 , Academic Press, Or lando, Flor ida, p p . 72-124. 

Cook, K . H , , and E,C. Fr iedberg (1976) Measurement of thymine dimers in DNA 
by th in- layer chromatography. I I . the use of one dimensional systems. 
Anal . Biochem., 73, 411-418. 

Cornel ls, J . J . , J . Rommelaere, J . Urba in , and M. Errera (1977) A sensit ive 
method for measuring pyr imidine dimers in s i t u , Photochem. Photobio l . , 26, 
241-246. 

Cr ls tofa lo, V . J . , and B . B . Sharf (1973) Cellular senescence and DNA s y n ­
thes is , Exp. Cell Res . , 76, 419-427. 

Cut le r , R.G. (1979) Evolution of human longevi ty : a cr i t ica l overv iew, Mech. 
Ageing D e v . , 9 , 337-354. 

Cut le r , R.G. (1985) Peroxide-producing potential of t issues: inverse co r re ­
lation wi th longevity of mammalian species, Proc. Nat l . Acad. Sci . USA, 82, 
4798-4802. 

D'Ambroslo, S . M . , and R .B . Setlow (1976) Enhancement of postrepl icat lon 
repair in Chinese hamster ce l ls , Proc. Nat l . Acad. Sc i . USA, 73, 2396-2400. 

D'Ambroslo, S . M . , L. SlazinskI , J.W. Whetstone, and E. Lowney (1981) Excision 
repair of UV-lnduced pyr imidine dimers in human sk in In v i v o , J , Invest . 
Dermatol . , 77, 311-313. 

Daniel , W.W. (1978) Appl ied non parametric s ta t is t ics , Houghton Miff l in Comp,, 
Boston, p p , 207-211, 

Davidson, E , H . , and R,J , Br i t ten (1979) Regulation of gene expression: 
possible role of repet i t ive sequences. Science, 204, 1052-1059, 

Davidson, E , H , , and J,W. Posakony (1982) Repetit ive sequence t ranscr ip ts In 
development. Nature, 297, 633-635. 

Davidson, E . H . , H .T . Jacobs, and R .J . Br i t ten (1983) Very short repeats and 
coordinate induct ion of genes. Nature, 301, 468-470. 

Dean, R . G . , and R.G. Cut ler (1978) Absence of s igni f icant age-dependent 
increase of s ingle-stranded DNA extracted from mouse l iver nuc le i , Exp. 
Geron to l . , 13, 287-292. 

Diamond, J .M . (1982) Big-bang reproduct ion and ageing in male marsupial 
mice. Nature , 298, 115-116. 

D ing , R. , K. Ghosh, A . Eastman, and E. Bresnick (1985) DNA-mediated 
t ransfer and expression of a human DNA repair gene that demethylates 
O -methylguanine. Mol. Cel l . B i o l . , 5, 3293-3296. 

Deutsch, W . A . , and S.Linn (1979) DNA binding act iv i ty from cu l tured human 
f ibroblasts that Is specific for par t ia l ly depur lnated DNA and that Inserts 
pur ines into apur in ic s i tes, Proc. Nat l . Acad. Sci . USA, 76, 141-144. 

133 



Doerf ler , W. (1983) DNA methylatlon and gene ac t i v i t y , A n n . Rev. Biochem., 
52, 93-124. 

Ehman, U . K . , K .H . Cook, and E.C. Fr iedberg (1978) The kinet ics of thymine 
dimer excision In u l t rav io le t - I r rad iated human cel ls , Biophys. J . , 22, 
249-264. 

Eigen, M . , Gard iner , W., Schuster; P. , and R. Winkler-Oswatltsch (1981) The 
or ig in of genetic Information, Sci . A m . , 244, 78-94, 

Eker , A , R . M , (1983) Photorepair processes. In : G, Montagnoli and B .F . 
Erlanger ( E d s . ) , Molecular Models of Photoresponsiveness, Plenum Press, 
New Y o r k , p p . 109-132. 

El l io t t , G . C , and R .T . Johnson (1985) DNA repair In mouse embryo f i b r o ­
b lasts . Mutation Res . , 145, 185-194. 

Engva l l , E. (1980) Enzyme Immunoassay ELISA and EMIT, I n : H. van Vunakis 
and J . J . Langone ( E d s . ) , Methods In Enzymology, Vo l . 70, Part A , 
Immunochemical Techniques, Academic Press, New Y o r k , p p . 419-439. 

Evans, H .J . (1984) St ruc ture and organization of the human genome, i n : G. 
Obe ( E d . ) , Mutations In Man, Spr inger -Ver lag , Ber l i n , pp . 58-100. 

Evans, J . J . (1986) The role of human cytogenetics in studies of mutagenesis 
and carcinogenesis, i n : C Ramel, B. Lambert and J . Magnusson ( E d s . ) , 
Genetic Toxicology of Environmental Chemicals, Part A : Basic Principles and 
Mechanisms of Ac t ion , L iss, New Y o r k , p p . 41-70. 

Fal l la, C. (1958) The aging process and carcinogenesis, A n n . N.Y. Acad. 
S c i . , 7 1 , 1124-1135. 

Fornace, A . J . , J r . (1982) Measurement of M.luteus endonuclease-sensitlve 
lesions by alkaline e lu t ion. Mutation Res . , 94, 263-276. 

Francis, A . A . , W.H, Lee, and J . D . Regan (1981) The relationship of DNA 
excision repair of u l t rav io let induced lesions to the maximum l i fe-span of 
mammals, Mech. Ageing D e v , , 16, 181-189, 

Francis, A , A . , R.D, Blevins, W,L. Car r ie r , D,P. Smith, and J , D , Regan 
(1979) Inhibi t ion of DNA repair in u l t rav io le t - i r rad ia ted human cells by 
hyd roxyu rea , Biochim, Biophys, Ac ta , 563, 385-392. 

F r iedberg , E.C. (1985) DNA Repair, W.H. Freeman and Company, New Y o r k , 
p p . 126-128. 

Fro lk is , V . V , (1984) Aging and functional specif ic i ty of cel ls. I n : Frolkis 
( E d . ) , Physiology of Cell A g i n g , Karger , Basel, pp . 153-174, 

Ganesan, A , K , , G, Spivak, and P.C. Hanawalt (1983) Expression of DNA repair 
genes in mammalian cel ls. I n : P. Nagley, A.W, LInnane, W,J, Peacock and 
J , A . Pateman ( E d s . ) , Manipulation and Expression of Genes in Eukaryotes, 
Academic Press, Sydney, p p . 45-54. 

Censler, H . L . , and H. Bernstein (1981) DNA damage as the pr imary cause of 
ag ing . Quar t . Rev, B i o l . , 56, 279-303. 

134 



Goldstein, S. (1971) The role of DNA repair In aging of cu l tured f ibroblasts 
from xeroderma pigmentosum and normals, Proc. Soc. Exp. B io l . Med . , 137, 
730-734. 

Gupta, R . C , M.V. Reddy, and K. Randerath (1982) ^^P-Postlabellng analysis 
of nonradioactive aromatic carclnogen-DNA adducts . Carcinogenesis, 3, 
1081-1092. 

Gupta, R.C. (1984) Nonrandom binding of the carcinogen N-hydroxy-2 -ace ty l -
amlnofluorene to repet i t ive sequences of rat l iver l iver DNA In v i v o , Proc. 
Nat l . Acad. Sci . USA, 8 1 , 6943-6947. 

Gupta, R . C , N.R. DIghe, K. Randerath, and H.C. Smith (1985) Dis t r ibut ion 
of in i t ia l and persistent 2-acetyl-amlnofluorene-induced adducts w i th in DNA 
loops, Proc. Nat l . Acad. Sci , USA, 82, 6605-6608, 

32 
Gupta, R,C, (1985) Enhanced sensi t iv i ty of P-postlabelIng analysis of a ro ­

matic carcinogen:DNA adducts . Cancer Res . , 45, 5656-5662. 

Hanawalt, P. , and P.K. Cooper (1971) Determination of repair repl ication in 
v i v o . I n : L. Grossman and K. Moldave ( E d s . ) , Methods In Enzymology, Vo l . 
2 1 , par t D, Nucleic Ac ids , Academic Press, New York p p . 221-230, 

Hahn, C M . , D. K i n g , and S . J . Yang (1971) Quanti tat ive changes In unsche­
duled DNA synthesis in rat muscle cells after d i f fe rent ia t ion . Nature New 
Biology, 230, 242-244, 

Har iharan, P ,V . , and P.A. Cerut t i (1972) Formation and repair of gamma-ray-
induced thymine damage In Micrococcus rad lodurans, J . Mol. B i o l . , 66, 
65-81. 

Ha r r i s , G. (1983) DNA damage and repair In Immunologically act ive ce l ls . 
Immunology Today, 4 , 80-83 and 109-112. 

Har r ison, D.E. (1979a) Prol i ferat ive capacity of erythropoiet ic stem cell lines 
and ag ing : an overv iew, Mech. Ageing Dev . , 9, 409-426. 

Har r ison , D.E. (1979b) Mouse erythropoiet ic stem cell lines funct ion normally 
100 months: loss related to number of t ransplantat ions, Mech. Ageing D e v . , 
9, 427-433. 

Har t , R.W., G.A. Sacher, and T . L . Hosklns (1979) DNA repair In a sho r t - and 
long- l ived rodent species, J . Geron to l . , 34, 808-817. 

Har t , R.W,, and R.B . Setlow (1974) Correlat ion between deoxyribonucleic acid 
excis ion-repair and l i fe-span in a number of mammalian species, Proc. Nat l . 
Acad. Sc i . USA, 7 1 , 2169-2173. 

Ha r t , R.W., and R .B , Setlow (1976) DNA repair in late-passage human cel ls , 
Mech, Ageing D e v , , 5, 67-77. 

Haseltlne, W . A . , L .K . Gordon, C P . LIndan, R .H, Grafst rom, N .L . Shaper, 
and L. Grossman (1980) Cleavage of pyr imidine dimers in specific DNA 
sequences by a pyr imidine dimer DNA-glycosylase of M. lu teus. Nature, 
285, 634-641. 

135 



Haselt lne, W . A . , and L .K . Gordon (1982) A three-step Incision model for early 
steps of excision repair of cyclobutane pyr imidine d imers, i n : C C Harr is 
and P.A. Cerut t i ( E d s . ) , Mechanisms of Chemical Carcinogenesis, UCLA 
Symposia on Molecular and Cellular Biology, New Series, Volume 2, L iss, 
New Y o r k , p p . 449-456. 

Haselt lne, W.A. (1983) Ultraviolet l ight repair and mutagenesis rev is i ted . Cel l , 
33, 13-17. 

Hayf l i ck , L . , and P.S. Moorhead (1961) The serial cul t ivat ion of human diploid 
cell s t ra ins , Exp. Cell Res . , 25, 585-621. 

Hayf l i ck , L. (1980) Recent advances In the cell biology of ag ing , Mech. Ageing 
D e v . , 14, 59-79. 

Hedner, K . , B. Högstedt, A . M . Koln ig , E. Mark-Vendel , B. Strömbeck, and F. 
MItelman (1982) Sister chromatid exchanges and s t ruc tura l chromosome 
aberrat ions In relat ion to age and sex. Hum. Genet . , 62. 305-309. 

H i r sch , G.P. (1978) Somatic mutations and ag ing . I n : E.L. Schneider ( E d . ) , 
The Genetics of A g i n g , Plenum Press, New Y o r k , p p . 91-127. 

Hol lander, C F . (1976) Cur ren t experience using the laboratory rat In aging 
studies. Lab. Anim. S c i . , 26, 320-328, 

H o r n , P , L , , M.S. T u r k e r , C E . O g b u r n , C M . DIsteche, and G.M. Martin 
(1984) A cloning assay for 6-thloguanlne resistance provides evidence 
against certain somatic mutational theories of ag ing , J . Cel l . Phys io l . , 121, 
309-315. 

Jagadeeswaran, P. , D, Tuan , B ,C , Forget , and S.M, Weissman (1982) The 
precise deletion endpoint In one form of heredi tary persistence of fetal 
hemoglobin coincides wi th the midpoint of a repet i t ive DNA sequence of the 
Alu I fami ly. Nature, 296, 469-470, 

Jaspers, N . G . J . , J , de Wit, and D, Bootsma (1982) The Inhibi t ion of DNA 
replication in ataxia telangiectasia cells af ter exposure to a var ie ty of 
clastogenlc agents. In : A , T , Natarajan, G. Obe and H. Altmann ( E d s . ) , 
DNA Repair, Chromosome Alterat ions and Chromatin S t ruc tu re , Elsevier 
Biomedical, p p . 193-203. 

Jel inek, W.R . , and C W . Schmid (1982) Repetit ive sequences in eukaryot ic 
DNA and the i r expression, A n n . Rev. Biochem., 5 1 , 813-844. 

Johnson, R . T . , A , R , S , Col l ins, C C , E l l io t t , and S, Squires (1984) Compa­
rat ive studies of repair using inh ib i to rs . In : A . Col l ins, C .S. Downes and 
R.T . Johnson ( E d s . ) , DNA Repair and i ts Inh ib i t ion , IRL Press, Ox fo rd , 
p p . 255-277. 

Kahn, C (1985) Beyond the Helix - DNA and the Quest for Longev i ty , Times 
Books, New Yo rk . 

Kaneko, M. , and P.A. Cerut t i (1980) Excision of N-acetoxy-2-acetylamlno-
f luorene- lnduced DNA adducts from chromatin fract ions of human f i b r o ­
b lasts . Cancer Res. , 40, 4313-4319. 

Kantor , C . J . , and R.B . Setlow (1981) Rate and extent of DNA repair in non-
d iv id ing human diploid f ib rob las ts . Cancer Res . , 4 1 , 819-825. 

136 



Kar ran , P. , T , L indah l , and B, Gr i f f i n (1979) Adapt ive response to a lky lat ing 
agents Involves alterat ion In s i tu of O -methylguanine residues In DNA, 
Nature , 280, 76-77, 

Kato, H . , M. Harada, K. Tsuch iya , and K, MoriwakI (1980) Absence of co r re ­
lation between DNA repair in u l t ravio let i r radiated mammalian cells and 
l i fe-span of the donor species, Japan J , Genetics, 55, 99-108. 

Kaufmann, W.K . , J . E . Cleaver, and R.B . Painter (1980) Ultraviolet radiation 
Inhibi ts repllcon Init iat ion in S phase human cel ls, Biochim, Biophys. Acta , 
608, 191-195. 

Kempf, C , M, Schmit t , J , Danse, and J , Kempf (1984) Correlat ion of DNA 
repair synthesis wi th agelng* In mice, evidenced by quant i tat ive autoradio­
g r a p h y , Mech, Ageing Dev , , 26, 183-194. 

Kidson, C (1978) DNA repair in d i f fe rent ia t ion . I n : P.C. Hanawalt, E.C. 
Fr iedberg and C F . Fox (Eds. ) DNA Repair Mechanisms, Academic Press, 
New Y o r k , p p . 761-768. 

KIrkwood, T . B . L . (1977) Evolution of ag ing . Nature, 270, 301-304. 

Klocker, H . , B. Auer , H .J , Bur tscher , J , Hofmann, M, HIrsch-Kauffmann, and 
M, Schwelger (1982) A sensit ive radioimmune assay for thymine dimlers, 
Mol, Gen. Genet . , 186, 475-477. 

Knook, D . L . , and E.C. Sleyster (1976) Lysosomal enzyme act iv i t ies in paren­
chymal and non-parenchymal l iver cells isolated from young , adult and old 
ra t s , Mech. Ageing Dev . , 5, 389-397. 

Knook, D .L . (1980) The isolated hepatocyte: a cellular model for aging 
studies, Proc. Soc. Exp, B io l , Med . , 165, 170-177. 

Knook, D . L . , and C F . Hollander (1978) Embryology and aging of the rat l i ve r . 
In : P.M. Newberne and W.H. But ler ( E d s . ) , Rat Hepatic Neoplasia, MIT 
Press, p p , 8-40. 

Kontermann, K. , and K. Bayreuther (1979) The cellular aging of rat f ibroblasts 
in v i t ro Is a d i f ferent iat ion process, Geronto l . , 25, 261-274. 

Konze-Thomas, B . , R.M, Hazard, V . M . Mäher, and J . J , McCormIck (1982) 
Extent of excision repair before DNA synthesis determines the mutagenic 
bu t not the lethal effect of UV- l r rad ia t lon , Mutation Res . , 94, 421-434. 

Kovacs, E . , W. Weber, and H j . Müller (1984) Age-related var iat ion in the DNA-
repaIr synthesis af ter UV-C i r radiat ion In unstimulated lymphocytes of 
healthy blood donors. Mutation Res . , 131, 231-237. 

Kraemer, K . H , , E,A. de Weerd-Kastelein, J , H , Robbins, W, Kei jzer, S ,F . 
Ba r re t t , R.A. Petlnga, and D, Bootsma (1975) Five complementation groups 
In xeroderma pigmentosum. Mutation Res, , 33, 327-340, 

Kraemer, K , H , , J . K . Buchanan, and S .F . Stinson (1980) Semiautomated auto­
radiography measurement of DNA repair In normal and xeroderma pigmen­
tosum cu l tured human f ib rob lasts . In V i t r o , 16, 1609-1615. 

Kraemer, P .M. , F.A. Ray, A . R . Brothman, M.F. Bar tho ld i , and L .S . Cram 
(1986) Spontaneous immortalization rate of cu l tured chinese hamster cel ls , J , 
Nat l , Cancer I n s t . , 76, 703-709, 

137 



Kram, D . , and E.L. Schneider (1978) Parental age ef fects: increased f requen­
cies of genetical ly abnormal o f f sp r i ng , i n : E .L . Schneider ( E d . ) , The 
Genetics of A g i n g , Plenum Press, New Y o r k , p p . 225-260. 

Kunisada, T . , H. Yamagishi, Z - l . Ogi ta , T . HIrakawa, and Y . Mitsui (1985) 
Appearance of extrachromosomal c i rcu lar DNAs dur ing in v ivo and In v i t r o 
ageing of mammalian cel ls , Mech. Ageing Dev . , 29, 89-99, 

Kunke l , T , A , (1984) Mutational speci f ic i ty of depur inat ion , Proc, Nat l , Acad. 
Sci . USA, 8 1 , 1494-1498. 

La Bel le, M , , and S, Linn (1982) In v ivo excision of pyr imidine dimers is 
mediated by a DNA N-glycosylase in Micrococcus luteus but not in human 
f ib rob las ts , Photochem, Photoblo l , , 36, 319-324. 

La Bel le, M . , and S. Linn (1984) DNA repair in cu l tured mouse cells of i n ­
creasing population doubl ing leve l . Mutation Res. , 132, 51-61. 

Lambert, B . , U. R ingberg , and L. Skoog (1979) Age-related decrease of u l t r a ­
violet l ight - induced DNA repair synthesis in human per ipheral leukocytes. 
Cancer Res. , 39, 2792-2795. 

Lav in , M .F . , and C Kidson (1977) Repair of ionizing radiat ion induced DNA 
damage in human lymphocytes. Nucleic Acids Res . , 4 , 4015-4022, 

Leach, D . R . F , , and F.W. Stahl (1983) V iab i l i ty of X phages ca r ry ing a perfect 
palindrome in the absence of recombination nucleases. Nature, 305, 448-451. 

Leadon, S . A . , and P.A. Cerut t i (1982) A rapid and mild procedure for the 
isolation of DNA from mammalian cel ls . Ana l , Biochem., 120, 282-288. 

Lewis, J . , and J . Swenberg (1980) Dif ferent ial repair of O -methylguanine in 
DNA of ra t hepatocytes and nonparenchymal cel ls . Nature, 288, 185-187. 

Ley, R. (1983) Immunological detection of two types of cyclobutane pyr imidine 
dimers in DNA, Cancer Res . , 43, 41-45. 

L l l ley , D.M. (1981) In v ivo consequences of plasmid topology. Nature, 292, 
380-382. 

LIndahl , T . (1982) DNA repair enzymes, A n n . Rev. Biochem., 5 1 , 61-87. 

L in ts , F . A , , J , A . Sto l l , G. Gruwez, and C V . Lints (1979) An attempt to 
select for increased longevity in Drosophila melanogaster, Geronto l . , 5 , 
192-204. 

L i t t l e , J . B . (1976] Relationship between DNA repair capacity and cellular 
ag ing . Geron to l . , 22, 28-55, 

L i t t l e , J ,W. , and D.W, Mount (1982) The SOS regulatory system of Escherichia 
co l i . Cel l , 29, 11-22, 

Lohman, P , H . M , , M.L, S luy te r , and I .A ,A , Matthljs (1973) Repair repl ication 
in human cells studied by sodium Iodide isopycnic centr i fugat ion of DNA in 
a f ixed-angle ro to r . Ana l . Biochem., 54, 178-187. 

Lohman, P . H . M . , M . C Paterson, B. Zelle, and R,J . Reynolds (1976) DNA 
repair in Chinese hamster cells after i r radiat ion wi t i i u l t ravio let l i gh t . 
Mutation Res, , 46, 138-139. 

138 



Lohman, P .H .M , , J . D . Jansen, and R.A, Baan (1985) Comparison of various 
methodologies wi th respect to specif ic i ty and sensi t iv i ty in biomonitoring 
occupational exposure to mutagens and carcinogens. I n : K. Be r l i n , H. 
Vaimo and M. Draper ( E d s . ) , Monitoring Human Exposure to Carcinogenic 
and Mutagenic Agents , lARC Monographs, p p . 259-277. 

Luck inb i l l , L . S . , R. A r k i n g , M.J, Clare, W. CIrocco, and S.A. Buck (1984) 
Selection for delayed senescence In Drosophila melanogaster. Evolut ion, 3 , 
996-1003. 

Mar t in , C M . , C A . Sprague, and C . J . Epstein (1970) Repllcative l i fe-span of 
cul t ivated human cel ls . Lab. I nves t . , 23, 86-92. 

Mar t in , C M . , C A , Sprague, T . H . Norwood, and W.R. Pendergrass (1974) 
Clonal select ion, attenuation and di f ferent iat ion In an In v i t r o model of 
hyperplasia. Am. J . Patho l . , 74, 137-154. 

Mar t in , G.M. (1979) Genetic and evolut ionary aspects of ag ing . Federation 
P r o c , 38, 1962-1967. 

McClintock, B. (1984) The signif icance of responses of the genome to 
challenge. Science, 226, 792-801, 

McGrath, R .A . , and R.W. Williams (1966) Reconstruction In v ivo of i r radiated 
Escherichia coll deoxyribonucleic ac id ; the rejoining of broken pieces. 
Nature, 212, 534-535. 

Meek, R . L . , P.D. Bowman, and C W , Daniel (1977) Establishment of mouse 
embryo ceils in v i t r o , Exp. Cell Res. , 107, 277-284. 

Meek, R . L , , P,D, Bowman, and C.W. Daniel (1980) Establishment of ra t 
embryonic cells In v i t r o , Exp. Cell Res . , 127-132. 

Meek. R . L . , T , Rebeiro, and C.W. Daniel (1980) Patterns of unscheduled DNA 
synthesis In mouse embryo cells associated wi th in v i t r o aging and wi th 
spontaneous transformation to a continuous cell l ine , Exp. Cell Res . , 129, 
265-271. 

Menck, C . F . M , , and R. Meneghlnl (1982) Recovery In the surv iva l capacity of 
u l t rav io le t - i r rad iated 3T3 mouse cells at G . cannot be solely dependent on 
the excision of pyr imidine dimers. Mutation T îes . , 96, 273-280. 

Mergler , N . L . , and M.D. Goldstein (1983) Why are there old people. Hum. 
D e v . , 26, 72-90. 

Mi l ler, J . H . (1983) Mutational speci f ic i ty in bacter ia, A n n , Rev. Genet . , 17, 
215-238. 

Minot, C .S. (1907) The problem of age, growth and death . Popular Science 
Monthly, 7 1 , 481-496. 

Miquel, J . , A , C , Economes, K , J , Bensch, H, A t l an , and J .E . Johnson, J r , 
(1979) Review of cell aging in Drosophila and mouse. Age, 2 , 78-88. 

Mitchel l , A . D . , D,A, Casclano, M.L. Meltz, D.E. Robinson, R . H . C San, G.M. 
Williams, and E.S. van Halle (1983) Unscheduled DNA synthesis tes ts : a 
repor t of the U.S. Environmental Protection Agency Gene-Tox program. 
Mutation Res . , 123, 363-410. 

139 



Mitchel l , D . L . , and J .M . Clarkson (1981) The development of a radlolmmuno 
assay for the detection of photoproducts in mammalian cell DNA, Biochim. 
Biophys. Ac ta , 655, 54-60. 

Mi tchel l , D . L . , R.S. Na i rn , J . A . A lv l l l a r , and J .M . Clarkson (1982) Loss of 
thymine dimers from mammalian cell DNA - The kinetics for ant ibody-b ind ing 
sites are not the same as that for T4 endonuclease V s i tes , Biochim. 
Biophys. Ac ta , 697, 270-277. 

Mitchel l , D . L . , and J .M . Clarkson (1984) Use of synthet ic polynucleotides to 
characterise an antiserum made against UV- l r rad la ted DNA, Photochem. 
Photoblo l . , 40, 743-748. 

Mitchel l , D . L . , C A . Haipek, and J . M . Clarkson (1985) (6-4] Photoproducts 
are removed from the DNA of UV- l r rad lated mammalian cells more ef f ic ient ly 
than cyclobutane pyr imid ine dimers. Mutation Res . , 143, 109-112. 

MIronov, N . M . , P.L. Grover , and P. Sims (1983) Preferential b inding of po ly ­
cycl lc hydrocarbons to matr ix-bound DNA in ra t - l i ve r nuc le i . Carcinogene­
s is , 4 , 189-193. 

Mor ly , A . A . , S. Cox, and R. Holllday (1982) Human lymphocytes resistant to 
6-thloguanine Increase wi th age, Mech. Ageing Dev . , 19, 21-26. 

Mount, D.W., K . B . Low, and S. Edmlston (1972) Dominant mutations ( lex) In 
Escherichia coll K-12 which affect radiation sensi t iv i ty and frequency of 
u l t rav io let l ight - induced mutat ions, J . Bac ter io l . , 112, 886-893. 

Murphy , E.A. (1978) Genetics of longevity in man. I n : E .L . Schneider ( E d . ) , 
The Genetics of A g i n g , Plenum Press, New Y o r k , p p . 261-299. 

Net te, E . G . , Y . X i , Y . Sun , A . D . Andrews, and D.W. King (1984) A corre la­
t ion bewteen aging and DNA repair in human epidermal cel ls , Mech. 
Ageing Dev . , 24, 283-292. 

N igg l i , H . J . , and P.A. Cerut t i (1983) Cyclobutane-type pyr imidine photodimer 
formation and excision In human skin f ibroblasts after i r radiat ion wi th 
313-nm ul t rav io let l i gh t , Biochem., 22, 1390-1395. 

Olashaw, N . E . , E.D. Kress, and V . J . Crlstofalo (1983) Thymidine tr iphosphate 
synthesis in senescent WI38 cel ls , Exp. Cell Res . , 149, 547-554. 

Ono, T . , and S. Okada (1973) An alkaline sucrose gradient centr i fugat ion 
method applicable to non-d iv id ing and slowly d iv id ing cel ls , J . Radiât. 
Res . , 14, 204-207. 

Ono, T . , S. Okada, and T . Sugahara (1976) Comparative studies of DNA size 
In various tissues of mice dur ing the aging process, Exp. Geron to l . , 1 1 , 
127-132. 

Paffenholz, V . (1978) Correlat ion between DNA repair of embryonic f ibroblasts 
and d i f fe rent l i fe-span of 3 Inbred mouse s t ra ins , Mech. Ageing Dev . , 7, 
131-150. 

Painter, R . B . , and J . E . Cleaver (1969) Repair repl icat ion, unscheduled DNA 
synthes is , and the repair of mammalian DNA, Radiation Res . , 37, 451-466. 

140 



Painter, R . B . , J . M . Clarkson, and B.R. Young (1973) Ul t ravio let- induced 
repair repl ication in aging diploid human cells (WI-38) , Radiât. Res . , 56, 
560-564. 

Painter, R .B , (1985) Inhibi t ion and recovery of DNA synthesis in human cells 
af ter exposure to u l t rav io let l i g h t . Mutation Res . , 145, 63-69. 

Park, S . D . , and J . E . Cleaver (1979) Postreplicatlon repa i r : questions of i ts 
def in i t ion and possible alterat ion in xeroderma pigmentosum cell s t ra ins , 
Proc. Nat l . Acad. Sc i . USA, 76, 3927-3931. 

Parnes, J . R . , K .C . Sizer, J . G . Seidman, V . Stal l ings, and R. Hyman (1986) 
A mutational hot-spot wi th in an in t ron of the mouse ß2~'"'<^'*oglobulln gene, 
EMBO J . , 5, 103-111. 

Paterson, M . C , P .H.M. Lohman, and M.L. Sluyter (1973) Use of a UV endonu­
clease from Micrococcus luteus to monitor the progress of DNA repair In 
UV- l r rad lated human cel ls . Mutation Res . , 19, 245-256. 

Paterson, M . C , P.H.M, Lohman, E.A. de Weerd-Kastelein, and A . Westerveld 
(1974) Photoreactivatlon and excision repair In u l t ravio let rad iat ion- in jured 
DNA In pr imary embryonic chicken ce l ls , B iophys. J . , 14, 454-466. 

Paterson, M.C. and P.J . Smith (1979) Ataxia telangiectasia: an Inher i ted 
human disorder Involv ing hypersens i t iv i ty to ionizing radiation and related 
DNA-damaging chemicals, A n n . Rev. Genet . , 13, 291-318. 

Paterson, M.C. (1982a) Accumulation of non-photoreact lvable sites in DNA 
du r i ng Incubation of UV-damaged xeroderma pigmentosum group A and 
group D cel ls . I n : A . T . Natarajan, C Obe and H. Altman ( E d s . ) , DNA 
Repair, Chromosome Alterat ions and Chromatin S t ruc tu re , Elsevier Bio­
medical Press, p p . 183-192. 

Paterson, M.C. (1982b) Heritable cancer-prone disorders featur ing carcinogen 
hypersenslv l ty and DNA repair def ic iency. I n : H. Bartsch and B. 
Armstrong ( E d s . ) , Host Factors In Human Carcinogenesis, lARC Scientif ic 
Publ icat ions, No. 39, pp . 57-86. 

Peleg, L . , E. Raz, and R. Ben-lshal (1977) Changing capacity for DNA exc i ­
sion repair In mouse embryonic cells in v i t r o , Exp. Cell Res. , 104, 301-307. 

Pero, R.W,, C, Bryngelsson, F, MItelman, R, Korn fä l t , T , T h u l l n , and A , 
Norden (1978) In ter indiv idual var iat ion In the response of cu l tu red 
human lymphocytes to exposure from DNA damaging chemical agents. Mu­
tat ion Res , , 53, 327-341. 

Plesko, M.M. , and A . Richardson (1984) Age-related changes in unscheduled 
DNA synthesis by rat hepatocytes, Biochim. Biophys. Res. - Commun., 118, 
730-735. 

Pr ice, G . B . , S.P. Modak, and T . Makinodan (1971) Age-associated changes In 
the DNA of mouse t issue. Science, 171, 917-920. 

Radman, M. (1975) SOS repair hypothesis. I n : P.C. Hanawalt and R .B . Setlow 
( E d s . ) , Molecular Mechanisms for Repair of DNA, Plenum Press, New Y o r k , 
pp . 355-367. 

141 



Regan, J . D . , and R .B . Setlow (1974) Two forms of repair in the DNA of 
human cells damaged by chemical carcinogens and mutagens. Cancer Res . , 
34, 3318-3325. 

Rhelnwald, J . C , and H. Green (1975) Serial cul t ivat ion of strains of human 
epidermal kerat inocytes: the formation of kerat in iz ing colonies from single 
ce l ls . Ce l l , 6 , 331-344. 

RIabowol, K . , R .J . Shmookler Reis, and S. Goldstein (1985) Interspersed 
repet i t ive and tandemly repet i t ive sequences are d i f ferent ia l ly represented 
In extrachromosomal covalently closed cr icu lar DNA of human diploid f i b r o ­
b lasts . Nucleic Acids Res . , 15, 5563-5584. 

Rogers, A.W. (1969) Techniques of autoradiography, Elsevier Publishing 
Company, Amsterdam, p p . 68-82. 

Rose, M.R. (1983) Evolution of ag ing . I n : Review of Biological Research in 
A g i n g , 2 , L iss, New Y o r k , p p . 19-24. 

Rose, M.R. , and B. Charlesworth (1980) A test of evolut ionary theories of 
senescence. Nature, 287, 141-142. 

Rose, M.R. , and W.F, Doolitt le (1983) Molecular biological mechanisms of 
speclat ion. Science, 220, 157-162. 

Rosenstein, B . S . , J . T . Murphy , and J . M . Ducore (1985) Use of a highly 
sensit ive assay to analyze the excision repair of dimer and nondimer DNA 
damages Induced In human skin f ibroblasts by 254-nm and solar u l t ravio let 
rad ia t ion. Cancer Res . , 45, 5526-5531. 

Rossman, T . C , and C . B . Klein (1985) Mammalian SOS system: a case of mis­
placed analogies. Cancer I nves t . , 3, 175-187. 

Roza, L . , M.H. Wade, G.P. van der Schans, P.H.M. Lohman, and F. Berends 
(1985) Kinetics of unscheduled DNA synthesis In UV- i r rad iated chicken 
embryo f ib rob las ts . Mutation Res. , 146, 305-310. 

Rub in , J . S . , V . R . Pr ideaux, H .F . Wi l la rd , A . M . Du lhanty , C F . Whitmore, 
and A . Bernstein (1985) Molecular cloning and chromosomal localization of 
DNA sequences associated wi th a human DNA repair gene, Mol. Cel l . B i o l . , 
5 , 398-405. 

Rupp, W . D . , and P, Howard-Flanders (1968) Discontinuit ies In the DNA 
synthesized In an excision-defect ive s t ra in of Escherichia coll fol lowing 
u l t rav io let i r rad ia t ion , J . Mol. B i o l . , 3 1 , 291-304. 

Rupp , W . D . , C E . Wilde, I I I , D .L , Reno, and P, Howard-Flanders (1971) 
Exchanges between DNA strands In u l t rav io le t - i r rad ia ted Escherichia co l l , J . 
Mol. B i o l . , 6 1 , 25-44. 

Sacher, G .A . (1978a) Evolution of longevity and surv iva l character ist ics in 
mammals. I n : E .L . Schneider ( E d . ) , The Genetics of A g i n g , Plenum Press, 
New Y o r k , p p . 151-165. 

Sacher, G.A. (1978b) Longev i ty , aging and death : an evolut ionary perspect ive, 
Gerontologlst , 18, 112-119. 

Sacher, G.A. (1982) Evolut ionary theory In geronto logy, Persp. B io l . Med. , 
25, 339-353. 

142 



Samson, L . . and J . Cairns (1977) A new pathway for DNA repair In Escheri­
chia co l l . Nature 267, 281-283. 

Sancar, A . , and W.D. Rupp (1983) A novel repair enzyme: uvrABC excision 
nuclease of E.coli cuts a DNA st rand on both sides of the damaged reg ion . 
Cel l , 33, 249-260. 

Sarasin, A . (1985) SOS response in mammalian ce l ls . Cancer I n v e s t . , 3, 
163-174. 

Sargent ln l , N . J . , and K .C . Smith (1981) Much of spontaneous mutagenesis In 
Escherichia coll is due to e r ro r -p rone DNA repa i r : implications for 
spontaneous carcinogenesis. Carcinogenesis 2 , 863-872. 

Saunders, J r . , J . (1966) Death In embryonic systems. Science, 154, 604-612. 

Schaaper, R .M . , and L .A. Loeb (1981) Depurination causes mutations in SOS-
Induced cel ls, Proc, Nat l , Acad. Sci. USA, 78, 1773-1777. 

Schale, K.W., and J . Parr (1983) Concepts and cr i ter ia for funct ional age. I n : 
J .E . B I r r en , J .M .A . 'Munn l chs , H, Thomae and M. Marols ( E d s . ) , A g i n g : A 
Challenge to Science and Society, Vo l . 3, Part 1 , Oxford Univers i ty Press, 
p p . 249-264. 

Schans, G.P. van d e r , J . B . T . A t e n , and J . Blok (1969) Determination of 
molecular weight d is t r ibu t ion of DNA by means of sedimentation in a sucrose 
g rad ien t , Ana ly t . Biochem., 32, 14-30. 

Schans, G.P. van de r , H .B . Centen, and P.H.M. l.ohman (1982) DNA lesions 
Induced by Ionizing radiat ion, i n : A . T . Natarajan, C Obe and H. Altman 
(Eds ) , DNA Repair, Chromosome Alterat ions and Chromatin S t ruc tu re , Else­
v ier Biomedical Press, Amsterdam, p p . 285-299. 

Schneider, E . L . , and Y . Mitsui (1976) The relat ionship between In v i t r o 
cel lular aging and in v ivo human age, Proc. Nat l . Acad. Sc i . USA, 73, 
3584-3588. 

Seaman, E . , H. V a n ' V u n a k i s , and L. Levine (1972) Serologic estimation of 
thymine dimers In the deoxyribonucleic acid of bacterial and mammalian cells 
following i r radiat ion wi th u l t rav io let l igh t and post i r radiat ion repa i r , J . 
B io l . Chem., 247, 5709-5715. 

Setlow, R .B . (1978) Repair-def ic ient human disorders and cancer. Nature , 
271, 713-717. 

Setlow, R .B . (1983) Variat ions in DNA repair among humans, i n : C C Harr is 
and H .N . Au t rup ( E d s . ) , Human Carcinogenesis, Academic Press, p p . 231-
254. 

Shock, N.W. (1977) Systems in tegra t ion. I n : C E . Finch and L. Hayf l ick 
( E d s . ) , Handbook of the Biology of A g i n g , Van Nostrand Relnhold Com­
pany, New Y o r k , p p . 639-661, 

Shock, N.W. (1983) Aging of physiological systems, J . Chron . D i s . , 36, 
137-142. 

Sk lar , R. , and B, Strauss (1981) Removal of O -methylguanine from DNA of 
normal and xeroderma pigmentosum-derived lymphoblastold cell l ines. 
Nature, 78, 856-860, 

143 



Smith, C A , , and P.C. Hanawalt (1976) Repair repl ication In cu l tured normal 
and transformed human f ib rob las ts , Biochim. Biophys. Ac ta , 447, 121-132. 

Smith-Sonneborn, J . (1981) Genetics and aging in protozoa. I n t . Rev. C y t o l . , 
73, 319-354. 

Smith, K . C , and N .J . Sargentlnl (1985) Metabollcally produced 'UV-I Ike ' DNA 
damage and Its role in spontaneous mutagenesis, Photochem. Photoblo l . , 42, 
801-803. 

Snyder , R . D . , W.L . Car r ie r , and J . D . Regan (1981) Applicat ion of arabino-
furanosyl cytoslne In the kinetic analysis and quant i tat ion of DNA repair in 
human cells af ter u l t rav io let i r rad ia t ion , Biophys. J . , 35, 339-350. 

Spiegel, P.M. (1972) Theories of ag ing , i n : T imiras, Developmental Physiology 
and Ag ing , The Macmlllan Company, New Y o r k , p p . 564-580. 

St rauss, C H . and R.J . A lber t in i (1979) Enumeration of 6-thioguanine-resistant 
peripheral blood lymphocytes In man as a potential test for somatic cell 
mutations ar is ing in v i v o . Mutation Res. , 6 1 , 353-379. 

St rauss, B . , K. A y r e s , K. Bose, P. Moore, S. Rabk in , R. Sk lar , and V . 
LIndgren (1983) Molecular alterations In DNA associated wi th mutation and 
chromosome rearrangements, i n : Chromosome Mutation and Neoplasia, Liss, 
New Y o r k , p p . 281-315. 

St reh ler , B . L . , and C . H . Barrows (1970) Senescence: cell biological aspects of 
ag ing . In : O.A. Schjelde and J . de Vell ls ( E d s . ) , Cell D i f ferent ia t ion, Van 
Nostrand Reinhold Company, New Y o r k , p p . 266-288. 

S u , C M . , D.E. Brash , A . T u r t u r r o , and R.W. Hart (1984) Longevi ty-
dependent organ-speci f ic accumulation of DNA damage In two closely related 
murine species, Mech. Ageing Dev . , 27, 239-247, 

Suther land, B , M , , L .C . Harber and J . E . Kochevar (1980) Pyrimidine dimer 
formation and repair in human s k i n . Cancer Res. , 40, 3181-3185. 

Suther land, B .M. and A . G . Shih (1983) Quantitat ion of pyr imidine dimer 
contents of nonradioactive deoxyribonucleic acid by electrophoresis In 
alkaline agarose ge ls , Biochem., 22, 745-749. 

Sz l la rd , L. (1959) On the nature of the aging process, Proc. Nat l . Acad. Sci . 
USA, 45, 35-45. 

Takebe, H . , T , YagI , and Y . Satoh (1983) Cancer-prone heredi tary diseases In 
relation to DNA repa i r , i n : 13th International Cancer Congress, Part B, 
Biology of Cancer ( 1 ) , L iss, New Y o r k , p p . 267-275. 

Thompson, L . H . , D .B . Busch, K. Broekman, C L . Mooney, and D.A. Glaser 
(1981) Genetic d ivers i ty of u l t rav io let -sensi t ive DNA repair mutants of 
Chinese hamster ovary cel ls , Proc. Nat l . Acad. Sci . USA, 78, 3734-3737, 

T imi ras, P,S. (1972) Developmental physiology and ag ing , the Macmlllan Com­
pany, New Y o r k , p p , 411-429, 

Todaro, G . J . , and H. Green (1963) Quant i tat ive studies of the growth of 
mouse embryo cells in cu l ture and thei r development into established l ines, 
J . Cell B i o l . , 17, 299-313, 

144 



Tonegawa, S. (1985) The molecules of the Immune system. Sc. A m . , 253, 104-
113. 

T u r t u r r o , A . , and R.W. Hart (1984) DNA repair mechanisms In ag ing , i n : D. 
Scarpell l and G. MikagI ( E d s . ) , Comparative Pathoblology of Major Age-
related Diseases: Cur ren t Status and Research Front ie rs , L iss, New Y o r k , 
p p . 19-45. 

Valer iote, F . , and S. Tolen (1983) Extensive pro l i ferat ive capacity of haema­
topoietic stem cel ls . Cell Tissue K ine t . , 16, 1-5. 

Van Houten, B . , W.E. Masker, W.L , Car r ie r , and J . D . Regan (1986) Quant i ­
tat ion of carcinogen-induced DNA damage and repair in human cells wi th the 
UVR ABC excision nuclease from Escherichia co l l . Carcinogenesis, 7, 83-87. 

Van Zwieten, M.J. (1984) The rat as animal model In breast cancer research 
Martinus Ni jhoff Publ ishers, Boston, p p . 11-20. 

V l j g , J . , E. Mul laart , P .H.M. Lohman, and D .L . Knook (1984a) DNA excision 
repair in aging Inbred ra t s . In : A . K . Roy and B. Chatterjee ( E d s . ) , 
Molecular Basis of A g i n g , Academic Press, New Y o r k , p p . 65-93. 

V l j g , J . , E. Mul laart , C .P , van der Schans, P.H.M. Lohman, and D .L . Knook 
(1984b) Kinetics of u l t ravio let Induced DNA excision repair In rat and 
human f ib rob las ts . Mutation Res . , 132, 129-138. 

V l j g , J . , A . G . U i t te r l lnden, E. Mul laart , P .H.M. lohman, and D .L . Knook 
(1985a) Processing of DNA damage dur ing ag ing : Induction of genetic 
a l terat ion. I n : R.S. Sohal et a l . (Eds) , Molecular Biology of Ag ing : Gene 
Stabi l i ty and Gene Expression, Raven Press, New Y o r k , p p . 155-171. 

V i j g , J . , E. Mul laart , P .H.M. Lohman, and D .L . Knook (1985b) UV-induced 
unscheduled DNA synthesis In f ibroblasts of aging Inbred ra t s . Mutation 
Res . , 146, 197-204. 

V l j g , J . , L. Roza, E. Mul laart , and P.H.M. Lohman (1986a) Species speci f ic i ty 
in the induct ion and repair of DNA damage. In : C Ramel, B. Lambert and 
J . Magnusson ( E d s . ) , Genetic Toxicology of Environmental Chemicals, Part 
A : Basic Principles and Mechanism of Ac t ion , L iss, New Y o r k , p p . 179-187, 

V l j g , J . , E. Mul laart , F. Berends, P.H.M. Lohman, and D .L . Knook (1986b] 
UV-lnduced DNA excision repair In rat f ibroblasts dur ing immortalization 
and terminal d i f ferent iat ion In v i t r o , Exp. Cell Res . , 167, 517-530. 

V i j g , J . , E. Mul laart , L. Roza, R.A. Baan, and P.H.M. Lohman (1986c) 
Immunochemical detection of DNA in alkaline sucrose gradient f rac t ions , J . 
Imm. M e t h . , 9 1 , 53-58. 

V i j g , J . , and D .L . Knook (1987a) DNA repair in relation to the aging process, 
J . Am. Ger. S o c , in press. 

V l j g , J . , E, Mul laart , P ,H,M, Lohman, and D,L , Knook (1987b) Age and 
species specific var iat ion in DNA excision repa i r , i n : F ,J . Burns et a l . 
( E d s . ) , Radiation Carcinogenesis and DNA Al te ra t ions , Plenum Press, New 
Y o r k , in press. 

Wade, M . H . , and P.H.M. Lohman (1980) DNA repair and surv iva l In U V - l r r a ­
diated chicken embryo f ib rob las ts . Mutation Res. , 70, 83-93. 

145 



Walford, R . L . , and K. Bergmann (1979) Influence of genes associated wi th the 
main histocompatibi l i ty complex on deoxyribonucleic acid excision repair 
capacity and bleomycin sensi t iv i ty In mouse lymphocytes. Tissue Ant igens , 
14, 336-342. 

Wani, A . A . , R.E. Gibson, D'Ambroslo, and S.M. D'Ambroslo (1984) Antibodies 
to UV Irradiated DNA: the monitoring of DNA damage by ELISA and Indirect 
Immunofluorescence, Photochem. Photoblo l . , 40, 465-471. 

Welssmann, A . (1891) Essays upon heredi ty and k indred biological problems, 
Oxford Univers i ty Press, I x n d o n . 

Westerveld, A . , J . H . J . Hoeljmakers, M. van Du in , J . de Wit, H. Od i jk , A . 
Past ink, R.D. Wood, and D. Bootsma (1984) Molecular cloning of a human 
DNA repair gene. Nature, 310, 425-429. 

Wheeler, K . T . , and J . V . WIerowski (1983) DNA repair kinetics In Irradiated 
undi f ferent iated and terminal ly d i f ferent iated cel ls . Radiât. Env i ron . 
B iophys . , 22, 3-20. 

Williams, G.C. (1957) Plelotropy, natural select ion, and the evolut ion of 
senescence. Evolut ion, 1 1 , 398-411. 

Williams, J . I . , and J . E . Cleaver (1978) Excision repair of u l t rav io let damage In 
mammalian ce l ls , B iophys. J . , 22, 265-279. 

Williams, J . R . , and K .L . Dearfleld (1981) DNA damage and repair In aging 
mammals, i n : J .R . Flor ini ( E d . ) , Handbook of Biochemistry in A g i n g , Boca 
Raton, F l . , p p . 25-48, 

Wilson, A , C , , V , M , Sar ich , and L ,R, Maxson (1974) The Importance of gene 
rearrangement In evolut ion: evidence from studies on rates of chromosomal, 
p ro te in , and anatomical evo lu t ion, Proc, Nat l , Acad. Sc i . USA, 7 1 , 3028-
3030. 

Wilson, P . D . , R. Watson, and D .L . Knook (1982) Effects of age on ra t l iver 
enzymes, Geron to l , , 28, 32-43, 

Wyman, A , R . , L . B . Wolfe, and D. Botstein (1985) Propagation of some human 
DNA sequences in bacteriophage X vectors requires mutant Escherichia coll 
hosts , Proc. Nat l . Acad. Sci . USA, 82, 2880-2884. 

Wyman, A . R . , and K .F . Wertman (1987) Methods for specialized c lon ing : 
vectors and host strains that alleviate of underrepresentat ion of specific 
sequences. Methods In Enzymology, In press. 

YagI , T , (1982) DNA repair abi l i ty of cu l tu red cells der ived from mouse 
embryos In comparison wi th human cel ls . Mutation Res , , 96, 89-98, 

Yag i , T . , O. Nikaldo, and H. Takebe (1984) Excision repair of mouse and 
human f ibroblast cel ls , and a factor affect ing the amount of UV-induced 
unscheduled DNA synthes is . Mutation Res . , 132, 101-112. 

Yeung , A . T . , W,B . Mattes, E.Y. O h , and L, Grossman (1983) Enzymatic 
propert ies of pur i f ied Escherichia coll uv rABC pro te ins , Proc. Nat l . Acad. 
Sc i . USA, 80, 6157-6161. 

146 



Y u , F . -L . (1983) Preferential b inding of af latoxin BI to the t ranscr ipt ional ly 
act ive regions of rat l iver nucleolar chromatin In v ivo and In v i t r o . 
Carcinogenesis, 4 , 889-893. 

Zelle, B . , and P.H.M. Lohman (1979) Repair of UV-endonuclease-susceptible 
sites in the 7 complementation groups of xeroderma pigmentosum A th rough 
G, Mutation Res. , 62, 363-368. 

Zelle, B . , R .J . Reynolds, M.J. Kottenhagen, A . Schul te, and P.H.M. Lohman 
(1980) The Influence of the wavelength of u l t rav io let radiation on s u r v i v a l , 
mutation Induction and DNA repair In Irradiated Chinese hamster cel ls . 
Mutation Res . , 72, 491-509. 

Zolan, M .E . , G.A. Cortopassl , C A . Smith, and P.C. Hanawalt (1982) Deficient 
repair of chemical adducts in alpha DNA of monkey cel ls . Ce l l , 28, 613-619. 

Zürcher , C , and C F . Hollander (1982) Multiple pathological changes In aging 
rat and man, Exp l . B io l . Med. , 7, 56-62, 

147 



CURRICULUM VITAE 

De auteur van d i t proefschr i f t werd geboren op 19 jun i 1954 te Rotterdam, 

Na het behalen van het diploma MULO In 1971 werd een aanvang gemaakt met 

de studie HBO medische microbiologie die In 1975 werd afgerond met het 

behalen van het diploma HBO-A, Na twee jaar als analist te hebben gewerk t , 

één jaar op het k l in isch chemisch laboratorium van het Holy Ziekenhuis te 

Vlaardingen en één jaar op de afdeling Immunohaematologle van het Academisch 

Ziekenhuis te Leiden, werd In 1977 aangevangen met de studie biologie aan de 

Ri jksunivers i te i t te Leiden (op basis van een colloquium doc tum] , Het kand i ­

daatsexamen werd afgelegd in 1980 en het doctoraalexamen in 1982. 

In september 1982 werd een dienstverband aangegaan met het Ins t i tuu t voor 

Experimentele Gerontologie TNO, waar onder leiding van Pro f .D r , D .L . Knook 

en Pro f .D r , P.H,M, Lohman (Medisch Biologisch Laboratorium TNO] het In d i t 

p roefschr i f t beschreven onderzoek werd v e r r i c h t . 

149 


