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CHAPTER |

GENERAL | NTRCDUCTI ON

Humans have been curious about the process of aging from
the time they devel oped the ability for abstract thought. In the
ancient tines the legends of enornous longevity or imortality as
a consequence of either natural cause or as a Cod's gift were
popul ar . For exanple, Aurora obtained the gift of immortality
for Tithonus, but omtted to obtain perpetual youth. Cadnus and
his wife were given sane opportunity. Even in the H ndu nytho-
logy, the existence of the creatures called "Devatas" who do not

have nortality was nentioned.

The thirst to live for a long time is not a new anbition.
Magic was the first of all applied to ward off both the di seases
and old age. Then, attenpts to alter the life span fell into the
hands of sages, alchem sts and quacks. The sage Wi Po-Yang
(second century A.D.), perhaps, the originator of the "philo-
sopher's stone", the supernatural fountain of youth, was one of
the nost popul ar. This idea played a significant role in the
scientific history of European alchemsts who tried to produce

"elixir of life" (Confort, 1963).

The lure of the immortality is so powerful that there are
dozens of people in United states who have paid out |arge suns of
money for their bodies to be deep-frozen after death, in the hope

that there will one day be a medical technol ogy capable of resur-



recting them (One such society is cryonics society of California

whi ch began freezing the dead bodies in 1967.

UNDERSTANDI NG THE PROCESS CF AGQ NG

The first scientific study of biology of aging was that of
August Wl smann, a German Zool ogi st (1889) about a century ago.
He first nade clear distinction between germ cells, which are
transmtted from generation to generation and therefore imortal,
and the sonatic cells which in nost higher organisns have finite
lifespan. Until 1950s little work was carried out. A few histo-
rical observations were nade by those of Pearl, Minot, Child and
Carrel (cited in Confort, 1963). In 1928 Pearl proposed the
factors, which retard devel opnent or reduce metabolism tend in
many organi sns to prevent or postpone senescence. Mnot consi-
dered senescence as the decline of growth and it continues wth
nor phogenesi s. In 1925 Child showed that cell differentiation
and senescence in planarian are reversible. Carrel (1912) des-
cribed sone experiments purporting to show that fibroblasts
derived from chick heart tissue could be kept in an active state
of division indefinitely. The inportance of these experinents to
gerontol ogi sts was the inplication that, if the cells are renoved
fromin vivo control, could divide and function normally for
periods in excess of l|ifespan of the species. The inference
woul d be that aging is not, per se the result of events occurring
at the cellular level but would be as a result of functional

decrerment only in organized tissue. However, this concept was



disproved by the work of Hayflick and Morhead (1961). They
found that normal human fibroblasts underwent a fixed nunber of
popul ati on doublings and then died. They postulated that nanife-
station of aging could be at cellular level and that the observa-
tions of Carrel's could be experinental artifact (Hayflick,

1976).

Since 1950s, research in the field of gerontology gained a
strong inpetus. Numerous experimental systens including rodents,
fish, nematodes, insects, cultured human and chick cells, as well
as sinple organisms such as fungi and protozoa have been esta-
blished. A variety of age related changes have been docunented

in these biological systens in different fields.

The process of aging and senescence has been defined in many
ways by different investigators. Medawar (1952) suggested that
senescence could be defined as
"that change of the bodily faculties and sensibilities and ener-
gi es which acconpanies aging, and which renders the individual
progressively nore likely to die from accidental causes of random
incidence. Strictly speaking the word 'accidental' is redundant,
for all deaths are in some degree accidental. No death is wholly
"natural', no one dies nerely of the burden of the years."

Alex Confort (1960) said aging is

"an increased liability to die, or an increasing |loss of vigour,
with increasing chronological age, or with the passage of the
life cycle."

Strehler (1962) defined senescence as

"the changes which occur generally in the post reproductive



period and resulting in a decreased survival capacity on the part
of the individual organism?"

Agi ng process has been defined by Maynard Snith (1962) as

"that which renders the individuals nore susceptible as they grow
older to the various factors, intrinsic or extrinsic, which nay

cause death."

Be that as it mmy, the functional deterioration at all

| evel s of organization is the result of aging process.

There has been a trenendous theoretical work done on aging.
It has been said tha' =more than two hundred theories have been
suggested at one tine or another. Most of the contenporary
theories which explain the process of aging fall into two main
categories. According to one view, the programmed agi ng, "funda-
mentalist'"s' view, "intrinsic" or controlled theories, the
process of aging is genetically fixed. This view includes Weis-
mann's theory of germplasm (1889), aging clocks, codon restric-
tion theory, <chromatin reorganization theory and gerontogenes
(Rattan and dark, 1988). However, the absence of any clearly
fornul ated and experimentally tenable predictions in these sugge-
stions severely limts their useful ness (Rattan, 1985). |In addi-
tion it is difficult to explain easily how sinple environmental
di sturbances, such as tenperature shift, treatnment with various
antioxidation agents can alter the strictly determned stable
clock or program for aging (Holliday and Rattan, 1984; Holliday,
1986a; 1986b) .

On the other hand, theories terned "epiphenomenalist's"



view, "extrinsic" or randomor "stochastic" assume that the aging
process results fromthe contingencies of living rather than from
a programmed dcvelopment. On this line, theories like somatic
mutation, error catastrophe, free radical theory, post transla-

tional nodification are proposed.

Somatic mutation theory was first proposed by Szilard
(1959). He assuned that the elenentary process in aging is an
"aging hit" which destroys a chronmosone of the somatic cell in
the sense that it renders all genes carried on the chronosone
inactive. A cell becones ineffective either when two honol ogous
chronbsones have each suffered a hit, or when one carries a hit
and other carries a deleterious recessive allele. Q her propo-
nents of this were Harman (1962) and Medvedev (1964). Basic
difficulties of this theory were discussed by Sacher (1968) and
Maynard Smith (1962). At present this theory appears to be
unsupportabl e because of lack of any evidence for mutations which

i nactivate whol e chronosones.

Ogel's error catastrophe theory (1963) relates the possible
mechani sns of cellular aging with self propagation of errors in
transl ati onal system However, Medvedev (1980) considered that
Orgel's idea was part of the general error theory which was
proposed earlier. Nurrer ous experiments have been perforned to
test the error catastrophe theory which have been reviewed by
Schofield and Davies (1978) and by Harley et al. (1980). The
majority of this evidence appears inconsistent with the error

cat astrophe theory.



Harman proposed first in 1956 and later reviewed recently
(1988) that, free radicals mght play a role in aging process by
damagi ng inportant conmponents of the cells such as nenbranes,
proteins or DNA There are few experinents, which reviewed by
Harman (1988) showed that, by regulating free radicals the life
expectancy of an organismcan be nodulated. |f the free radicals
are the cause of aging, either their production would increase
with age or defence against them would decrease in function.
There are few experinments showing the evidence that free radical
generating reactions would increase with age. However, the ex-
perimental work has a nunber of |oopholes, so unequivocal conclu-
sions can not be drawn. Further, no conclusive evidence of
reduced levels of free radical eradicating enzynes |ike super-
oxi de dismutase and gl utathione peroxidase, wth age has been

found (Rockstein, 1986).

Sone species live longer and others live shorter neans their
survival capacity resides in their DNA Thus DNA has becone a
distinct target for the studies on the nechani sm of aging. An
increasing anmount of interest has been paid on netabolic func-
tions closely associated with DNA viz, DNA content, gene expres-
sion, alterations in the chromatin, danmage and repair of DNA
(Rothstein, 1982). The theories of stochastic nechanism fail to
explain the genetic basis of aging process. However, there are
two theories which have genetic basis and at the sane tine
explain the influence of environnmental factors on the process of
aging. They are: gene regulation theory of aging of Kanungo

(1980) and DNA danmge/repair hypothesis (Hart and Setlow, 1974;



Gensler and Bernstein, 1981; Lehmann, 1985 and Vijg and Knook,

1987).

DNA DAVAGE REPAI R HYPOTHESI S

Fundarmental to aging theories is the inportance of genone
integrity. Various physical, chemcal environnmental changes and
cellular metabolites have been shown to damage cellul ar DNA
Studies on mcroorgani sns, mammalian and plant cells have shown
that DNA damage results in change in physiological processes |ike
growth, division, transcription, cell death, mutation and induc-
tion of transformation (Hart and Trosko, 1976). Various DNA

repair pathways exist in the cell to cope up with these damages.

DNA danage:

The cellular DNA in vivo can be damaged either spontaneously
or by nurerous physical and chenical agents which could be either
exogenous or endogenous. The forns of DNA damage induced vary
with the type of the danaging agent and also with the target site
of the nacronol ecule. The nost relevant forns of DNA damage with
respect to aging would seem to be those induced by endogenous
bi ochem cal and physical reactions (Hart et al. , 1979). However,
these forms of danmage are |ess understood than those forms
i nduced by nodel DNA damaging agents eg. radiation, alkylating

agents etc.

The nost frequent spontaneous DNA |esions are depurination,

depyrimidination and conversion of cytosine to uracil (Lindahl,



1977) . The rate of spontaneous depurination of duplex DNA at
physi ol ogical pH 7.4 and ionic strength, is calculated to be
about k = 3 X 10‘11/8 at 37°C. This corresponds in mammalian
cells, to purine loss at a rate of 10,000 per cell generation
(Lindahl, 1979). The depurination occurs by spontaneous hydro-
lysis of purine base by protonatlon of the base followed by
direct cleavage of glycosyl bond (Zoltewiczet al., 1970). Pyri-
midine nucl eosides are considerably nore stable than purine
nucl eosi des and are hydrolysed at a rate of twenty fold sl ower
than that of purines (Lindahl and Karlstram, 1973). The basic
mechani sm of depyrinmdination is simlar to depurination. It is
estimated that in a long lived non-replicating cells like neurons
about 10 purine bases are released fromthe DNA of a single cell
during the life time of a human being, i.e., about three per cent
of the total nunber of purines in DNA (Lindahl and Nyberg, 1972).
The release of free bases leads to the formation of apurinic and
apyrimdinic sites in DNA referred to as AP sites. The infl u-
ence, if any, of the packing of DNA into nuclosomes and chromatin
on the rate of spontaneous base loss has not been extensively
st udi ed. The deoxyribose at AP site exists in equilibrium
between a closed furanose form and open al dehyde form  The 3'-
phosphodi ester bond associated with the al dehyde form is labile
and can be hydrolysed by g-elimination resulting a nick in the
DNA. The average life tine of AP site is approxinmately 400 hours
at physiological pH and tenperature (Lindahl and Andersson,
1972). The cl eavage of deoxyribose phosphate back bone is pro-

moted by the presence of Mg and prinmary amnes and polyamines



(Tammet al. , 1953; Lindahl and Andersson, 1972).

In the recent years increasing public awareness of environ-
mental mutagens and carcinogens has led to an increased interest
in the study of the mechani sns whereby genotoxic chenicals inter-
act with and damage DNA These agents can be divided into two
groups: those requiring netabolic activation, eg. dimethyl nitro-
samines, benzo(a )pyrenes, aronatic amnes |like N-2~acetyl-2-
aminofluorene (AAF), nitonycin-C aflatoxin B etc., and those
direct acting without any netabolic activation, eg. alkylating
agents like methyl nitrosourea (MNU) and methyl nethane sul fonate

(MMS).

A kylating agents are electrophilic conpounds and interact
with nucleophilic sites in DNA  Sone of them are nonofunctional
reacting with only one of the reactive centre in DNA and some of
them are bifunctional which react with two reactive centres in
DNA. These reactive centres include: Nl, NS, NG, and N of
adenine; N!, N2, N3, N’ and 0° of guanine; N3, N* and 02 of
cytosine; and N3, 0% and 0* of thymine. The N* of adenine and
N of guanine are particularly nore reactive. Al Kkylation of
oxygen in phosphodiester |inkage results in phosphotriester
(Roberts, 1978, Singer and Kusmierek, 1982). However, substitu-
tion on N guanine appears not to be mutagenic, since the 7-
al kyl guani ne can correctly pair with the DNA base cytosine during
DNA replication (Ludlum, 1970). The reactivity of a given alky-
lating agent for a particular chemcal group in DNA is roughly
correlated with a constant S, often referred to as Swain-Scott

constant (Swain and Scott, 1953). It is estimted that MU
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al kyl at es 0%-guanine 400 tinmes nore rapidly than MMs (Law ey,
1974). This alkylation has now been correlated with mutagenesis
(Lovel ess, 1969), carcinogenesis (Gth and Rajewsky, 1974) and

transcriptlonal errors (Gerchmanand Ludlum, 1973).

There is yet another class of nonpolar compounds which are
converted to reactive fornms by a multiprotein conplex, frequently
referred to as cytochrome P-450 system These include N-2-
acetyl-2-aminofluorene (AAF), benzopyrenes, aflatoxlns, etc.
AAF, originally used as an insecticide, is converted to a highly

reactive acetoxy or ester form by an enzyme catal yzed process.

Q n

These active forns react readily with C and N positions of
guanine to yield acetoxy or acetyl derivatives (Kriek, 1972)
which inturn alter the gene function by altering DNA confornation
(G unberger and Santella, 1982). Benzo(a)pyrenes, nhonpol ar
pol ycyclic hydrocarbons, can be netabolized by P-450 system to
hi ghly reactive diol epoxide forms which react with 2-anmino group
of guanine. The exposure to such class of chenicals is preval ent
fromthe sources of cigarette snmoke and autonobile exhaust funes
(Al bert and Burns, 1977). Aflatoxins are the exanple of DNA
damagi ng agents that have the origin as products of natural meta-
bolism The nost potent carcinogen is aflatoxin By, which can be
activated by P-450 system to the active oxide or epoxide deri-
vative. The possible sites in the DNA are O or N of guanine
and, Nl and N° of adenine (Miench et al., 1983). Mitomycin-C is
a potent antitumor antibiotic and causes cross-links in DNA SCS
response and sister chromatid exchanges. The activated form of

the drug forms adduct at N2 and 0° positions of guanine, and N



11

of adenine in DNA (Tomasz et al., 1986).

The ngjor ultraviolet light (W) damage is the fornation of
cycl obut ane type pyrimidine dimers. The formation of dimer at or
around 260 nm is a reversible process. Under nornal conditions
formation of the dimer is favoured (Setlow, 1968). However, in
E coli continuous irradiation at 254 nm does not yield pyrim-
dine dimers not nore than seven per cent of the total thymine
content (Radanyet al., 1981). Theoretically there can be twelve

isomeric forns of pyrimdine dinmers. However, only four of them

cis-syn, cis-anti, trans-syn and trans-anti are formed biol ogi-
cally in significant amounts. In B DNA it is thought that only
cis-syn formexists (Kittler and Lober, 1977). Formati on of

pyrimdine dimer is influenced by the nucleotide conposition of
the DNA (Setlow and Carrier, 1966). For exanple in the AT rich
DNA it is as follows TOT > COT > C<>C. Likewise in GC rich
DNA the order is COT > TOT > COC at 280 nm The steady state
level of dimer formation is also influenced by the nature of
nucl eotide flanking at dimer site (Gordon and Haseltine, 1982).
It has been recently reported that pyrimdine dimers occur in the
nucleosome core DNA at a base periodicity of 10.3 and occur non-

randomly (Gale and Smerdon, 1988).

O her photoproducts formed in DNA by W irradiation are
non-cyclobutane type pyrinidine adducts, pyrimidine-pyrimidine 6-
4 |esions, pyrimdine hydrates and thymine glycols (Roberts,

1978). A good correl ati on between nonsense nutations and pyrimi-
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dine-pyrimidine 6-4 |esions was observed (Haseltine, 1983). DNA
damage can also result by the indirect action of uv. W light at
about 300 nm can sensitize sone nol ecul ar species called photo-
sensitizers (eg. psoralens) which in turn react with DNA formng
cross-links. These photosensitizers have w de biological inpli-
cations like study of the repair of inter-strand DNA cross-links
and in the treatment of human diseases like psoriasis (Pathak et

al., 1974).

lonizing radiation can damage DNA by direct action, that is
by causing ionizatlon within the DNA.  For exanple the bases in
the DNA can be danmmged by ionizing radiation to form radical
cations. The indirect action of ionization radiation is nediated
by free radicals |ike hydrogen peroxide, hydrogen atons, hydrated
el ectrons and hydroxyl radicals, generated by the interaction of
water and radiation in the biological system The |esions forned
by these two routes include single strand breaks, DNA-DNA cross-
links, DNA-protein cross-links, alkali labile sites, double

strand breaks and altered bases (Collins, 1987; Teoule, 1987).

Informati on about DNA damage at a higher level of organiza-
tion of the DNA, i.e., at nucleosome and chromatin level, is
scanty. It was reported that base damage by variety of chemcals
occurs selectively in linker regions (Lieberman et al., 1979).
Simlarly, there is a non-random distribution of pyrimidine
dimers in the core nucleosome DNA nolecule (Gale and Smerdon,
1988). For convenience, various ways through which DNA can be

damaged or altered are summarized in Table 1.



TABLE 1

13

VARI QUS TYPES OF DNA DAMAGE

| SPONTANEQUS DAMAGE
a) Msnatched base pairs
b) Alterations in the structure
of bases like tautomeric shifts
and deamination.

c) Loss of bases (depurination and
depyrimidination)

Il DAVAGE DUE TO ENVI RONVENTAL FACTORS:

a) Baseless sites

b) Cross-links

c) Strand breaks and del etions
d) A kylation and bul ky adducts

e) xidative danmage

CAUSATI VE AGENTS/ EVENTS

DNA replication and/or
repair

Al kyl ating agents,
radiation, free
radical s etc.

Information largely gathered from Friedberg (1985).
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DNA repair pat hways

The immediate cellular response to DNA damage is to repair
its danaged DNA. Eukaryotic DNA repair is conplex process invol-
ving multistep reactions catalysed by different enzymes, and has
been extensively reviewed (Hart and Trosko, 1976; Lehmann and
Karran, 1981; Friedberg, 1985, Bohr and Wassermann, 1988). There
exists at least three general types of DNA repair processes:
direct reversal of the danmge, excision repair and postreplica-

tional repair.

(a) Direct reversal of the damage: Enzymatic photoreactivation
(EPR) is a highly specific and sinple mechanism for the direct
reversal of pyrimidine dimer to nononers. Hstorically, EPR was
the first DNA repair node to be discovered (Kelner, 1949). This
enzyme has been detected, purified and characterized from a
nunber of species including placental manmmals (Rupert, 1975;
Sancar and Sancar, 1988). DNA phot ol yase catal yzes the mono-
neri zation of cys-syn cyclobutane type of pyrimdine dimers uti-
lizing the energy source generally between 300 and 500 nm. An
enzyne substrate conplex forns before the absorption of photo-
reactivating light. The precise wavelength utilized by the
enzyne varies with the source of enzyne and al so the chronophore
conposi tion. In general the enzyne contains two chronophores:
one is FADH and the other is either a pterin or diazaflavin (Eker
et al., 1987; Sancar and Sancar, 1988). DNA phot ol yase is
assayed by restoration of transformng ability of DNA carrying a

known genetic marker (Rupert, 1962); nmenbrane binding assay
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where only uncomplexed 3H-DNA binds to the menbrane (Madden et
al., 1973); light dependent |oss of pyrimidine dimers from DNA
(Friedberg and Hanawalt, 1983); and by increased tenplate acti-

vity for DNA polymerase (Piessens and Eker, 1975).

Anot her node of sinple reversal of damage is the repair of
0 -alkylguanine. This lesion has considerabl e biological inpor-
tance in nmanmalian systens since it is inplicated in mutagenesis
(Lovel ess, 1969; Newbold et al., 1980). An enzyne activity
call ed al kyl guani ne nethyl transferase, has been found in various
mamal i an speci es including human, which transfers alkyl group of
the DNA to cysteine residue of the enzyme nolecule and thus
becomes inactivated (Dempleet al., 1982). The ot her enzyne
which perforns a sinple reversal of the damage in manmals is the
purine insertase. This enzynme, from human cultured fibroblasts
has been found to insert purine base into depurinated DNA
(Deutsch and Linn, 1979). The reversal of danage in DNA requires

only a single gene product and would be relatively error free.

(b) Postreplicational repair: This node of DNA repair was first
proposed by Rupp and Howard-Fl anders in prokaryotes (1968).
According to this nodel, DNA danage like pyrimdine diners inter-
rupt DNA chain elongation during DNA synthesis, which then re-
sunmes beyond the damaged site, leaving a gap opposite to the
damage that can be filled by reconbination or de novo synthesis.

This type of repair is nonitored by pul se-chase experinments.

In prokaryotes both reconbinational repair and translesion

synthesis are very well characterized. Two equal ly possible
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recombinational events can occur, one in which the dimer renains
in the parental strand and the other in which the diner is trans-
ferred to daughter strand (Cox and Lehman, 1987). It is hypo-
thesized that in the translesion synthesis, the DNA polymerase |
'idles' at the lesion, adding and renoving the nucl eotides wth
the proofreading function of 3'-5' exonucl ease activity. The DNA
danage induces the 'SOS' response which somehow suppresses the
3'-5' exonuclease activity, thus allowing the synthesis conti-

nuousl y .

The two processes, i.e., reconbinational events and trans-
lesion synthesis are studied to a |lesser extent in higher euka-
ryotes. It was observed that reconbination events do occur, but
at a level significantly lower than those observed in E. coli
(Waters and Regan, 1976; Fujiwara and Tatsumi, 1977; Lehmann and
Kirk-Bell, 1978; Fornace, 1983). Evidence was presented for the
occurrence of translesion synthesis in UV irradiated SV-40 virus
infected in nonkey kidney cells (Sarasin and Hanawalt, 1980). A
specific nmodel, the 'copy choice nmechanism was proposed for
transl esion synthesis in eukaryotes (Higgins et al., 1976).
According to this nodel, one of the daughter strands becones

tenplate for the second daughter strand at the damaged site.

(c)Excision repair (ER): It is assuned that excision repair
pathway is the predoninant one operated to repair cellular DNA
damage (Teebor and Frenkel, 1983). This is the nost extensively
studied of all the DNA repair pathways. Al though the nechani sm

of ER is not very well understood, some aspects are well studied
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in prokaryotes. In contrast, this process is less clearly under-
stood in eukaryotes (Lehmann and Karran, 1981; Friedberg, 1987;
Sancar and Sancar, 1988). The progress that has been nade in
hi gher eukaryotes is to a large extent, the result of the dis-
covery of human genetic disorders associated with DNA repair
defects (Setlow, 1978; Hanawalt and Sarasin, 1986). A recent
devel opnent in this field is the devel opment of mutants in higher
eukaryotes which are defective in one step or the other in ER

pat hway (Collins and Johnson, 1987).

The concept of excision repair was first put forward by
Setlow and Carrier in 1964, which envisaged a four step process
for the renoval of danaged sections of DNA According to this
concept, after naking incision at the damaged site by an endo-
nucl ease, the damaged section was renoved by an exonucl ease, the
resulting gap was filled by DNA pol ymerase with opposite intact
strand as tenplate and finally the nick was ligated by DNA
l'i gase. This basic principle remains sane even today, but the

details of the events turned out to be quite conplicated.

Dependi ng upon the nature of incision event the ER has been
classified into two types, viz, base excision repair and nucl eo-
tide excision repair. In the base excision repair the danage is
recogni zed by a class of narrow specific enzymes called DNA
gl ycosyl ases (Lindahl, 1979). These enzymes renove the damaged
base, leaving an 'AP' site in the DNA. This AP site is reco-
gni zed by an AP endonucl ease which makes nick at the damaged
site. In the nucleotide excision repair, a damage specific

endonucl ease makes nick at the damaged site. Exanples of enzynes



18

or gene products involved in nucleotide excision repair are: W
speci fi c endonucl eases and uvrABC gene products in prokaryotes.

It was shown with WV specific endonucl ease of M.luteus that the

enzyme renoves dimer in a two step mechani sm thus making the
distinction between the two repair processes less clear (Hasel-
tine et al. , 1980). For convenience various DNA repair pathways

that exist in eukaryotes are presented in Fig 1.

Enzymes and other gene products involved in ER in pro-
karyotes have been identified, purified and characterized. eg. W
speci fic endonucl ease from M.luteus, DNA glycosylases, AP endo-
nucl eases, uvrABC gene products. In contrast, the enzynol ogy of
ER in eukaryotes is |ess understood, eventhough some danage
speci fic nucl eases, AP endonucl eases, DNA glycosylases, DNA poly-
merases, DNA ligase ||, poly(ADPR)polymerase and five RAD gene
products have been found to be involved in the repair of DNA
damage 1n vitro (Lindahl, 1979; Lehmann and Karran, 1981,

Fri edberg, 1987; Sancar and Sancar, 1988).

Excision repair is neasured by (Hart et al., 1977): i)
assaying for the loss of radiolabelled DNA-chemical adducts or
pyrimidine dimers from DNA ii) loss of endonuclease sensitive
sites in DNA, iii)decrease in the binding of damage-DNA directed
anti body nolecules to DNA (Cornelius et al., 1977, Poirier et
al., 1977); iv) measuring the anount of unschedul ed DNA synthesis
either by autoradiography or scintillometry (Rasmussen and

Pai nter, 1964; Stephen Hsia, 1987) or v) by determining the

nunber of breaks resulting from the photolysis of DNA containing
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bromodeoxyuridine incorporated into DNA during repair (Regan et

al., 1971).

On the basis of nucleotides added in the ‘'repair patch’
during repair synthesis, it is frequently described as 'long' and
'short' patch repair nodes. In manmalian cells it is thought
that short patches are estinmated to be about four nucleotides
long and are thought to be associated with the damage caused by
ionizing radiation and certain alkylating agents. On the other
hand, long patch repair is estimated to be about 30 to 40 nucl eo-
tides and has been associated with the damage of bul ky adducts
like pyrimdine dlmers, AAF, aflatoxins and psoral ens (Regan and

Setl ow, 1974a; Wl ker and Th' ng, 1982).

Various factors |ike nucleosone structure, functional state
of chromatin and the state of differentiation are known to affect
the ER An early indication of DNA repair heterogeneity was
recogni zed fromthe observation of a biphaslc tine course for the
renoval of DNA lesions in cultured mammalian cells (Hanawalt et
al., 1979; Kantor and Setlow, 1981), where a phase of rapid
removal of pyrinmdine dimers observed in the first few hours
after W irradiation was followed by a gradually decreasing rate,
approaching plateau by 24 hours. It was usually assumed that DNA
repair occurs uniformy throughout the genore. However, it has
been established that DNA damage is processed nore efficiently in
sone regions of the genome than in others. Lesi on specific
nucl eases (Mansbridge and Hanawalt, 1983), and nucl eases Iike
staphylococcus nhucl ease, micrococcal nuclease and DNase | have

been inplicated to study the DNA repair heterogeneity (Smerdon
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and Lieberman, 1978; Hanawalt et al., 1979). It is inplied from
these experinents that excision repair occurs preferentially in
linker DNA, transcriptionally active regions and transcriptio-
nally active strands (Bohr et al., 1986; Hanawalt, 1987). It has
al so been shown that preferential DNA danage repair sites are
associated with nuclear matrix DNA and to hypomethylation
(MCGeady and Cook, 1984; Mullenders et al., 1984; Bohr et al.,
1986; Madhani et al., 1986; Harless and Hewitt, 1987). Many
groups have conpared the state of differentiation and the |evel
of excision repair in cells in vivo and in culture. Mst of the
investigators found either conplete absence or decreased |evels
of mitogen induced UDS in differentiated cells |ike nmnuscle,

neurons and retinal cells (Lehmannand Karran, 1981).

Al these factors may account for the tissue specific, cell
specific and animal specific differences in carcinogenic response

to various DNA damagi ng agents.
The rel ationship between DNA repair and agi ng:

The idea that DNA danage mght be the prinary cause of aging
was first proposed by Al exander (1967). The inportance of main-
tenance of genone integrity and DNA danmage/repair in relation to
aging process has been extensively reviewed in later years (Hart
and Trosko, 1976; Tice, 1978; Hart et al., 1979a; Hart and Modak,
1980; GCensler and Bernstein, 1981; Lehnann, 1985; Vijg and Knook,
1987) .

Pai nter and O eaver (1969) were the first to conpare several
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kinds of mammalian cells in culture with respect to DNA repair
par anet ers. Wth the exception of ZXeroderma pigmentosum (XP)
patients, all kinds of cells showed W induced unschedul ed DNA
synthesis (UDS). However, the cells of hunan origin showed this
phenonenon to a greater extent when conpared to rodent cell |Iine.
These investigations gave the credence to "DNA repair" as the
| ongevity assurance system According to this hypothesis, enzy-
matic systenms have been devel oped during evolution that linit the
rate at which deteriorative events take place. Therefore, the
concept that the aninal species with the npst efficient DNA
repair systens throughout its lifespan has the highest |ongevity,

has energed (Sacher, 1982).

Gensl er and Bernstein (1981) hypothesized that aging is
deternmined by the balance between the rate at which DNA danage
occurs and the rate of DNA repair. According to themaging in
uni cel lular organi sms, characterized by decline in replicative
capacity, occurs during asexual phase and rejuvenation or an
increase in replicative capacity occurs followi ng sexual repro-
duction, a phase when efficient DNA repair occurs (Martin, 1977).
Mul ticellular organisms, which do not age in germline in princi-
ple, are able to overcone DNA lesions in their germ line by
reconbi national repair occurring during synopsis of honol ogous
chronosones. Support for this hypothesis comes from substanti al
evidence that reconbinational processes are effective in over-
conming various DNA |esions like DNA cross-links induced by psora-
lens plus light (Cole et al., 1978), Xray induced double strand

breaks (Krasin and Hutchinson, 1977), nitrous acid induced les-
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ions (Nonn and Bernstein, 1977), mitomycin-C induced | esions
(Holmes et al., 1980) and methylmethane sul fonate induced double
strand breaks (Chlebowicz and Jachymeczyk, 1979). Cher neans of
protecting germ line DNA include: selection of npbst viable
spermatozoa for fertilization (Bernstein, 1979) and |owered
tenperature of the external testis in manmmals (Baltz et al.,
1976). Despite of the above protections natural aging occurs in
nucl eus of ovum (Smith and Berg, 1976). Any organi sm whi ch
accurmul ates DNA lesions in germ line over the successive genera-
tions would extinct. Oh the other hand, aging of the sonatic
line may be caused primarily by accunul ation of DNA damage resul -
ting froma relaxed state of DNA repair (Gensler and Bernstein,

1981).

Vijg and Knook (1987) proposed the pleiotropic nature of DNA
repair. According to this concept, DNA repair is beneficial in
early life, in renmoving DNA damage nore efficiently. As the
organi sm ages DNA repair activities becone error prone as a
consequence of stress by the accunulated lesions in the DNA and
this is responsible for aging and cell death. An hypot heti cal
schematic representation of the role of DNA dammge/repair is

presented in the Fig 2.

BRAI'N, DNA REPAIR AND AG NG

Al though aging may be a generalized phenonenon throughout
the mammalian body, attention has frequently been focused on

such controlling and integrative organs like 'brain' and °'endo-
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crines' in which age dependent changes nay have wi despread conse-
quences throughout the body. Many researchers interconnected the
species lifespan and the brain's regulatory abilities. Fri eden-
thal was the first to correlate the lifespan of a species and
cephalization (cited in Frolkis, 1982). He regarded cephali za-
tion as the ratio of the brain nmass to the protoplasmnass and he
assumed that a definite parallelism exists between cephalization
ratio and lifespan of a species. Sacher (1973) identified a
significant correlation between brain weight and |ifespan and he
proposed that brain may play an inportant 'pacemaker' role in
aging or it nmay be an 'organ of longevity' due to its unique role
in adaptation to the external environnment and in homeostatic

integration of all organs of the body.

Al though research on the brain started a century ago, the
studi es on bi ochenical changes during brain devel opment and agi ng
has gained considerable inmportance only in the last three de-
cades. During this course of study, structural, norphol ogical,
neurochemical and physiol ogi cal changes have been noted during
aging of the brain, and reviewed extensively (Terry, 1980;

Frol kis, 1982; Creasy and Rapoport, 1985).

The high nmetabolic rate of cerebral tissue probably results
in high rate of production of DNA damaging free radicals from
electron transport and other normal netabolic reactions (Sl ater,
1984). Also, brain transcribes a greater portion of its DNA than
other non-cerebral tissues (Hahn and Laird, 1971). Furt her,
neurons, once they formdo not divide (Korr, 1980). DNA repair

in these cells is not accessible by the postreplication nechani sm
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and the death of damaged neurons can not be remedied. Thus it is
possible to expect that these cells should possess good DNA
repair machinery to maintain the integrity of the genome.
A though there are nmany reports on the occurrence of DNA repair
in the adult brain, studies on DNA repair capacity in the aging
brain are |acking. Presence of unschedul ed DNA synthesis, X-ray
and Y-ray induced strand break repair have been reported in brain

either Vn vivo or in neuronal cells in vitro (Kimberlin et al.,

1974; Adrian et al., 1975; Vilenchlk and Tretjak, 1977; Wntze-
rith et al., 1977, Lehmann and Karran, 1981). Recently, Kuenzle
(1985) reviewed the enzynmology of DNA repair in the brain. Sone
enzymes that are involved in DNA repair have been identified.
These include: uracil DNA glycosylase, DNA polymerase 6, DNA
| i gase, poly(ADPR)polymerase, O -alkylguanine alkyl transferase,
an exonucl ease which acts on depurlnated DNA, acid and al kaline

DNases (Subba Rao, 1986).

SCOPE OF THE PRESENT | NVESTI GATI ON

For the last several years, this laboratory has been engaged
on the netabolismof DNA in both chick and rat brain. During the
course of these investigations, it becanme apparent that DNA
content of the brain continued to increase even beyond the adult
stages indicating that there is some cell proliferation occurring
even in the old age, probably the glial cells. Further, it was
observed that two DNases, one with acidic pH optinmum and the
other with alkaline pH optimum are possibly involved in DNA

repair/replication. DNA polynmerase g, an enzyne involved in DNA
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repair showed highest activity during early stages of devel op-
ment, reached a low value in adult brain but once again showed a
smal | peak during later stages of lifespan. A so, it was obser-
ved that B-polymerase from nouse neurons exhibits its function
throughout the lifespan with the same fidelity (Subba Rao and
Subba Rao, 1982; Subba Rao and Subba Rao, 1984; Subba Rao et al.,
1985; Subba Rao and Subba Rao,1986).

It is well known that brain is conposed of at l|east three
distinct types of cells viz., neurons, astrocytes and oligo-
dendroglial cells, with different proliferative schedules (Korr,
1980). It is therefore possible that DNA repair capacity of each
cell type may vary fromthe other and al so depending upon the age
of the brain. In order to test the possible involvenment of
DNases and DNA pol ynerases at different ages of brain cells, the

foll owi ng studies have been undertaken.

Acid and Al kaline DNases were studied in three different
cell types viz, neurons, astrocytes and oligodendrocytes. Enzy-
matic activities of acid and al kal i ne DNases were also |ocalized
in nuclear fraction, thereby indicating their role at genomic
| evel . Uv irradiated and depurinated DNA were also tested as
substrates for acid and al kaline DNases respectively in order to
substantiate their role in DNA repair. The results are discussed

in chapter 111.

DNA polymerase activities were nmeasured in all three types
of cells in the brain at different ages. An attenpt has been

made to distinguish @g-polymerase and B-polymerase nmking use
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of their specific inhibitors, aphidicolin and dideoxy thymidine
5'triphosphate (ddTTP) respectively. These results were further
substantiated by naking use of a a -polymerase specific inhi-

bitor, a polysaccharide isolated from Physarum polycephalum. The

results are presented and discussed in chapter 1V.

The DNA repair synthesis was neasured in the neuronal cells
isolated fromthe rat brain of different ages, making use of
hydroxyurea (HU) as a specific inhibitor of sem conservative
replicative synthesis. These studies were also extended to
another cell type, the spleen |ynphocytes which have the capacity
to proliferate on stimulation. These results which showed that
adult neurons offer a good nodel for DNA repair studies are

di scussed in chapter V.

Finally, the isolated neuronal cells, frombrains of diffe-
rent ages, were challenged with W light (254 nm) to study the UV
induced unschedul ed DNA synthesis (UDS) both by scintillometry
and autoradi ography. Simultaneously the W induced UDS was al so
nmeasured in |ynmphocytes as a positive control system These
results which showed contrasting abilities of DNA repair in

neurons and | ynphocytes, are discussed in chapter V.
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Materials and Met hods
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CHAPTER 11

MATERI ALS AND METHODS

Ani mal s:

Rats of Wstar strain and of specific age (both sexes) were
obtained from this University animl house. They were fed ad
libitumon H ndustan level (New Delhi, India) 'Rat and mice feed'

supplied by |ocal dealers.

Chemi cal s:

Trypsin (Type |, from bovine pancreas), Soybean trypsin
inhibitor (Type Il S), highly polynerized calf thymus DNA, Trizma
base and N-2-Hydroxy ethyl piperazine-N'-2'ethane sulfonic acid
(HEPES) were purchased from Sigma Chenical Conpany, St. Louis,
MO, USA. Hank' s balanced salt mxture was purchased from Hi-
Medi a, Bonbay. Ficoll 400 was purchased from Pharmacia Fine
Chemical s, Uppsala, Sweden. N tex nylon screens of definite pore
size were purchased from Small Parts Inc. Mam, Florida, USA

Al other chenicals used were of analytical grade.

Pregnant rats:

For the studies with enbryonic brain, timed pregnancies were
achieved by placing proestrus fenale rats (2-3 nonths old) in
cages overnight (from 4.00 PM to 9.30 AM) with males of the

sane strain. The presence of sperm in the vaginal snears was
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taken as an indication of successful breeding, and the day was

fixed as day zero of gestation.

Extraction of DNA

DNA was extracted essentially according to the procedure of
Schmi dt and Thannhauser (1945) slightly nodified as per the
suggestion of Munro (1966).

To the 0.1 m of homogenate 1.0 mi of ice cold 10% TCA was
added and centrifuged after allowing to stand in ice for ten
mnutes, to renove acid soluble conpounds. The precipitate was
washed twice with 1.0 m of 10% TCA. The final sedinent was
washed once with 1.0 ni of 95% ethanol and once with 1.0 ni of
alcohol:ether (3:1 v/v) to renove any traces of lipids. The lipid
free pellet was suspended in 0.5 mi of 1N KCOH and incubated for
two hours at 37°C, in order to hydrolyse RNA  DNA and proteins
were sedimented by centrifugatlon, renoving the hydrol ysed RNA
after the precipitation by adding 0.1 mi of 6 NHCL and 1.0 m of
10 % TCA and keeping in ice for 10 mnutes. The final sedinent
was suspended in 1.0 mi of 5% TCA and boiled at 90°C for 15
mnutes with occasional stirring. The sedinent was washed once
mre with 1.0 m of 5% TCA and both the supernatants were taken

together for the estimation of DNA

Estimation of DNA

The DNA content was estimated by measuring the W absorption

of the final acid soluble fraction at 260 nm with reference to
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proper blank and sinilarly treated DNA as standard.

Estimati on of Proteins:

Protein content was determined according to the method of
Lowy et al. (1951) using bovine serum al bumn as standard. To
the 1.0 m of water containing the protein sanple, 50 m of
solution D was added, and nixed thoroughly. The solution D
contai ned 2% sodi um carbonate in 0.1 N NaOH, 1.0 nmi of 2% sodium
potassiumtartrate and 1.0 m of 1% Cuso, for 100 m . After
keeping at room tenperature for 10 min, 0.5 mi of 1.0 N Folin's
reagent was added and vortexed immediately. After keeping at
room tenperature for 30 nin the devel oped blue colour was read at

670 nm agai nst a proper blank and standard.

Preparati on of Neuronmal and astroglial enriched fractions:

Neuronal and astroglial cell enriched fractions were
i solated essentially according to the procedure of Usha Rani
et al. (1983) Rats were decapitated and the entire cerebral
hem spheres were renoved. QGey matter from the cerebral hem -
spheres (about 2g) was sliced into snall pieces and incubated in
i sol ation medium containing 0.1%trypsin at 37°C for 60 mn. The
i sol ati on nedi um consisted of 8% glucose (wv), 5% fructose
(wv) and 2% ficoll (wv) in 10 mM KH,PO,-NaOH buffer, pH 6.0.
The incubation was carried out for 30 min without trypsin in the
case of 1 day old postnatal and 16th day enbryonic brains. After

the incubation, the trypsin containing nedium was renmoved and an
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equal anount of medium containing 0.1% soybean trypsin inhibitor
was added and kept in ice for 5 min. The renaining procedure was
carried out at 4°C The medium was renoved and the tissue was
washed thrice with ice cold nedium The tissue was then passed
through 105 um size nylon nmesh with the help of flat bottoned
gl ass rod. The tissue was kept moist with medium during this
operation. The suspension thus obtained was filtered through 74

um and 53 um nyl on nesh thrice successively.

The resulting crude cell suspension was centrifuged at 260 xg
for 15 min. The supernatant was discarded and the cell enriched
pell et which consisted of both neurons and astrocytes was sus-
pended in 15 ml of 7% ficoll in medium and centrifuged at 270 xg
for 10 min to obtain a crude neuronal pellet. The pellet was
suspended in isolation medium and kept for further purification
on gradients. The supernatant was diluted with nedium in the
ratio of 1: 1.125 and centrifuged at 1,100 xg for 10 min. The
crude astrocyte enriched pellet thus obtained was suspended in 10
m of medium for further purification. 5 m portions of crude
neuronal and astroglial suspensions were |layered onto disconti-
nuous ficoll gradients. The gradients consisted of 4 m each of
28% 22%and 10% ficoll (wv) in the nedium In the case of
neuronal enriched suspension, the suspension was directly |ayered
on 22%ficoll, and 10%ficoll was omtted in the density gradient
centrifugation step. The tubes were centrifuged at 7,800 xg for
10 min. The layers, at each interface were renoved with a pas-
teur pipette. Neurons were obtained as a pellet in 28% ficoll

gradient. Astrocytes were obtained as a layer on 22% ficoll
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gradi ent. The interface between 22% and 10% consisted broken
processes and debris, and was discarded. The cell suspensions
were diluted with the isolation nedium (without ficoll) to bring
down the ficoll concentration to that of original isolation
medi um For convenience a flow diagram of the procedure for

isolation of neurons and astrocytes is presented in Fig 3.

Oligodendrocytes were prepared essentially by the nethod of
Snyder et al. (1980) with a slight nodification as follows. The
i solation medium was Hank's bal anced salt solution containing 25
mM HEPES, pH 7.2. The whole cerebral hem sphere fromthe rat
brain was renoved, made into small pieces, and incubated in 0.1%
trypsin in nedium for 30 min at 37°C. After incubation, the
trypsin containing medium was renoved and an equal anount of
medi um containing 0.1% soybean trypsin inhibitor was added and
chilled on ice for 5 min. The tissue was washed three times wth
ice cold nedium This was done by centrifugation at 190 xg for 5
mn. Then the tissue was placed on 105 um nylon mesh stretched
over a porcelain Hrsch funnel and by neans of glass rod the
tissue was gently squeezed with occasional noistening the tissue
with medium The cell suspension thus obtained passed three
times through 74 um and 53 um nyl on neshes successively. To the
cell suspension obtained an equal volune of 70% sucrose (Wv in
medi um) was added. A 20 ml aliquot of this suspension was
| ayered over a discontinuous sucrose gradient consisting of 8 ni
of 53% sucrose (Wv in medium and 5 m of 45% sucrose (Wv in
medi um). The tubes were centrifuged at 3065 xg for 15 min. di-

godendrocytes were obtained in 53% gradient. This fraction was
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diluted five tines with isolation mediumand filtered through 25
um nylon nesh to trap capillary fragments. A flow diagramof the

procedure for isolation of oligodendrocytes is presented in Fig 4

Aliquots of the cell suspensions isolated by the above
procedures were taken for cell counting and viability test. The
purity of the preparations was determ ned by phase contrast
m croscopy. The viability of the cells as judged by trypan bl ue
exclusion was nore than 85% The purity of neuronal preparation
was nore than 90% astrocyte fraction was greater than 70% and

that of oligodendrocytes was nore than 80%

The isolated cell enriched fractions were well characterized
both biochenically and norphologically in this laboratory earlier

(Usha Rani, 1985).
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CHAPTER 11

ACI D AND ALKALI NE DNases | N | SOLATED CELL ENRI CHED FRACTI ONS FROM
THE RAT BRAIN AT DI FFERENT AGES

| NTRODUCT! ON

Al t hough deoxyri bonucl eases are assumed to be concerned with
the degradation of DNA, a role in DNA replication and repair has
been assigned to them (Lehman, 1967; Bernardi, 1968; Slor and
Lev, 1971; Hanawalt et al., 1979; Lindahl, 1982; Linn, 1982).

Nucl eases involved in DNA replication or repair were studied
extensively in prokaryotes and in various organs of eukaryotes.
For sone reasons, the brain has been neglected in such studies,
event hough it has got prime inportance in maintaining homoestasis

in all body organs.

Sung (1968) was the first to report two distinct DNases from
the brain, the acid and al kaline DNases which resenble DNase |
and |l respectively fromthe other organs. He separated the two
DNases by wusing ammonium sulfate fractionation. One of them
the acid DNase acted optimally at pH 5.0, hydrolyzing preferen-
tially native DNA and the other, the alkaline DNase, hydrolyzed
denatured DNA, having optimm pH between pH 7.4 and 8.9. The
latter enzyme was thought to be simlar to a phosphodiesterase
isolated earlier fromlanb brain (Helay et al., 1963). Ratio of

the alkaline DNase to acid DNase increased with age show ng
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hi gher levels of alkaline DNase in different regions of the
brain. Later studies of Chanda et al. (1975) also revealed

simlar pattern.

Studies were also perfornmed in this laboratory from hunan,
rat and chick brains, in an attenpt to identify the possible role
of these DNases in DNA replication and repair and these results
were reviewed recently (Subba Rao, 1986). During these studies
an interesting phenomenon was observed. Acid DNase shows highest
activity at a stage where rapid cellular proliferation occurs.
Inmedi ately after this replicative period the activity exhibits a
preci pitous decline. On the other hand, alkaline DNase al so
shows high activity during enbryonic period but this activity
increases with age. Simlar type of results were obtained by
Chanda et al.(1975) in rat cerebellum This pronpted this | abo-
ratory to speculate an intinate role for acid DNase to DNA repli -
cation or a process associated with it possibly postreplication
repair, while for alkaline DNase in a process that assunes

greater inportance with age, probably DNA repair.

As it is well known that brain conmposed of different cell
popul ations with different proliferative schedul es, studi es on
these enzynmes in different cell types should yield val uable
informati on about their physiological role. Hence a study has
been taken up to measure acid and alkaline DNases in different
cell types viz, neurons, astrocytes and ol i godendrocytes isolated
fromrat brain at different stages of |ifespan. Further, in
order to substantiate the role of these DNases in DNA replica-

tion/ repair, the activities were also nmeasured in nuclear frac-
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tions, using different types of substrates.

MATERI ALS AND METHCDS:

Highly polynerized calf thymus DNA, RNase were purchased
from Si gma Chem cal Conpany, St. Louis, MO, USA 3H-thymidine (18
Ci/mmole) was purchased from Bhabha Atom c Research Centre, Bom

bay, India. Al other chenicals used were of analytical grade.

Neuronal, astroglial and oligodendroglial cell enriched

fractions were prepared as described in the chapter 11.
I sol ation of Nuclei:

The nuclei were isolated fromthe isolated cell enriched
fractions according to the procedure of Lovertrup-Rein and McEwen

(1966) .

The cell enriched fractions were honogenized by hand with
fifteen up and down strokes. The honogeni zi ng medi um consi st ed
of 0.32 M Sucrose, 1 mM MgCl, and 1 mM potassium phosphate pH
6. 5. The honogenate was filtered through 80 um nylon mesh and
centrifuged for 10 min at 850 xg. After the centrifugation the
supernatant was discarded and the pellet was resuspended in the
homogenization nedium and centrifuged for 10 nmin at 850 xg. The
sediment was washed once again in the honogenization nedi um and
centrifuged at 600 xg for 10 min. The crude nuclear pellet thus
obtai ned was suspended in 2.0 M sucrose containing 1 mM MgCl,

and 1 mM potassium phosphate pH 6.5 and centrifuged for 45 mn in
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SW 60 rotor of the Beckman L 8-M centrifuge at 53,500 xg. The

nucl ear pellet thus obtained was washed once with 0.32 M sucrose.

The norphol ogy of the different types of nuclear fractions
resenbled very well with that described by Lovertrup and MEwen
(1966). Nuclei from neuronal enriched fractions displayed a pale
chromatin network with a well shaped single nucleolus, often
centrally located, contrasting with the l|ight background of the
nucleoplasm. Those isolated from astrocyte enriched fraction,
were large, with faint nucleoplasm and contained two or nore
nucl eol i . The nuclei from the oligodendrocytes were snaller,
with densely stained chromatin and lightly stained peripheral

nucleoli.

The contamination of the nuclear fraction with mtochondria
and lysosomes was tested by assaying succinic dehydrogenase, a
mtochondrial enzynme and acid phosphatase, a |ysosomal narker

enzyne.

Preparation of 3H labelled DNA fromE. coli:
3
E.coli A 19 cells were labelled with Hthynidine according
to Inga Mahler (1967). A 250 mi flask containing 50 M of growth
nedi um (1 g NH,C1,0.5 g of NaQl,3 g KHyPO4,6 g of NayHPO,, 1ml of
1 Mugso,, 0.1 m of 1 McCaCly, and 1.5 g casamino acids per
liter, after autoclaving, was supplenented with 10 Ml 50%sterile
glucose) was inoculated with Ecoli A 19 and shaken overnight at
37°C. The overnight grown culture was added as inoculumto 500 mi

of growth mediumin a 2 liter flask and the incubation was con-
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tinued for 2 hrs. (GCell density 2 X 10%) . Then 100 mg of deoxy
guanosi ne and 1 mCi of |abelled nucl eosi de, (methy13H)-thymidine,
were added to the nedium After further growth for 1 hr, the
cells were chilled with crushed ice and harvested. DNA from the

label led cell pellet was isolated by the nethod of Marmur (1961).

2 to 3g of wet packed cells were washed with 50 m of
saline-EDTA consisting of 0.15 M NaCi and 0.1 M EDTA, pH 8.0.
The final cell pellet was suspended in 25 m of saline-EDIA and
10 ng of lysozyme was added and incubated at 37°C for 1hr. 2.0 ni
of 25% sodium lauryl sulfate (SDS) was added and kept at 60°C for
10 min and then brought to roomtenperature. 5 M solution of
sodi um perchlorate was added to bring a final concentration of 1
M The whol e nixture was shaken with equal volune of chloro-
form: isoamyl al cohol (24:1) for 30 nin and then centrifuged for
10 min at 5000 rpm. The upper aqueous phase containing the
nucleic acids was taken out. To this 2 volumes of ethyl alcohol
(95% was added gently and the DNA was dissolved in 10 to 15 ni
of saline-citrate (0.015 M Nad and 0.0015 M trisodium citrate,
pH 7.0). The concentration of saline-citrate was adjusted to
0.15 M NaCl and 0.015M citrate by adding required vol ume of
concentrated saline-citrate (1.5 M NaC and 0.15 M trisodium
citrate, pH 7.0). Then an equal volume of chloroform:isoamyl
al cohol (24:1) was added and was shaken for 15 nmin and then
centrifuged for 5 mn at 5000 rpm. Deproteination was carried
out until little protein was seen at the interface. Two vol unes
of ethyl alcohol was added to the l|ast aqueous phase containing

DNA and the precipitate was dissolved in saline-citrate. Ri bo-
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nucl ease was added at a concentration of 50 pg/ml and incubated
at 37°C for 30 min. The whole digestion nixture was extracted
with chloroform:isoamyl al cohol (24:1) and the DNA in the aqueous
phase was precipitated with ethyl alcohol. The DNA was dissol ved
in 990 m of dilute saline-citrate and 1.0 m of acetate-EDTA
consisting of 3.0 M acetate and 0.001 M EDTA, pH 7.0 was added.
To this solution 0.54 volunes of isopropyl alcohol was added drop
wise while stirring rapidly. The DNA was spooled and made free
of acetate-EDTA by successive washing wth increasing percentage

of ethyl alcohol (70%to 909% .

The final DNA precipitate was dissolved in 10 mM Tris-HC1 pH
8.0, containing 1 mM EDTA 2 drops of chloroformwere added and
stored at 4°C. The specific activity of the isolated DNA was 7 X
10° DPM/mg of DNA

Preparation of the substrates:

Heat denatured DNA was prepared by keeping the solution of
Ecoli 3u-pNa at 100° for 10 nmin and cooling rapidly in an ice
bath (Sung, 1968).

Native WV irradiated DNA was prepared by irradiation of
E.coli 3H-pDNA solution on ice at a dose of 2 x 10* J/nf at 254 nm

using Philips Tuv 8 15 Wgermicidal |anp.

Depurinated native DNA was prepared by heating solution of
E.coli native 3H-DNA in 10 mM citrate buffer, pH 4.0 containing
100 mM Nacl for 20 mn at 70°C. After incubation, the solution

was chilled inmmediately.
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Assay procedure for DNase

Acid and al kaline DNases were assayed according to the
procedure of Subba Rao and Subba Rao (1982) with a slight nodifi-
cation. E coli 3H-DNA was used as a substrate instead of calf

thymus DNA
Aci d DNase:

The 60 ul of reaction mixture consisted of 10 ug of E. coli
SH-DNA (70,000 DPM), native or WV irradiated, 0.1 M sodium
acetate buffer, pH 5.1 and cell honogenate or nucl ear preparation
equivalent to 5-10 pg of DNA At the end of 30 min of incubation
at 37°C in a Dubnoff netabolic shaker water bath, 100 ug of
hi ghly polyrerized calf thymus DNA was added as carrier and the
reaction was termnated by adding 80 ul of 1.4 N PCA  After
keeping in ice for 10 mn, the tubes were centrifuged at 10,000
rpm for 10 mn and the supernatants were transferred into scinti-
Ilation vials containing 10 mM of Bray's mxture and counted for
radi oactivity in Beckman LS 1800 scintillation counter. The
enzynme activity was expressed as pg of 34-DNA degraded in 30 mn

at 37°C

Al kal i ne DNase:

The reaction mxture volune, nethod of assay and expression
of activity and other details are the sanme as in the case of acid
DNase, except that the reaction nixture consisted of either heat

denatured or depurinated 3H-DNA as the substrate and 0.05 M Tris-



HC1 buffer pH 8. 25.
Aci d Phosphatase:

Aci d phosphatase activity was assayed according to the pro-
cedure of Henrickson and dever (1972) with a slight nodifica-
tion. The activity was assayed by following the hydrolysis of p-
ni trophenyl phosphate to p-nitrophenol. The final reaction m x-
ture (0.9 nm) contained 3.3 mM p-nitrophenyl phosphate, 0.12 M
acetate buffer, pH 55 and 50 to 100 ug of enzyme protein. After
the incubation at 37°C for 1 hr the reaction was stopped by
adding 2.25 mi of 0.1 N NaOH which also devel oped the yellow
colour. The colour was read against appropriate blank and stan-
dards at 400 nm. Enzyme activity was expressed as umoles of p-

ni trophenol liberated per hour.

Succi nl ¢ dehydr ogenase:

Succi ni ¢ dehydrogenase (SDH) activity was assayed by a com
bination of the procedures of Nachlas et al. (1960) and that of

Susheel a and Ramasarma (1971) with a few modifications.

In a final reaction mxture of 0.5 m containing 40 mM
phosphate buffer pH 7.6, 17.5 mM succinic acid (disodium salt)
and 0.11 m of colour reagent containing 0.1 m of 3 mM 2-(p-
i odophenyl ) - 3- (p-ni trophenyl)-5-phenyl tetrazolium chloride (INT)
and 10 u1 of 1% phenazi ne methosulfate (PMS). The reaction was
started with the addition of 0.1-0.2 mg of protein. The sub-
strate free reaction mixture substituted by buffer served as

bl ank. After incubating at 37°C for 15 min, the reaction was
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stopped by the addition of 1 ml of glacial acetic acid.

Qacial acetic acid stops the reaction by bringing down the
pH of the reaction mxture. (PMS-INT) serves as the electron
acceptor system during the dehydrogenation of succinate. The
bright pink coloured formazan was eluted with 5.0 m of toluene

and read at 500 nm.

In order to get a standard curve, a final reaction mxture
of 0.5 m containing different concentrations of INI with 40 mM
phosphate buffer, pH 7.6 with 10 ul of 1% PM5 was taken al ong
with 0.1 m of 1% ascorbic acid as the reducing agent. After
standing for 15 min, 1 ni of glacial acetic acid was added and
the colour was eluted with 5.0 mM of toluene. The absorbance of

reduced INT was neasured at 500 nm

The unit activity of SDH was expressed as umoles of |NT

reduced per hour.

RESULTS AND DI SCUSSI O\

Specific activities of acid and al kal i ne DNases in neurons,
astrocytes and oligodendrocytes are presented in tables 4 and 5
respectively. As can be seen, at all the ages studied both the
enzyme activities are present in nuclear fraction also. The
percentage activities of acid DNase in nuclear fraction decreased
with age in both neurons and astrocytes, and there was no change

in oligodendrocytes (Tables 12, 13 and 14).

In all the cell types, the acid DNase activity decreased
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from young to adult stage and there was no further decline of
activities during old age both in homogenate and nuclear frac-
tions. In astrocyte and oligodendroglial nuclear fractions, high
specific activities of acid DNase were observed. Simlar type of
results were observed in the nuclear fractions when the acti-
vities of acid DNase were expressed per mg of DNA (Table 6).
This may reflect its involvement in DNA replication in glial
cells in the later stages of rat brain (glial proliferation)
which is in line of our earlier observations. A simlar type of
correl ation was observed between acid DNase activity, cell divi-
sion and DNA synthesis by Alfrey and Mirskey (1952). A correla-
tion between DNase |1, which is considered as acid DNase and the
capacity of certain tissues to divide was also denonstrated

(Cordonni er and Bernard!, 1968).

There are two limtations to relate the acid DNase activity
to DNA replication or repair process associated with it, possibly
postreplication repair. Firstly, acid DNase was considered as an
exclusively lysosomal enzyme (de Duve et al., 1962). Secondly,
acid DNase is optinmally active at pH values between 4.5 and 5.5
in 0.15-0.2 Macetate buffer, which is non physiological. As it
can be seen we have found significant activities of acid DNase in
the nuclear fractions also (Tables 12, 13 and 14). W have al so
tested the possible contamination of the nuclear fraction iso-
lated fromthe rat brain, with mtochondria and lysosomes by
assayi ng succl ni ¢ dehydrogenase, a mitochondrial marker, and acid
phosphat ase, a marker for |ysosones. Fromthe results presented

in Table 2, it can be concluded that our nuclear fractions were
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TABLE 2
RELATI VE DI STRI BUTI ON CF ACI D PHCSPHATASE AND SUCCI NI C DEHYDROGENASE
IN THE ADULT RAT BRAIN

Subcel | ul ar Aci d Phosphat ase Succi ni ¢ dehydr ogenase
fraction

Homogenate 100.0 100.0

Nuclei 0.41 + 0.07 0.20 + 0.03

Total activities in the honogenate were considered as 100% and the
remai ning val ues are expressed as percentage of these activities.

Val ues are nean of four individual experinents in the case of acid
phosphat ase and three experinments in the case of succinic dehydro-
genase.

For other details of incubation conditions and expression of activi-
ties please see the text.
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not contaminated with either nitochondria or 1lysosomes. The
presence of acid DNase in nuclear fraction is further ascertained
by the observed increased ratio of acid DNase to acid phosphat ase
from homogenate to nuclear fraction (Table 3). The presence of
acid DNase in the nuclear fraction was also established in the
nucl ei of calf thymus, HeLa S3 cells, and neurons, astrocytes and
ol igodendroglial cells of chick brain (Slorand Lev, 1971, Stam-
bolova et al. , 1973). It was found that highly purified DNase ||
is active at neutral pH, provided appropriate conditions of | ower
ionic strength and divalent cations are used. It was al so denon-
strated that the purified enzyme shows nore than 100% activity at
pH 7.0 when conpared with its activity at pH 4.5, and that these
two activities are probably due to sane protein nolecule (S or
and Lev, 1972). The role of acid DNase in DNA replication was
further substantiated by the experiments of Sor et al. (1973),
where a 2 to 7 fold increase in the acid DNase |l activity in &
phase HeLa S3 cells was noticed. However, no such induction was
seen in the acid phosphatase activity which is a lysosomal

enzyne.

Al this data along with our present observation that the
presence of high activities in the glial nuclear fractions in the
later stages of Ilifespan support the contention that acid DNase
is involved in DNA replication or to a process that is associated

with it, possibly postreplication repair.

Al kaline DNase activity (Table 5) shows highest activity in

ol i godendrocytes followed by neurons, and astrocytes both in
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TABLE 3
RELATI VE DI STRI BUTI ON OF ACI D pNase AND ACI D PHOSPHATASE
IN THE ADULT RAT BRAIN
Subcel I ul ar Acid DNase Aci d Phosphat ase AD AP I ncrease

fraction (AD) AP in ratio
(Total activity) (Total activity)

Homogenate 2656.0 + 314.0 283.0 + 7.5 9.4 1.0

Nucl ei 124.3 + 14.0 1.1 + 0.2 105.3 11.2

Val ues are expressed as Mean + SD.
Nunber of experinents in each case are 4.

Starting material in each experiment was 1 g of grey matter of the
brain.

Activities of acid DNase are expressed as ug of H DNA degraded into
acid soluble products per 30 min. Activities of acid phosphatase are
expressed as umoles Of p-nitrophenol liberated per 1 hr. For other
details please see the text.
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TABLE 4
SPEQI FIC ACTIVITIES OF ACI D DNase | N NEURONAL, ASTROGLIAL AND OLIGO-
DENDROGLI AL FRACTI ONS CF RAT BRAIN AT DI FFERENT AGES

Age and Neur ons Astrocytes d i godendrocyt es
Subcel lular fraction

Young:
(1 day ol d)
Homogenate 18.62 + 1.01 22.24 + 3.27 13.35 + 1.69
Nucl ei 7.89 + 1.76 21.85 + 0.85 7.71 + 1.48
Adul t:
(6 nonths ol d)
Honogenat e 9.51 + 1.01* 9.65 + 1.14* 9.45 + o0.617%
Nucl ei 2.19 + 0.35* 11.40 + 1.65* 7.46 + 0.58
ad:
(>540 days ol d)
Honogenat e 11.48 + 1.21*  11.94 + o.50™* 10.47 + 0.56%%
Nucl ei 2.79 + 0.48" 11.84 + 1.16* 8.17 + 0.78

Specific activities are expressed as pg of native H DNA degraded into
acid sol ubl e products/mg of protein/30 min.

For other details please see the text.
Val ues are expressed as nean + SD.

Nunber of experiments in each case are 4.

* These values are significantly different from the correspondi ng
young val ues p < 0.001.

* These val ues are significantly different from the corresponding
young values p < 0.05.

# These val ues are significantly different from the corresponding adult
val ues p < 0.05.
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TABLE 5
SPECI FI C ACTIVITIES OF ALKALI NE DNase | N NEURONAL, ASTROGLI AL AND
OL| GODENDROGLI AL FRACTI ONS OF RAT BRAIN AT DI FFERENT AGES

Age and Neur ons Astrocyt es d i godendr ocyt es
Subcel [ular fraction

Young
(1 day ol d)
Homogenate 576 + 0.55 4.62 + 0.45 8.12 + 0.86
Nucl ei 3.33 + 0.41 5.04 + 0.88 6.31 + 0.46
Adul t
(6 nonths ol d)
Honogenat e 5.68 + 0.81 2.77 + 0.52% 5.14 + o.78"
Nucl ei 6.72 + 0.97* 4,99 + 0.59 4,08 + 0.21*
ad:
(>540 days ol d)
Homogenat e 6.06 + 0.68 4.27 + 0.517 5.94 + 0.68%
Nucl ei 6.47 + 0.58* 6.50 + 0.56*% 5.50 + 0.49%

Specific activities are expressed as ug of denatured 3H-DNA degr aded
into acid sol ubl e products/mg of protein/30 min.

For other details please see the text.
Val ues are expressed as mean + SD
Nunmber of experinents in each case are 4

* These values are significantly different from the correspondi ng
young val ues p < 0.001.

* These values are significantly different from the corresponding
young values p < 0.05.

# These val ues are significantly different from the corresponding
adult values p < 0.01.
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TABLE 6
ACTIVITIES CF ACI D DNase EXPRESSED PER mg OF DNA I N NUCLEl CF VARIOUS
CELL ENRI CHED FRACTI ONS CF RAT BRAIN AT DI FFERENT AGES

Age Neur ons Astrocytes d i godendrocyt es
Young 45.14 + 9.77 122.03 + 7.18 42.97 + 7.31
(1 day ol d)

Adul t 25.03 + 5.19* 127.22 + 11.15 47.52 + 5.77

(6 nmont hs ol d)

ad 30.73 + 6.00*% 134.95 + 16.34 47.43 + 4.90
(> 540 days ol d)

Activities are expressed as pg of native H-DNA degraded into acid
sol ubl e products/mg of DNA/ 30 min.

For other details please see the text.
Val ues are expressed as nean + SD.
Nunber of experiments in each case are 4.

* These val ues are significantly different fromthe correspondi ng
young val ues p < 0.05.
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TABLE 7
ACTIM TIES CF ALKALI NE DNase EXPRESSED PER mg CF DNA I N NUCLEl CF
VAR CDS CELL ENRI CHED FRACTI ONS CF RAT BRAI N AT DI FFERENT AGES

Age Neur ons Astrocyt es d i godendr ocyt es
Young 19.26 + 2.87 28.30 + 5.96 35.49 + 1.62
(1 day ol d)

Adul t 71.91 + 8.72* 56.06 + 7.21% 26.04 + 3.34%

(6 nont hs ol d)

ad 71.28 + 10.03* 76.49 + 9.29* 31.94 + 3.49

(>540 days ol d)

Activities are expressed as ug of denatured H-DNA degraded into acid
sol ubl e products/mg of DNA/ 30 min.

For other details please see the text.

Val ues are expressed as nean + SD,

Nurber of experinents in each case are 4

* These values are significantly different from the corresponding
young val ues p < 0.001.

* These val ues are significantly different from the corresponding
young val ues p < 0.01.
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homogenate and nucl ear fractions in young rat brain. However, in
adult and old, the specific activity of alkaline DNase is nore in
neurons followed by oligodendrocytes and astrocytes. In neurons
the specific activity of alkaline DNase does not change with age
in honogenat e. However, it is significantly nore in adult and
old brain nuclear fractions as conpared to young, suggesting its
role in DNA repair. On the other hand, in oligodendroglial
nuclear fractions, the alkaline DNase decreased from young to
adult stage and again increased in the old age. Wen the val ues
are expressed per mg of DNA, the activities increased from young
to adult stage in the nuclear fractions, and there was no further
increase in old age (Table 7). These results substantiate for a

role of alkaline DNase in DNA repair.

Recently two DNases with alkaline pH optimum having a role
in DNA repair have been reported in the rat brain. It was sugge-
sted that neocortex AP endonucl ease, having a pH optimm of 7.4,
attacks AP-DNA and hydrol yzes the phosphodiester bond that is
i medi at e nei ghbour of the AP site on its 5' side, producing 3' -
OH and 5'-phosphate ends and thus providing a primer for DNA
polymerase B. It was also shown that another exodeoxyribo-
nucl ease with a pH optinumof 8.4, DNase B I|Ill, removes AP sites
from the AP endonucl ease nicked DNA and that this pronotes nore
efficient DNA repair synthesis by DNA polynerase B (lvanov et

al., 1983; 1988).

It is to be nentioned here that at all the ages studied acid
DNase showed simlar activities towards both native and W irra-

diated native DNA (Table 8 and 9) and this pronpted us to renane
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SPECI FIC ACTIVITIES OF UV DNase | N NEURONAL, ASTROG.|IAL AND OLIGO-

DENDROGLI AL FRACTI ONS OF RAT BRAIN AT DI FFERENT AGES

Age and Neur ons Astrocytes d i godendr ocyt es
Subcel lular fraction
Young
(1 day ol d)
Homogenate 17.33 + 2.50 21.54 + 3.38 12.15 + 1.48
Nucl ei 7.63 + 1.66 19.77 + 0.99 6.74 + 1.15
Adul t :
(6 nonths ol d)
Honogenat e 7.94 + 0.64* 9.29 + 0.88* 8.71 + 0.59%
Nucl ei 1.86 + 0.14* 10.99 + 1.87* 6.69 + 0.56
dd:
(>540 days ol d)
Honpgenat e 10.91 + 1.17**  11.46 + 0.54*% 9.51 + 0.58%
Nucl ei 2.33 + 0.55* 10.22 + 1.04* 7.59 + 0.83

Specific activities are expressed as ug of UV irradiated SH-DNA
degraded into acid soluble products/mg of protein/30 min.

For other details please see the text.

Val ues are expressed nean + SD.

Nurmber of experinents in each case are 4

These values are significantly different from the correspondi ng

young val ues p

* These val ues
young val ues p

These val ues
adult values p

< 0.001.

are significantly different
< 0.05.

are significantly different
< 0.01

from the correspondi ng

from the correspondi ng



ACTIM TIES CF UV DNase EXPRESSED PER mg OF DNA | N NDCLEI

VAR QUS CELL

Age
Young:

(1 day ol d)

Adul t :
(6 nonths ol d)

ad:
(>540 days ol d)
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TABLE 9

| SOLATED FROM

ENRI CHED FRACTI ONS OF RAT BRAIN AT DI FFERENT AGES

Neur ons

43.68 + 9.11

21.23 + 2.75*

25.77 + 7.18%

Astrocyt es Ad i godendr ocyt es
112.32 + 5.05 37.47 + 4.55
124.32 + 5.54% 42.61 + 5.68
116.45 + 15.06 43.96 + 5.11

Activities are expressed as pg of W irradiated HDNA degraded into

acid sol ubl e products/mg of DNA/min.

For other details please see the text.

Val ues are expressed as nean + SD.

Nunber of experiments in each case are 4.

This value is significantly different

value p < 0.01.

* These values are significantly different

young val ues p < 0.05.

from the correspondi ng young

from the correspondi ng
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TABLE 10
SPECI FIC ACTIVITIES OF AP DNase | N NBURONAL, ASTROG.|IAL AND OLIGO-
DENDROGLIAL FRACTI ONS CF RAT BRAIN AT DI FFERENT ACES

Age and Neur ons Astrocytes d i godendr ocyt es
Subcel ['ular fraction
Young:
(1 day ol d)
Homogenate 2.12 + 0.18 2.42 + 0.53 6.98 + 1.21
Nucl ei 2.76 + 0.60 2.06 + 0.45 519 + 0.94
Adul t:
(6 nonths ol d)
Honogenat e 4.52 + 0.52* 2.63 + 0.59 4.45 + 0.577
Nucl ei 4.98 + o0.s52% 4.52 + 0.67* 3.39 + 0.42%
ad:
(>510 days ol d)
Homogenat e 4.44 + 0.61* 3.44 + o0.54% 5.13 + 0.77%
Nucl ei 4.91 + 0.45% 5.14 + 0.74* 4.80 + 0.42%

Specific activities are expressed as ug of depurinated H DNA degraded
into acid soluble products/mg of protein/30 min.

For other details please see the text.
Val ues are expressed as nean + SD.
Nunber of experinents in each case are 4

* These values are significantly different from the corresponding
young val ues p < 0.001

* These val ues are significantly different from the corresponding
young val ues p < 0.05.

# This value is significantly different from the correspondi ng adult
value p < 0.01.
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TABLE 11

ACTIMI TIES OF AP DNase EXPRESSED PER mg OF DNA I N NUCLElI | SOLATED FROM

VAR QUS CELL

Age
Young:

(1 day ol d)

Adul t :
(6 nont hs ol d)

ad:
(>540 days ol d)

ENRI CHED FRACTIONS OF RAT BRAIN AT DI FFERENT AGES

Neur ons Ast rocyt es d i godendr ocyt es
15.87 + 3.64 11.64 + 3.09 29.09 + 6.16
54.92 + 5.54* 51.00 + 8.52* 21.74 + 4.41

54.09 + 8.07* 65.02 + 7.03* 27.83 + 2.39

Activities are expressed as pg of depurinated H DNA degraded into
acid sol ubl e products/mg of DNA/ 30 min.

For other details please see the text.

Val ues are expressed as nean + SD.

Nunber of experiments in each case are 4.

* These values are significantly different from the correspondi ng
young val ues p < 0.001.

# This value is significantly different from the correspondi ng val ue
at adult stage p < 0.05.
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TABLE 12
PERCENTACE ACTIVITIES OF DNases | N NEURORAL NUCLEl | SOLATED FRCM THE
RAT BRAIN AT DI FFERENT AGES

Age Acid DNase Al kaline DNase W/ DNase AP DNase
Young 23.3 + 3.0 24.3 + 1.6 32.9 + 6.0 73.8 + 11.7
(1 day ol d)

Adul t 10.1 + 2.1* 9.9 + 1.4* 47.3 + 7.4F 47.1 + 11.0%

(6 nont hs ol d)

ad 9.9 + 1.5* 8.8 + 2.5* 46.9 + 10.8 48.8 + 9.3
(>540 days ol d)

Val ues are expressed as mean of percentage activities + SD
These val ues are recalculated fromthe activities per mg of DNA
For other details please see the text.

These values are significantly different from the correspondi ng
young val ues p < 0.001.

* These values are significantly different from the corresponding
young values p < 0.05
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TABLE 13
PERCENTAGE ACTI VI TIES CF DNases | N ASTROG.I AL NUCLEI | SOLATED FRCM THE
RAT BRAIN AT DI FFERENT AGES

Age Acid DNase Al kaline DNase W DNase AP DNase
Young 32.9 + 5.7 33.2 + 3.8 36.1 + 5.7 28.9 + 5.9
(1 day ol d)

Adul t 17.5 + 1.4% 17.8 + 1.6% 27.3 + 4.8 26.2 + 5.1

(6 months ol d)

ad 20.7 + 1.7% 18.6 + 1.3* 33.1 + 3.2 38.1 + 3.4
(>540 days ol d)

Val ues are expressed as mean of percentage activities + SD.
These val ues are recalculated fromthe activities per mg of DNA

For other details please see the text.

These val ues are significantly different from the corresponding
young val ues p < 0.001.

* These values are significantly different from the corresponding
young values p < 0.01.

¥ This value is significantly different fromthe correspondi ng young
and adult values p < 0.05.
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TABLE 14
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FROM THE RAT BRAIN AT DI FFERENT AGES

Age Acid DNase
Young 30.1+5.5
(1 day ol d)

Adul t 34.1 + 3.4

(6 nmonths ol d)

ad 29.8 + 4.7

(>540 days ol d)

Al kal i ne DNase

29.3+4.1

32.3 + 0.9

30.8 + 4.3

| SLATED
W DNase AP DNase
40. 3+6. 3 38.7+6.0
34.4 + 7.3 32.9 + 6.9
36.0 + 8.5 36.7 + 9.6

Val ues are expressed as nean of percentage activities + SD.

These values are recalculated fromthe activities per mg of DNA

For other details please see the text.
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this so called acid DNase as W DNase. However, only the puri-
fied protein should yield nore information and such work is
progressing in this |aboratory. Sinmlarly the alkaline DNase
found to attack depurinated DNA also and this activity is quite
high in adult and old ages (Tables 10 and 11). Therefore, this
activity is renamed as AP DNase and attenpts to isolate this

enzyne in pure formare going on.



Chapter 1V

DNA Pol ynerases in isolated cell
enriched fractions fromthe rat

brain at different ages
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CHAPTER IV

DNA POLYMERASES | N | SOLATED CELL ENRI CHED FRACTI ONS FROM THE RAT

BRAIN AT DI FFERENT AGES

I NTRCDUCTI O\

Previous studies from this laboratory have shown that the
DNA content of both rat (Subba Rao and Subba Rao, 1982) and chick
brains (Shrivastaw and Subba Rao, 1975) goes up significantly in
the later stages of lifespan and this was attributed to one or
nore of the follow ng possibilities a) replication of glial
cells b) an increase in the intracellular DNA not necessarily
connected with the replication process but including the DNA
repair. Further, when the activity of DNA polymerase (nostly DNA
polymerase 3) was exanined, it showed a corresponding peak at
stages when increased DNA content was observed (Subba Rao and
Subba Rao, 1984). This pattern of changes led us to believe that
brain probably retains good repair capacity throughout the life-

span.

W have extended these studies to isolated cell enriched
fractions. It is generally accepted that brain consists of three
distinct types of cells viz, neurons, astrocytes and ol i godendro-
glia, all with different replicative schedules (Korr, 1980). It
is therefore, possible that DNA polymerase in these cell types

may vary depending upon the age of the brain. W have measured



60

the DNA polymerase activity in these cell types isolated fromthe
rat brain at different stages of the I|ifespan. Effort was al so
made to distinguish between a and g polynerase activity making

use of specific inhibitors.

MATERI ALS AND METHCDS:

Hi ghly polymerized calf thymus DNA, dATP, dGIP, and dTTP
were purchased from Signa Chem cal Conpany, St. Louis, MO, USA
D deoxythym dine 5'-triphosphate was from P.L. Biochemicals Inc.,
Wsconsin, USA and (methyl-3H) dTTP (sp. act., 46 Ci/mmole) Wwas
from Radi ochem cal Centre, Amersham, England. Aphidicolin was a
gift frombDr. A H Todd of I.C.l.Ltd., UK Pol ysacchari de

purified from Physarum polycephalum was a kind gift from M

Shioda, University of Tokyo, Japan. Al other chenicals used

were of analytical grade.

Neuronal, astroglial and oligodendrogllal cell enriched

fractions were isolated as described in the chapter 11.
Preparation of the Enzynme extract:

The homogenates of isolated cell enriched fractions were
prepared by hombgeni zing the isolated cell pellets in homogeniza-
tion medium which consisted of 0.02 M Tris-HCl1 buffer, pH 7.5,
0.1 mM B-mercaptoethanol, 1 mM MgCl,, 0.1 mM EDTA, 5% gl ycerol,
1% Triton X-100, and 0.5 M KC1. After the homogenization the
sanpl es were kept at zero to 4°C for one hour to aid the extrac-
tion of the polymerases from the nuclei and centrifuged at

100,000 xg for 1nhr. The clear supernatant thus obtained was used
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as the enzyme source of DNA polymerase. An aliquot of the
supernatant was taken for the protein estination according to

Lowy's method (1951).

DNA pol yner ase assay:

The reaction mxture contained in a total volune of 50 ul:
40 mM Tris-HC1 pH 8.0, 1 mM p-mercaptoethanol, 7.5 mM MgCl,, 4
mM ATP, 5 ug of 'activated' DNA (Loeb.,1969), 0.1 mM each dATP,
dGTP, dCTP and 25 uMof dTTP (1 uCi). Incubation was carried out
at 37°C for 20 min. At the end of incubation, 0.4 mg of DNA was
added as carrier and the reaction was stopped by adding 2 m of
cold 10% TCA. The sanples were kept in ice for 10 min and
centrifuged at 4000 rpm for 5 min. The precipitate thus obtai-
ned was washed thrice with 5% cold TCA and twice with 95% et ha-
nol. The precipitate after washing, was dissolved in 0.1 m of
0.05 M NaCH and aliquots were taken into scintillation vials
containing 10 mM of Bray's mxture and were counted in Beckman LS
1800 liquid scintillation counter. The enzynme activity was
linear up to 30 ug of enzyne protein. Specific activity was
expressed as picomoles of dTMP incorporated into activated DNA

per ng of protein per hour.

In order to distinguish the activity into a and B poly-
nerase, specific inhibitors were used. Aphidicolin was added in
the reaction mxture at a concentration of 50 uMwith a simulta-
neous reduction of dCTP concentration to 5 uM. ddTTP was added
at a concentration of 1 mM. Pol ysaccharide isolated from the

slime mold Physarum polycepahalum, (Shioda and Murakami-Muro-
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fushi, 1987) was added at concentration of 0.5 mg/ml. Further
increase in concentrations of these inhibitors had not resulted

any increase in the extent of inhibition.

BESUTLS AND DI SCUSSI ON:

The specific activities of DNA polymerase iNn neuronal, astro-
glial and oligodendroglial cells obtained fromrat brains of
various ages are presented in Fig 5. It nay be noted that at all
the ages studied, neuronal cells possessed the highest polymnerase
activity. The activity in these cells decreased from 16th day of
enbryonic life to adult life (225 days), but no further decrease
occurred thereafter. Event hough there was a slight increase in
the old age ( >540 days), it is not significant. These val ues
conpare well with those already reported by Waser et al. (1979)
and by Subba Rao et al. (1985). In both astrocytes and oligo-
dendrocyte fractions the activity steadily decreased with age

starting froma high level at the neonatal stage.

It is intriguing that cerebral neurons, with no capacity to
divide during postnatal life, should exhibit higher activities of
DNA pol ynerase at all the stages of |ifespan as conpared with the
other cell types, viz, astrocytes and oligodendrocytes which are
the cells known to retain their replicative capacity to a signi-
ficant extent throughout life. It is known that there are at
least three distinct DNA polymerases in nammalian cells; poly-
merasea,g and y (Weissbach et al., 1975 and Scovassi et al.,

1980). In the brain also sinlar type of diversity of DNA poly-
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merases was nhoticed. Studies from different |aboratories have
shown that the activities of polymerase @ and g could be distin-
gui shed by using specific inhibitors (Edenberg et al., 1978;
I kegam et al., 1978; ; Chashi et al., 1978, van der Vljet and
Kwant 1978; Wagar et al., 1978). Thus, a-polymerase Can be
inhibited specifically by aphidicolin and 8 -polymerase can be
inhibited by ddTTP. These inhibitors have been inplicated in a
nunber of studies to define a role for these polymerases. In a
nunmber of studies DNA pol ymerase g has been postulated to have a
role in the repair of DNA (Waser et al., 1979; Pedrali-Noy and
Spadari, 1980; Seki et al., 1980; Gulotto and Mndello, 1981,
Spadari et al., 1982). Studies on the DNA polynerase a has
produced conflicting results. Several studies inplicated a role
for polymerase a in the repair process (Berger et al., 1979,
Garrocchi et al., 1979, Hanaoka et al. , 1979; Snyder and Regan,
1982) while other studies assigned no such role (Pedrali-Noy and
Spadari, 1980; Seki et al., 1980 and Spadari et al., 1982).
Recent studies using different inhibitors suggested that both
pol ymerases are involved in DNA repair depending upon the dama-
ging agent used and the dosage applied (MIller and Chinault,
1982; MIler and Lui, 1982; O eaver, 1983; Dresler and Lieberman,
1983). The precise physiological role of polynerase y which is
shown to be simlar to mitochondrial DNA pol ymerase is not yet

clear (Hubscher, et al., 1977).

Therefore, we have made use of these two inhibitors to
di stinguish DNA polynerase a and B in different cell types.

The effect of aphidicolin and ddTTP in neurons, astrocytes and
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ol i godendrocytes are presented in Tables 15, 16 and 17 respec-
tively. A summary of the average percentage inhibition is pre-

sented in Table 18.

As it can be seen, in neurons the DNA polymerase activity at
all the postnatal ages was inhibited nmore than 90% by ddTTP, with
aphidicolin exerting no inhibition at all at 225 and >540 days of
age. During the enbryonic stages, however, ddTTP inhibited the
activity by 70% only, while aphidicolin did so by 9% These
results are taken to indicate that at all the postnatal ages,
nost of the DNA pol ymerase activity in neurons is of the 8-type.
The picture was, however, different in the case of astrocytes and
ol i godendrocytes. In astrocytes, the maxi muminhibition (95% of
activity by ddTTP was observed at 1 day old postnatal, pointing
to the fact that at this stage the polymerase present is al nost
exclusively of the B-type. At the other ages the inhibition
varied from 48 to 78% with a marginal effect by aphidicolin at
the 16th day of gestation and 225 days. Fromthe pattern of the
inhibition by the two inhibitors in the oligodendrocyte fraction,
it can probably concluded that while B -polymerase is the predo-
m nant one throughout the postnatal life, sone anmobunt of a-
polymerase al so seens to be present at all the ages studied.
There were few ol igodendrocytes in the prenatal brain and there-

fore could not be isolated.

In view of the clainmed specificities of the two inhibitors
ddTTP and aphidicolin towards DNA polynerase B and a, respec-
tively, it can normally be expected that the sumtotal of inhibi-

tion by ddTTP and aphidicolin should reach close to 100% How



TABLE 15

EFFECT OP APBI DI COLIN AND ddTTP ON DNA POLYMERASE ACTIVITY | N NEURONS
OF RAT BRAIN AT DI FFERENT ACES

Age Cont r ol ddTTP % Aphi di colin %
i nhi bition i nhi bition
16th day 2767. 56 825. 03 2506. 38
+ + 70. 18 + 9.44
(Prenatal) 294. 34 142. 08 61. 40
(4)
1 day 2713. 00 210. 03 2630. 00
+ + 92.25 + 3.00
(Postnatal) 341.80 108. 00 345. 80
(6)
Adul t 449. 23 34.55 531. 43
+ +92.30 +
(225 days) 81. 47 16. 31 171. 57
(6)
ad 500. 52 35.37 522. 02
+ + 93.03 +
(>540 days) 110.89 14. 75 137.00

(6)

Activities are expressed as

activated DNA/mg of protein/hr.

Val ues are expressed as Mean + SD.

picomoles of TMP incorporated into

Nunbers in parentheses represent nunber of experiments carried out.

For other details please see the text.
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EFFECT OF APHIDICOLIN AND ddTTP ON DNA POLYMERASE ACTIVITY IN

ASTROCYTES OF RAT BRAIN AT DIFFERENT AGES

Age Contr ol ddTTP % Aphi di col in %
i nhibition i nhi bition
16th day 1476. 84 442. 46 1265. 04
+ + 70. 04 + 14. 24
(Prenatal) 360. 75 164. 49 342.92
(4)
1 day 823. 30 42.35 806. 42
+ + 94. 85 + 2.05
(Postnat al ) 76.90 25.90 111.11
(6)
Adul t 75. 47 39.28 65. 37
+ + 47.90 + 13. 46
(225 days) 15. 62 12. 42 17.12
(6)
ad 37.52 18.70 44.75
+ + 50. 16 +
(>540 days) 11. 92 8.32 15.91
(6)
Activities are expressed as picomoles of TMP incorporated into

activated DNA/mg of protein/hr.

Val ues are expressed as Mean + SD.

Nunmbers in parentheses represent nunber of experinents carried out.

For other details please see the text.
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TABLE 17
EFFECT OF APHI DI COLIN AND ddTTP ON DNA POLYMERASE ACTIVITY IN OLIGO-
DENDROCYTES OF RAT BRAIN AT DI FFERENT AGES

Age Contr ol ddTTP % Aphi di colin %
i nhi bition i nhi bition
1 day 245.10 91.51 205. 00
+ + 62. 60 + 16. 36
(Postnatal ) 53. 19 10.35 44. 30
(6)
Adul t 144. 43 28.10 137. 42
+ + 80. 50 + 4.80
(225 days) 42.30 10.70 41. 80
(6)
ad 78. 80 44. 20 74. 63
+ + 43. 90 + 5.29
(>540 days) 16. 30 18.35 28. 68
(6)

Activities are expressed as picomoles of TMP incorporated into
activated DNA/mg of protein/hr.

Val ues are expressed as Mean + SD.
Nunbers in parentheses represent nunber of experinents carried out.

For other details please see the text.
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TABLE 18
EXTENT OF INH BI TION BY ddTTP AND APH DI CCLIN I N DI FFERENT CELL TYPES
IN THE RAT BRAIN OF DI FFERENT AGES

Cel | dtype Age 16th day of 1 day 225 days >540 days
an
i nhi bi t or pr enat al postnatal postnatal post nat al
Neurons:
ddTTP 70.2 92.3 92.3 93.0
Aphidicolin 9.4 3.0 N | N |
Astrocytes:
ddTTP 70.0 94.9 47.9 50. 2
Aphidicolin 14. 3 2.0 13.5 N |
Oligodendrocytes:
ddTTP 62.6 80.5 43.9
Aphidicolin 16. 4 4.8 5.3

Val ues represent average percentage of inhibition.

Nurmber of experiments carried out are 4 at 16th day prenatal and
6 at all other ages.

For other details please see the text.
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ever, this is not the case particularly, in glial fraction, as
can be noticed in Table 18. This could be due to two reasons:
I)the a-polymerase in crude extracts may not be so sensitive
towards aphidicolin as it is reported to be in studies with pure
a-pol ynerase enzyne (Ikegami et al., 1978). 2)the nolecul ar
species of a-polynerase present in the glial cells may be only
margi nal |y susceptible to aphidicolin. Indeed, there are reports
in literature clainming the presence of multiple forns of DNA
polymerase a in Hela cells (Pedrali-Noy and Wi ssbach, 1977),
calf thymus (Hesslewood et al., 1978) and rat liver (Holnes et
al., 1974). On the other hand, the sensitivity of g-polymerase
present in crude extracts towards ddTTP can not be suspected
since at sone ages profound inhibition by this inhibitor was
obser ved. It thus appears that aphidicolin is not a good indi-
cator to assess the levels of a-polymerase in the crude extracts

as is the case in the present experinents.

Recently a polysaccharide isolated from the slinme nold

Physarum polycephalum was found to inhibit a-polynerase specifi-

cally with no effect on B8 -polynmerase (Shioda and Murakami-
Murofushi,1987). W have therefore, studied the effect of this
pol ysaccharide on the DNA polynerase activity in isolated cell
enriched fractions from the rat brain of different ages. The
results are presented in Table 19. It is clear fromthe results
that pol ysaccharide inhibited the DNA polymerase activity by
about 25% in astrocytes at all the ages studied, while this
inhibition ranged from 30 to 50% in the oligodendroglial frac-

tion. These results suggest that at all the postnatal stages,
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TABLE 19
EXTENT CP I NH BI TION BY POLYSACCHARIDE | SOLATED FROM PHYSARUM POLYCE-

PHALUM CN DNA POLYMERASE ACTIVITY | N NEURONAL, ASTROG.I AL AND OLIGO-
DENDROGLI AL CELLS OF RAT BRAIN OF DI FFERENT AGES.

Age Neur ons Ast rocyt es Ad i godendr ocyt es
Young 50.5 + 4.7 25.8 + 4.9 32.5 + 5.8
(1 day old) (6) (4) (4)

Adul t 31.7 + 5.0 27.7 + 6.6 53.5 + 5.3
(6 Months ol d) (4) (4) (4)

ad 23.5 + 2.0 27.7 + 3.0 32.3 + 3.0
(> 540 days ol d) (4) (5) (4)

Val ues represent Mean of percentage inhibition + SD.

Nurmbers in parentheses represent nunber of experiments carried out.
Actual values (expressed as picomoles of TMP incorporated into acti-
vated DNA/mg protein/hr.) for neurons at young, adult and old ages are
2713, 449 and 500; for astrocytes 823, 75 and 37; for oligodendrocytes
are 245, 144 and 78 respectively.

For other details please see the text.
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about 25 to 50% of the DNA polymerase activity in the glial
fraction is of a-type. It is surprising to see that pol ysaccha-
ride inhibited DNA polynerase activity in neurons at all the
three postnatal ages studied and this inhibition decreased with
age (50%in young, 31%in adult and 23%in old). These results
are not in conplete agreement with our above mentioned inhibition
studies with ddTTP and aphidicolin (Table 18). This could be due
to marginal susceptibility of 8 -polynmerase of neuronal cells to

pol ysaccharide. Further work is necessary.

In any event, these results do indicate that rat cerebral
neurons possess significant anmounts of DNA polynerase activity
both in adult and old life and that the enzynme is al most exclu-
sively of g-type. On the other hand, the glial cells at adult
and old stages of life seem to possess other type(s) of DNA
polynerase in addition to the predom nant g -polymerase. This
appears to be in line with the known proliferative capacity of

the glial cells in later stages of |ifespan.



Chapter V

Unschedul ed DNA Synthesis in isolated
Neurons and Lynphocytes of rat of

different ages.
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CHAPTER V

UNSCHEDULED DNA SYNTHESI S I N | SOLATED NEURONS AND LYMPHOCYTES
OF RAT CF DI FFERENT AGES

| NTRCDUCTI ON

Eversince the observations of Hart and Setlow (1974) that
DNA repair capacity of a species is directly related to its
maxi mum |ifespan, nuch attention has been paid on DNA repair
studies in the field of gerontology. Al though a vol uninous data
have been accumulatd, a direct evidence for DNA repair as the
primary determinant of aging is |acking. Evi dences have been
presented that DNA repair capacity declines with age in hunan
fibroblasts (Hart and Setlow, 1976) and human peripheral bl ood
| eukocytes (Lanbert et al., 1979). However, some dissenting
reports do exist for the above observations (Hall et al., 1982

and Mayer et al., 1986).

Most of the investigations cited above had been carried out
either in fibroblasts or in |ynphocytes. A close correlation
between DNA repair capacity and the proliferative status of a
cell has been well established. It was denonstrated that the DNA
repair activity is nore in actively proliferating fibroblasts
(Dowens et al. , 1982 and Volberg et al., 1984) and mitogen stinu-
lated |ynphocytes (Llcastro and Walford, 1985) when conpared to
the resting cells of the sane |ineage. Since the proliferative

capacity of both |ynmphocytes (Walford, 1969) and fibroblasts
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(Schneider et al., 1979) declines with age of the donor it is
uncl ear whether the decrease in DNA repair capacity with age is
due to decreased proliferative capacity or it is independent of
proliferative status. For such studies probably a postmitotic
tissue like brain is well suited. Further, repair of DNA damage
in neuronal cells is of prime inportance in naintaining the
functional integrity of the genone since the chances of correc-

tive DNA replicative synthesis are virtually nil in neurons.

The best known type of DNA repair in mamalian cells is the
excision repair. Excision repair can be induced by different DNA
damagi ng agents like ultraviolet rays, X-rays, alkylating agents
etc. (discussed in detail in chapter I). Utraviolet light (254
nm) may represent an excellent nodel agent for inducing DNA
repair. It is directly acting, prinarily absorbed by nucleic
acids and induces long patch repair which appears to be primarily
error free (Regan and Setlow, 1974a and Hanawalt et al., 1979).
Hence, a study has been taken to neasure W induced unschedul ed
DNA synthesis in isolated neurons of rat brain of different ages.
Lynphocytes isolated from rat spleen of the sane age groups have

been taken as a positive control system for such studies.

MATEBI ALS AND METHCDS

Phosphate buffered saline and RPMI-1640 (developed in
Roswel | Park Menorial Institute) were purchased from H -Media,

Bombay, India. Mnimal essential nedium (Eagle) and foetal calf
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serum were obtained from G bco Laboratories, New York. Peni -
cillin and streptonycin sulfate were purchased from Signa Chemi -
cal Conpany, St. Louis, MD) USA 3H—thym1d1ne was obtai ned from
Bhabha Atom c Research Centre, Bonbay. NTB-2 aut or adi ogr aphy
enul sion was from Eastnan Kodak, USA. Germicidal |anps (15 W TW
8) were purchased fromPhilips, Netherlands. Al other chenicals

used were of analytical grade.

Neuronal cells were isolated as described in chapter |1.

Isolation of Lynphocytes

Lynphocytes fromthe rat spleen were isolated essentially as
described by Licastro and Valford (1985). Rats were killed by
mld ether anaesthesia. Spl eens were renoved aseptically and
placed in cold RPMI-1640 supplemented with 100 units/m of peni-
cillin and 100 pg/ml of streptonycin. The spleen was ninced and
pressed gently through a sterile stainless steel mesh with arte-
rial forceps fitted with steel brushes. The cell suspension was
allowed to stand for 5 min at roomtenperature. The clunps which
were settled to the bottom were discarded and the cell suspension
was centrifuged at 400 xg for 7 min. Erythrocytes were lysed with
0. 85% ammoni um chl oride and the nucl eated |ynphocytes were coll e-
cted by centrifugation. The cells were washed three times with
cold RPM -1640. The final cell pellet was suspended in RPM -1640
suppl enented with 5% foetal calf serum at a density of 2 X 10°
cells/m. Cell viability as judged by trypan blue exclusion test

was about 90%



75

W irradiation:

The isolated neuronal cells were washed once wth phosphate
buffered saline (PBS, pH 7.4) and suspended in mninmal essential
nedium (MEM Hank's salts, pH 7.4) supplenented with 100 units/
m of penicillin and 100 ug/ml of streptonycin, at a density of 1
X 10 cells/m. The cell suspension was spread as a thin |ayer
in 55 mmplastic petridish and irradiated at a dose of 20 J/m or
40 J/nf at 254 nm using Philips TW 8, 15 W germicidal |anp.
The intensity of the lanp was nonitored with a Black-Ray W neter
Model J-225. Al other manipulations after W irradiation were
performed in the red dimlight in order to elinmnate the possible
occurrence of photoreactivation. After the irradiation the cells
were collected by centrifugation and suspended in fresh MEM
Control cells received the sane treatnment except the W irradia-
tion. Lynphocytes were irradiated in sinmlar nmanner except that

the suspension medi um was RPMI-1640.
Measurenent of DNA synthesis:

DNA synthesis was neasured by the incorporation of H
thymidine into DNA in vitro. To the cell suspension H-thym dine
was added at a concentration of 10 uCi/ml and incubated at 37°C
for 2 hrs in the dark. After the incubation, the cells were
collected by centrifugation and the DNA was extracted as des-
cribed in the chapter 11. The DNA synthesis was expressed as
disintegrations per ninute (DPM of H t hym di ne incorporated

into one ug of DNA per 2 hrs at 37°C
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Measur ement of unschedul ed DNA synthesis:

Unschedul ed DNA synthesis (UDS) was neasured by the incorpo-
ration of 3H-thymidine into DNA in vitro in the presence of 5 mM
hydroxyurea (HU). Unscheduled DNA synthesis was expressed as DPM
of 3H-thymidine incorporated into one microgram of DNA per 2 hrs
at 37°C Unschedul ed DNA synthesis was also neasured by auto-

r adi ogr aphy.
Autoradiography:

Aut or adi ogr aphy was performed according to the procedure of
O eaver and Thomas (1981) with slight modification. After the
incubation, the cells were collected by centrifugation and washed
extensively with PBS (pH 7.4). Then the cells were fixed with 2%
acetic acid and a smear of cells was prepared on a glass slide.
The slides were rinced once with 50% al cohol, once with 70%
al cohol and once with 90% al cohol. Then the slides were air
dried and coated with 1:1 diluted NTB 2 enul sion (Kodak) and kept
in light tight box at 4°C. After six nonths of exposure the
slides were developed with Kodak D 19 developer and fixed wth
acid fixer. The slides were observed under phase contrast micro-

scope.

RESULTS AND DI SCUSSI ON:

The results of 3H-thymidine incorporation into neurons are
presented in Table 20. As can be seen, notable anpunts of 3g-
thymidine were found to be incorporated into neuronal DNA at all

the ages studied although the amount of incorporation in 1 day
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old neurons was ten tines nore than that at adult and old

st ages.

Hydroxyurea (HU) has been inplicated by various investi-
gators to distinguish between semiconservative DNA replication
and repair replication. It has been shown that HU inhibits
thym dine incorporation into DNA without affecting RNA and
protein syntheses (Young et al. , 1964, Young and Hodas, 1964).
However, HU is known to inhibit scheduled DNA synthesis but not
unschedul ed DNA synthesis (Young and Hodas, 1964; d eaver, 1969;
Vilenchik and Tretjak, 1977). Wen HU was present in the nedium
at a concentration of 5 mM about 80% of the thym dine incorpora-
tion was abolished in 1 day old neurons while no such effect
could be observed in neurons isolated from adult and old rat
brains. (Table 20) These results denonstrate that the thym dine
incorporation into adult and old neurons is only due to unsche-
dul ed DNA synthesis (DNA repair) and therefore isolated neuronal
cells fromthe adult brain should offer a good nodel system for
a study of DNA repair without the interference of DNA replication
process. The basal excision repair capacity (UDS) in neurons
decreased significantly fromyoung to adult stage but rerained at

the same level even in old age.

Onh the other hand, the thymdine incorporation into |ynpho-
cytes was inhibited by nore than 90% in young and ol d | ynphocytes
and by about 80% in adult |ynphocytes pointing the fact that
there is persistence of DNA replicative activity in these cells

at all ages (Table 21). The results also indicate that while the
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TABLE 20
EFFECT OF HYDROXYUREA CH 3H-THYMIDIRE | NOORPCRATI ON | NTO NEDRONAL DNA
CF YOUNG ADULT AND OLD RAT BRAINS

Age Cont rol + HU %
DPM x 1073/mg DNA DPM x 1073/mg DNA i nhibition

Young 289 +87 60+2 79

(1 day old) (4) (8)

Adul t 28+4 31+4

(6 nonths ol d) (8) (4)

ad 29+3 29+2

(> 540 day ol d) (8) (4

Val ues are expressed as Mean + SD.
Nunber in parentheses represents the nunber of experiments carried out.
For other details please see the text.

Adult and old values are significantly different from the corre-
spondi ng young values p < 0.001
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TABLE 21
EFFECT OF BYDROXYUREA ON 3H-THYMIDINE | NOORPCRATI ON | NTO DNA OF
LYMPHOCYTES COF YOUNG ADULT AND OLD RAT SPLEENS

Age Control + HU %
DPM x 1073/mg DNA DPM X 10™3/mg DNA i nhi bition

Young 1490 +40 60 + 11 96

(1 day ol d)

Adul t 274 + 23% 57 + 11 79

(6 nmonths ol d)

ad 447 + 103** 42 + s* 91
(> 540 day ol d)

Val ues are expressed as nean + SD
Nurmber of experiments in each case are 4
For other details please see the text.

These values are significantly different from correspondi ng young
val ues p < 0.001

* These values are significantly different from corresponding adult
val ues p < 0.05.
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DNA replicative activity is slightly higher in old |ynphocytes as
conpared to the adult, the basal DNA repair capacity (UDS) actu-
ally decreased with age - thus pointing a contrasting picture

fromthat of neurons.

The effect of W (254 nm) on DNA synthesis in neurons and
| ynphocytes are presented in Tables 22 and 23 respectively. It
is clear fromthe results that W inhibited DNA synthesis in all
the cases and this inhibition is dose dependent. A simlar dose
dependent reduction in DNA replication has also been observed in
other mammlian cells (Rasmussen and Painter, 1964; Park and
Cl eaver, 1979; Giffiths and Ling, 1985). This reduction appears
to be due to at least two factors; blockage of DNA fork progres-
sion by DNA |esions produced by W (Dahle et 2l., 1980) and
inhibition of replication initiation (Kaufmannet al., 1980). It
is also clear fromthe results that the inhibition of DNA synthe-
sis by W in lynphocytes does not change significantly with age
of the donor suggesting that the effect of W/ on DNA synthesis is
not age dependent. Also it can clearly be observed that the

effect of W on DNA synthesis is nore pronounced in neurons than

| ynphocyt es.

The results of W induced UDS in neurons are presented in
Table 24. It may be seen that a significant increase in the UDS
was observed in both young and adult neurons with the two doses
tested. However, old neurons did not exhibit any ability to
respond to W challenge at 20 J/nf but a marginal induction could
be seen at 40 J/nf (p < 0.05). In order to test the possibility

that neuronal cells isolated fromthe old rat brain may require
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TABLE 22
EFFECT CF ov ON DNA SYNTHESI S IN NEURONS CF YOUNG RAT BRAIN

Control 20 J/nf % 40 J/nf %
inhi bition inhibition
289 + 87 184 + 33 36 116 + 42* 60

Val ues are expressed as nmean of DPMx 10 ¥ of “H-thymidine incorpo-
rated/mg DNA + SD.

Nunber of experinents in each case are 4.
For other details please see the text.

* This value is significantly different fromcontrol value p < 0.05.
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TABLE 23
EFFECT OF W CH DNA SYNTHESI S | N LYMPHOCYTES COF RAT SPLEEN
AT Dl FFERENT AGES

Age Control 20 J/nt % 40 J/nt %
i nhi bition i nhibition
Young 1490 + 340 1269 + 235 15 1183 + 74 21
(1 day ol d)
Adul t 274 + 9 225 + 50 17 190 + 51 30

(6 mont hs ol d)

old 447 + 103 407 + 91 9 328 + 107 26
(>540 days ol d)

Val ues are expressed as nean of DPM x 10 of Hthym dine incorpo-
rated/mg DNA + SD.

Nunber of experinents in each case are 4.

For other details please see the text.
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nore time (more than 2 hrs of incubation) to respond to W, we
have extended the incubation time up to 6 hrs. Even then, old
neurons did not show any significant response to the chall enge of

W light at a dose of 20 J/nf (Table 25).

The picture is somewhat different in |ynphocytes which are
known to have the capacity to proliferate on stimulation (Table
26). These cells responded to WV challenge through a marked
increase in UDS at all the stages of Ilfespan studied. Further,
W induced UDS (W/cont) increased with age suggesting that W
i nduced UDS nay be dependent upon the replicative potential but

not the replicative schedule of the cell.

Aut or adi ography experinents showed significant nunber of
grains (4 to 6) in both neurons and |ynphocytes at all the ages.
These grains may represent the basal DNA repair synthesis in
these cells. Wen the cells were irradiated with W this nunber
was found to be increased significantly (12 to 15) in |ynphocytes
at all the ages. However, significant increase in the nunber of
grains was observed in neurons only at young and adult (6 to 8)
stages of Ilfespan (Fig 6 and 7). These results substantiate our
bi ocheni cal observations. It has also been observed in these
experiments that the percentage of the neuronal cells with grains
is nore in young (about 70% when conpared to adult and old

(about 209 .

It is understood from the above results that the effect of
W 1in neuronal cells, especially in the old life is quite linted

while W induced UDS is nore in |ynphocytes and it increased with
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TABLE 24
UV INDUCED UNSCHEDULED DNA SYNTHESI S | N NEURONS CP RAT BRAIN
AT DI FFERENT AGES

Age Control 20 J/nt 40 J/ nt
W/ Cont . UVv/ Cont .

Young 61 +2 71 + 6* 1.16 91 + 21% 1.49
(1 day ol d) (8) (8) (3)

Adul t 28+4 35+2*% 1.25 33 + 2% 1.18
(6 months ol d) (8) (8) (4)

ad 29+3 30+4 1.03 34 + 3* 1.17
(>540 days ol d) (8) (8) (3)

Val ues are expressed as nmean of DPM x 10 of Hthymdine incorpo-
rated/mg of DNA + SD.

Nunber in parentheses represents the nunber of experinents carried out.

For other details please see the text.

* These values are significantly different from the corresponding

control values p < 0.001.

* These values are significantly different from the corresponding
control values p < 0.05.
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TABLE 25
TIME COURSE CGF W | NDUCED UNSCHEDULED DNA SYNTHESI S | N NEURONS OF RAT
BRAIN AT DI FFERENT ACES

Age Hours after Contr ol 20 J/ntf uVv/ Cont .
irradiation

Young 2 61+2 71+6* 1.16
(1 day old)

4 83+2 93 + 2 1.12

6 96+3 114 + e* 1.19
Adul t 2 28+4 35+2* 1.25
(6 nonths ol d) +

4 34 + 3 44 + 2 1.29

6 42+3 48 + 2 1.14
ad 2 29+3 30+4 1.03
(>540 days ol d)

4 37+2 39+1 1.05

6 49+5 52+7 1. 06

Val ues are expressed as nean of DPM x 10~% of SH-thymidine i ncor po-
rated/mg of DNA + SD.

Nunber of experiments are 8 at 2 hrs and 4 at 4 hrs and 6 hrs.
For other details please see the text.

* These values are significantly different from the corresponding
control values p < 0.001.

* These values are significantly different from the corresponding
control values p < 0.01.

# This value is significantly different from the correspondi ng control
value p < 0.05.
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TABLE 26
W | NDUCED UNSCHEDULED DNA SYNTHESI S | N LYMPHOCYTES CF RAT SPLEEN
AT DI FFERENT AGES

Age Control 20 J/nt 40 J/ nt

W/ Cont . Uv/Cont.
Young 69 + 11 104 + 19* 1.50 112 + 27* 1.62
(1 day ol d)
Adul t 57 +11 90 + 7% 1.58 85 + 3* 1.49

(6 nmont hs ol d)

ad 42+5 100 + 2% 2.33 96 + 127 2.29
(>540 days ol d)

Val ues are expressed as nean of DPM x 10 of H-thymidine incorpo-
rated/mg DNA + SD.

Nunber in parentheses represents the nunber of experinents carried
out.

For other details please see the text.

* These values are significantly different fromthe correspondi ng
control values p < 0.05.

* These values are significantly different from the corresponding
control values p < 0.01

# These val ues are significantly different from the corresponding
control values p < 0.001



Fig 6:

W induced unschedul ed DNA synthesis in Neurons of rat brain

at
a,
b,

c,

di fferent ages.

d and g
e and h

f and i

control of young,
20 J/m of young,
40 J/m of young,

adult and old respectively
adult and old respectively

adult and old respectively






Fig 7:

UV induced unschedul ed DNA synthesis in lympocytes of rat
spleen at different ages.

a, d and g control of young, adult and old respectively
O
b, e and h 20 J/m of young, adult and old respectively

]
c, f and i 40 J/m of young, adult and old respectively
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age. A sinlar type of differences have been observed earlier by
other workers between postmitotic and proliferating ceclls (d bson

and D'Ambrosio, 1982; de Sousa et al., 1986).

Age related changes in DNA repair capacity may result from
age dependent differences in thymdine uptake, precursor pool
size, patch size and confornation of the chromatin. However, it
has been observed that thym dine uptake, precursor pool size and
patch size do not change with age (Hart et al., 1979b; Hall et
al., 1984, Hasegawa et al., 1984 Nette et al., 1984; Vijg et al.,
1984) . Further, it has been shown that nucl eotide excision
repair synthesis is independent of perturbations of deoxy nucl eo-
side triphophate pool size (Katz and Sirover, 1987) . Ou the
other hand, the effect of age related changes in chromatin on DNA

repair capacity renain specul ative (Medvedev, 1984).

Neverthel ess, these results do indicate that the basal DNA
repair capacity (UDS) in neuronal cells does not change from
adult to old stage of lifespan of rat which is in line with the
observations on the changes of DNA repair enzynes (Chapter I1l

and | V).



Chapter M

Ceneral Discussion
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CHAPTER VI

GENERAL DI SCUSSI ON

Anong the several theories that explain the process of
aging, the theories that explain this process on the genetic
basis have been attracted by nany investigators. DNA damage/
repair hypothesis is the one among such theories. According to
this hypothesis the greater the DNA repair capacity of a species

or acell, the longer its |ifespan.

The first studies on DNA repair with relevance to the aging
process were those of Painter and d eaver (1969) who conpared DNA
repair capacities of several kinds of cultured mammalian cells.
They found a greater extent of W induced UDS in the cells of
human origin when conpared to that of rodent. Later, Hart and
Setlow (1974) observed a strong log-linear correlation between
the DNA repair capacity and maximum lifespan in skin flbroblasts
of seven nammal i an species. These experinents gave the credence
to the 'DNA repair' as the longevity assurance system This
concept continues to enjoy the attention of several scientists
all over the world and excellent reviews have appeared on this
subject (Hart and Trosko, 1976; Hart et =al., 1979a; Gensler and
Bernstein, 1981; Lehmann, 1985; Vijg and Knook, 1987.)

The studies of DNA danage and repair assume greater inpor-
tance in a postmitotic tissue like brain because - neurons do not

possess the mitotic ability and the brain has high netabolic
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rate. Further, the brain brings about homeostatic integration of
all the bodily organs. So the repair potential of neuron shoul d
be a good reflection of the functional state of all other organs.
Therefore, it is our belief that the amount of DNA danage that
may occur in an aging neuron of a species and its ability to
repair such danage might play a critical role in dctermining the

maxi num | i fespan of that species.

If the DNA repair capacity plays any significant role in the
process of aging, one would generally expect that the follow ng
possibilities exist:a) an age related unrepaired DNA |esions
should accurul ate either linearly or exponentially, b) the rate
of aging process should itself be nodified by the changes in the
| evel s of DNA damagi ng agents. In other words, DNA danmgi ng
agents shoul d accelerate the aging process, c¢) the human genetic
di sorders of premature aging should show low | evel s of DNA repair
capacity and d) the DNA repair capacity should decrease with age
in a species, and species with different longevities could be

expected to have different DNA repair capabilities or both.

a)Age related occurrence of unrepaired DNA | esions: Various types
of unrepaired DNA lesions |like DNA single strand and doubl e-
strand breaks, DNA cross-links and chronosonmal aberrations have
been reported to be accurmulated with age. Price et al. (1971)
studied the tenplate activity using calf thymus DNA polymerase in
ethanol fixed sections of brain, heart and liver tissues from
four nonth and thirty five nonth old mce. The calf thynmus DNA
pol ynerase requires denatured DNA at |east twenty nucleotides

length and free 3'-OH end for its activity. They concluded from
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their results that DNA single-strand breaks accumulate with age
nore in brain cells than in liver or heart cells. They also
observed the presence of nore acid sensitive regions in all the

aged cells (Mdak and Price, 1971).

Massie et al. (1972) observed, nore single- and doubl e-strand
breaks as a function of age in rat liver cells. Simlarly Karran
and Ormerod (1973) observed |ower nmolecular weight DNA isolated
from twenty eight day old rat striated nuscle when conpared to

one day ol d.

Chetsanga et al. (1977) showed that brain DNA isolated from
six month old rat showed a single band on al kaline sucrose
gradient corresponding the MV of 120 X 10° daltons, while DNA
fromthirty month old brain showed four peaks corresponding to MV
of 140 X 10% 70 X 10% 15 X 10% and 3 X 10%. The sensitivity of
isolated DNA to S;-nuclease digestion, an enzyne specific to
single strand regions, increases fromtwo per cent in 6-15 nonth
old, to ten per cent by 20 nonth old, and to fourteen per cent by
30 nont hs. Simlar type of results were obtained by Mirthy et
al. (1976) both with naked and chromatin bound DNA

Cutler (1976) observed an accunul ation in DNA-protein cross-
links with age in rodent liver tissue, and at a rate approxi-
mately proportional to lifespan in two rodent species. Sim -
larly, Acharya (1972) found increase in the frequency of DNA-
protein-RNA conplexes in the rat brain and liver with age. The
decline in the percentage of DNA that can be readily isolated

fromaged rat tissue (Amiciet al., 1974) and increase in nelting
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tenperature of DNA isolated from aged organs support the forna-
tion of increased DNA-protein cross-links with age (von Hahn and

Fritz, 1966; our unpublished data).

O the other hand, Ono et al. (1976) exam ning DNA isol ated
from agi ng nouse liver, spleen, thymus and cerebellum could not
detect any differences except in liver. Dean and Qutler (1978)
also failed to observe any significant age dependent increase of
single-stranded regions in the DNA extracted from nouse Iiver
nuclei. These discrepancies in the literature have to be clari-
fied further. This could be due to differences in experinental

design, age of the aninals and tissue specificity.

b)Acceleration of aging process by exposure to DNA danmgi ng
agents: A exander and Connell (1960) observed, for the first
tinme, the effect of DNA damaging agents on the |ifespan. They
observed that chlorambucil, a nitrogen mustard conpound, nyleran
and an al kylating agent when given at one half the LDg, dose
shortened the lifespan of mce. A dose dependent |ifespan shor-
tening effect had occurred when the rats were treated with nyle-
ran (Dunjic, 1964). GChno and Nagai (1978) showed that 7,12-
dimethyl-benzanthracene (DMBA) induced accel erated aging in mce.
The nean lifespan of mce was reduced from 608 to 297 days and
this aging process appeared to be natural. Simlar life shorten-
ing effect was observed in mce when their diet was suppl enented

with AAF (Kodellet al., 1980).

Lindop and Rotblat (1962) observed life shortening effect

with single X-ray dose in mce. After postnortem exam nation
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they concluded that this accelerated aging process is natural.
Lanb and Maynard Smith (1969) hypothesized that radiation
shortens life span by accel erating aging process in a dose depen-

dent manner.

O the other hand, Al exander (1967) and, Stevenson and Curtis

(1961) could not observe any such effect with mutagens.

C)DNA repair capacity and human genetic disorders of premature
aging: Martin (1978) conducted an exhaustive analysis of 2336
mendelian characteristics and inherited diseases in human, |isted
in Mc Kusickes 1974 catal ogue. Based on 21 phenotypes which
include prenature greying of hair, diabetes mellitus, presenile
denentia, increased neoplasns possibly associated with sene-
scence, he selected 10 syndrones whi ch represent premature aging.
These include: Down's syndrone, Wrner's syndrone, Cockayne's
syndrome, progeria, ataxia telangiectasia, Seip's syndrone, cer-
vical |ipodysplasia, Klinefelter's syndrone, Turner's syndrone
and myotonic dystrophy. However, defects in DNA repair were

studied only in a few of these disorders.

Progeria or Hutchinson-Gilford syndrone was described in
1886 by Hutchinson and G| ford. The mean lifespan in the re-
corded cases was calculated to be 13.4 years (Rosenbloom and
Debusk, 1971). Epstein et al. (1973) observed a marked decrease
in the ability to repair X-ray induced single-strand breaks in
progeric cells and attributed this defect to shortened |ifespan
of the cells in vitro. Brow et al. (1976) observed simlar type

of defect in md passage progeric fibroblasts. Rainbow and Howes
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(1977) using host cell reactivation as an assay of DNA repair
after Y-irradiation, have also reported that progeric cells show
defective capacity to rejoin single-strand breaks. However,
Regan and Setlow (1974b) observed nminimal difference in the
repair capacity between norrmal and progeric fibroblasts. Bradley
et al. (1976) observed no defect in rejoining single-strand
breaks in progeric flbroblast cell 1ine. These differences in
these observations could be perhaps attributed to different
strains used by investigators and the existence of conplenenta-

tion groups (Ted Brown, 1979),

Werner's syndrone was first described by Werner in 1904.
The nmean age of survival is 47 years. Fujiwara et al. (1977)
have reported normal levels of repair of UV and X-ray irradiation
damage in five Wrner's syndrone cell strains. However, they

showed a slower rate of DNA el ongati on.

Cockayne's syndrome was reported by Cockayne in 1936. It
has been reported that fibroblasts from Cockayne's patients exhi -
bit increased sensitivity to W irradiation with abnornal thymine
dimer excision (Schmickel et al., 1977). Furt her, Cockayne's
cells showed reduced ability to repair DNA damage in W irradi-
ated infecting adenovirus (Day et al., 1981), elevated levels of
W induced sister chromatid exchange (Marshal et al., 1980) and

WV induced nutations (Arlett, 1980).

Patients with Down's syndronme (trisomy 21) have features in
common with premature aging. The life expectancy of patients

with this syndrome was only 26 per cent at the age of 10 years
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and only 8 per cent of the patients survive to the age of 40.
Down's syndrone cells were sensitive to radiation and high fre-
quency of X-ray and W light induced chronosome aberrations were
observed in |eukocytes (Lanbert et al., 1976). Simlarly Qsuka
et al.(1985) observed hypersensitivity to ionizing radiation in
cultured cells of the patients. A dose dependent incidence of
bleomycin induced chronosomal aberrations were reported in

| ynphocytes of Down's patients, in culture.

At axi a- Tel angi ectasia (AT), a neurodegenerative syndrone was
first documented in 1941 by Louis-Bar. AT fibroblasts have
normal sensitivity to W light and excise W photoproducts but
were killed nore rapidly than normal cells by Y-irradiation
(Taylor et al., 1975). Defective Y-induced strand-break repair
was observed in AT fibroblasts (Vincent et al., 1975, Paterson et
al., 1976). At least four conplenmentation groups of AT were
observed and sone of them exhibit anomal ous DNA (Paterson et al. ,

1982).

Bl oomi's syndrome is a rare autosomal recessive di sorder asso-
ciated with a greatly increased cancer frequency. The cells from
these patients have been shown to possess defective DNA |igase |

(Chan et al ., 1987; WIls and Lindahl, 1987).

Al though Xeroderma pigmentosum (XP) and Al zheiner's disease
(AD) are not classified as premature aging disorders, XP patients
devel op signs of aged skin, abnormalities of internal organs and
changes in chromatin and nucl eus conparable to those observed in

the aged, while AD, with an incidence of nore than 5 per cent
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anong individuals over 65 years age in sonme populations is a
maj or concomtant of aging (Kidson and Chen, 1986; Puvion-
Dutilleul and Sarasin,1989). Both fibroblasts and |ynphocytes
of XP patients possessed little or no UV induced UDS (O eaver,
1968; Burk, 1971). XP cells were also shown to have reduced
level s of photoreactivating enzyme levels (Sutherland et al.,
1975), reduced levels of carcinogen induced UDS (Stich et al.,
1973), defect in postreplication repair of UV induced damage
(Lehmann et al., 1975). At least nine conplenentation groups
have been recognised with various degrees of deficiency in DNA
repair capacity. A class of AP endonucl ease has been reported to
be nmissing in XP group D cells (Kuhnleinet al., 1978). Resto-
ration of DNA repair to the normal |evels has been observed
either by microinjection of crude extracts of DNA repair enzynmes
or gene products involved in DNA repair, and by cell fusion of
the cells of the different conplenentation groups (Hoeijmakers,
1987). A nunber of studies concerning the response of cells from
AD patients to DNA damagi ng agents have been carried out.
Increased levels of sister chromatid exchanges in the presence of
raitonycln-C (Fischmanet al., 1984), increased susceptibility of
the cells to DNA damagi ng agents (Tarone et al., 1983 Scudiero et
al. , 1986) and increased sensitivity of the cells to ionizing
radiation (Kidson et al., 1983, Robbins et al., 1983) were obser-
ved from AD patients. Using UDS and al kaline elution assays,
defective DNA repair was denonstrated in AD fibroblasts (Li and

Kaminskas, 1985; Robison and Bradl ey, 1985).

Event hough the aforesaid syndromes can not be equated to
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true aging i_n vivo, they do have some aspects in commmon with
normal agi ng. It should be renenbered that even in the nornal
popul ation aging is not characterized by common characteristics
in all the individuals. It can be tentatively concluded that
these syndrones appear to lack in some aspects of DNA repair

capability. However, some discordance exists in this aspect.

d)DNA repair capacity in relation to aging process and species
maximum life span: It is highly difficult to come to a concl usion
that DNA repair capacity of an organism or a cell decreases or
increases with age because of so much contradictory data exist in
the literature. Fromthe investigations perforned on rats either
by whole body y-irradiation, or back skin UV irradiation, and
using different carcinogens, it was concluded that there is a
gradual decline in the UDS in many of the organs with age
(Niedermuller, 1980, 1982). Met hyl ni trosourea induced UDS was
found to decline with age in the bone marrow cells in vivo in
five different strains of mce (Bond and Singh, 1987). Sinmlarly
a decline in W induced DNA repair synthesis in human peripheral
bl ood | eukocytes (Lanbert et al., 1979), |ynphocytes (Lezhava et
al., 1979; Kovacs, et al., 1984), rat hepatocytes (P esko and
Ri chardson, 1984), rat fibroblasts (Kempf et al., 1984), bleo-
mycin induced UDS in rat hepatocytes (Kennah et al., 1985); and
y-ray induced UDS in hunan peripheral blood |ynphocytes (Licastro
et al., 1982) was observed fromold donors. Nette et al. (1984)
reported a decline in W induced UDS but not the percentage of
the cells responding to W in human epidermal cells with donor's

age.



On the contrary, no such age associated decline in DNA
repair capacity could be observed by other investigators in
different cell types either in human or in other species
(Goldstein, 1971; Ishikawa et al., 1978; Hennis et al., 1981;
Hall et al., 1982; Liu et al., 1982; Turner et al., 1982).
Kutlaca et al. (1982), by clonal technique, observed no change in
UV sensitivity in hunan |ynphocytes with donor's age. However, a
two fold increase in sensitivity towards X-irradiation was
observed. Simlarly an absence of decline in average DNA repair
capacity with age was observed in postmitotic tissues or cells
like granular layer of neurons from beagle dogs (Weeler and

Lett, 1974) and mce cerebellum (ho and Ckada, 1978).

Al'so, conflicting results do exist about cellular aging in
vitro. A decline in W induced UDS was observed in human fi bro-
blasts (Bowran et al., 1976; Hart and Setlow, 1976) and X-ray
induced DNA repair in late passage human cells (Suzuki, et al.,
1980). In contrast no such decline with age in average DNA
repair capacity La vitro could be noticed by other workers
(Painter et al., 1973; darkson and Painter, 1974; Dell'Orco and

Wittle., 1978).

Hart and Setlow (1974) suggested that the DNA repair capa-
city of a species may be the prinary determning factor in fixing
the nmaxinum lifespan of that species after observing a strong
log-linear correlation between W induced DNA repair capacity in
skin fibroblasts in culture and naximum lifespan of seven pla-

cental mammalian species: shrew, nouse, rat, hanster, cow, ele-
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phant and man. Subsequently, Hart et al. (1979b) suggested a
correlation between naxinum lifespan in two taxanomically close
rel ated species. They reported 2.2 fold greater rate of W
induced DNA repair synthesis using the technique of bromodeoxy-
uridine photolysis assay, in the cells of whitefooted nouse,

Peromyscus | eucopus than those of the house nouse, MiIs musculus,

whose lifespan is 2.5 times lesser than the forner. Simlar type
of correlation was reported by Paffenholz (1978) who studied W
induced UDS in enbryonic fibroblasts in three inbred strains of
mce with different mean lifespan: 900, 600 and 300 days. Hal |
et al. (1984) reported correlation between W induced DNA syn-
thesis and species nmaxinmum lifespan both in |ynmphocytes and
fibroblasts only in closely related species. Maslansky and
WIllians (1985) reported a correlation between potential species
lifespan and both W induced DNA repair synthesis and the propor-
tion of the hepatocytes responded in culture. It was observed by
Licastro and Valford (1985) that W induced UDS declines nore
quickly in short-lived than long-lived strains of nice. The data
of Francis et al. (1981) on 21 manmal i an species suggested only a
slight linear correlation between nmaxi num |ifespan and W induced

DNA repair synthesis.

However, Kato et al. (1980) studying on the W induced UDS
in fibroblasts in 31 mammalian species reported no such correl a-
tion. Simlar type of results were observed by Wodhead et al.
(1980) in three species of cold blooded vertebrates. Further, no
di fference was observed in DNA repair capacity of the cells in a

pair of congenic mce with different longevities (Collier, 1982).
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Studies on DNA repair capacity with aging at enzymatic |evel
are scanty. Barton and Wang (1975) observed a decrease in DNA
polymerase g in spleen and nice with age, while no such decrease
occurred in DNA pol ynmerase a. Simlar type of results were
obtained by Muller et al. (1980) in bone marrow cells and in

mouse liver during aging (Fry et al., 1984).

The present investigation is an attenpt to provide sone data
regarding the levels of some enzynes, possibly involved in DNA
repair in a non-dividing cell 1ike neuron. W have however
noticed constant levels of DNA repair enzynmes in the rat brain
fromadult life onwards, an observation in line with the findings
of Chiu and Sung (1972). Attenpts have been made to correlate
the species maximum lifespan and the levels of 0 -alkylguanine
alkyl transferase, a repair enzyme, in liver and articular chon-
drocytes (Hall et al., 1985, Wodhead et al., 1985, Lipman et
al., 1987). However, no age related decrease in the levels of
this enzyme was observed. Contradicting results have been re-
ported regarding the fidelity of DNA polynerase in different cell
types with age, sone groups reporting a decreased fidelity
(Mirray and Hol liday, 1981; Xrauss and Linn, 1982) while other
groups reporting no such change ( Fry et al., 1981; Silber et
al ., 1985 and Subba Rao et al., 1985). The present results al so
showed that significant anpbunts of UV induced UDS have been
observed in both adult and old neurons (at both 20 J/nf and 40
J/mz). However, neurons isolated from the old rat brain exhi-

bited W induced UDS only at higher dose (40 J/n?). Nevert he-
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less, it nust be borne in mind that W irradiation is the only
one kind of damage and it is possible that neurons may respond to

different types of danage to varying degrees.

It is generally assuned that DNA repair synthesis, neasured
as UDS reflects the renoval of pyrimidine dimers. However,
Lohman et al. (1976) showed that inter species difference in DNA
repair synthesis can be m sleading, by denonstrating that W
irradiated hanster cells showed DNA repair synthesis but not the
renoval of pyrimidine diners. In contrast, human cells were able
to renove pyrimdine diners. Recently Vijg et al. (1984) have
shown that human cells were able to renove pyrimdine diners
faster than the rodent cells eventhough there was not much diffe-
rence in dimer renoval over a period of 24 hours. DNA excision
repair capacity in vivo was found to be different from in vitro.
It was recently found that rat epithelial cells in vivo renove W
i nduced pyrimdine dimers nuch faster than the sane cells in
vitro do (Mjg and Knook, 1987). DNA repair capacity within the
cell may vary with the stage of cell cycle. A tenporal expres-
sion of DNA repair was denonstrated in human cells (Qpta and
Sirover, 1980, 1981). Further, there exist different DNA repair
pathways and it is likely that different species utilize diffe-
rent DNA repair nechanisns to repair their danmaged DNA. Mor e-
over, it is beconmng increasingly clear that the repair may
proceed at certain discrete sites of DNA involving sone kind of
specificity as to which danage is to be repaired first (Bohr and
Wassermann, 1988). Al these factors mght account to the diffe-

rences observed by different investigators.
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Thus the interspecies difference in repair capacity is nore
conplicated than one night assume. Before comng to any reali-
stic conclusions it is essential to assess the DNA repair activi-
ties in different tissues and organs, and different species wth
age. It is also inmportant to study the frequency and nature of

DNA repair pathway by a variety of assay nethods.

Be as it may, it is the conclusion of this investigator
that for correlating DNA repair capacity with the length of
lifespan, one may have to use a non-mtotic cell like neuron for
nmodel studies. Such a cell exhibits the true DNA repair capacity
not only in itself but also of that in other tissues and even the
whol e organi sm It is therefore inportant that interspecies
conparisons nust be made with such nodel systems but not wth
cell's which have a basic potential to replicate. This mght well

be the direction of further studies.
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GENERAL SUMVARY

DNA repair enzynes like acid DNase (W DNase), alkaline DNase
(AP DNase) and DNA polymerase B were studied in different
cell enriched fractions (neurons, astrocytes and oligodendro-
cytes) of rat brain at different ages (1 day, 6 nonths and
>540 days ol d). The presence of the two DNases in the

nucl ear fractions was al so exam ned.

Significant anounts of DNase activities were observed in the
nucl ear fractions suggesting their involvement in DNA repair

and/or replication.

Acid DNase (W DNase) decreased with age in neurons. However,
hi gh specific activities were observed in glial cells in the
adult and old stages of |ifespan suggesting its role in a

process linked with cell replication.

Al kal i ne DNase (AP DNase) increased in neurons, and did not
change in glial cells with age indicating a role for this

enzynme in DNA repair.

Si gni ficant anount of DNA pol ynmerase was present in neurons
at all the postnatal ages studied. Mst of this activity was

found to be of g-type, a repair enzyne.

The basal DNA repair capacity of neurons isolated from the
rat brain at different ages was studied. The influence of W
(254 nm) on the DNA synthesis and unschedul ed DNA synthesis

(UDS) in these cells were al so exam ned. Spleenic |ynphocytes
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isolated fromthe rats of sane age groups were taken as
positive control system for such studies.

a
Not abl e anounts of H-thymidine incorporation were observed
in neurons and this incorporation decreased fromyoung to
adult life.
The incorporation of 3H-thymidine into neurons at adult and
old stages of lifespan was not inhibited by hydroxyurea,
suggesting that this incorporation was due to unschedul ed DNA
synthesi s only.
In contrast, Hthymdine incorporation into |ynphocytes
was inhibited by hydroxyurea at all the ages studied. Thus
this observation offers neuronal cells isolated fromthe adult
rat brain as a good nodel systemfor the study of DNA repair.
The basal UDS (DNA repair synthesis) did not decrease in
neurons fromadult to old stages of the lifespan of rat.
This observation is in line of our studies on DNA repair

enzymes.

UV (254 nm) inhibited the DNA synthesis only in young
neurons. On the other hand, the DNA synthesis in |ynphocytes
was inhibited by W at all the ages studied. These results
suggest that the effect of W on DNA synthesis is not age
dependent. It has al so been observed that the effect of W
on DNA synthesis is nore pronounced in neurons than in

| ynphocytes, the cells which are known to have replicative

potential on mitogen stinmulation.
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Significant W induced DNA repair was observed in young as
wel |l as adult neurons at both doses studied (20 J/m and 40
J/m ). However, neurons isolated fromthe old rat brain

showed sorme W induced UDS only at higher dose (40 J/n?t).

Lynphocyt es exhi bited significant anmounts of W induced UDS
at all the ages studied and this capacity did not decrease
with age suggesting that W induced DNA repair capacity

may be dependent on the replicative potential of the cell.

Aut or adi ogr aphy experinments showed significant nunber of
grains in both neurons and |ynphocytes at all the three ages
studied. Wen the cells were irradiated with W this nunber
was found to be increased significantly in |ynphocytes at all
ages. However, a significant increase in the nunber of
grains was observed in neurons only at young and adult stages

of lifespan. These results confirmour biochemcal results.

It is concluded that the basal DNA repair capacity of neuron
remai ns sonewhat constant throughout adult and old stages of
lifespan. Their response to W challenge is quite limted
but nevertheless it exists. It is this responsiveness to
various types of DNA danage that might act as a good pointer

for the lifespan of the given species.
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Summary: DNA polymerase activity in isolated neuronal, astroglial, and oligodendro-
gltal cell-enriched fractions from rat brains of different ages was measured. Attempts
were made to distinguish the total activity into 8 and o polymerase types making
use of inhibitors like ddTTP and aphidicolin. The results indicate that at all the
ages studied (16th day embryonic and 1, 225, and >540 days postnatal), neurons
possess the highest polymerase activity in comparison with other types of cells.
turther, throughout the postnatal life the polymerase present in neuronal cells is
of the 6 type and this activity remains fairly constant from adult to old age.
In contrast, both astroglial and aligndendroglial cells at adult and old stages of
life appear to possess other type(s) of polymerase activity in addition to the pre-
dominant B polymerase. It is inferred that neurons, being postmitotic, are equipped
with efficient DNA-repair machinery throughout their life span.

Introduction

For the past few years, we have been engaged in a study of enzymes involved
in the DNA-repair process in brain (1-6). During the course of these studies, it
became apparent that two DNases, one with acidic pH optimum and the other
with alkaline pH optimum, are possibly involved in the DNA-repair process in brain
(2). In addition, it is already known that DNA polymerase 8 is a repair enzyme
in neurons (7). Earlier experiments from this laboratory concerning the changes
in the activity of DNA polymerase in developing, adult, and old rat brains showed
that polymerase 8, while showing highest activity during early stages of development,
reaches a low value in adult brain but once again shows a peak, although small,
in old brain (5). This pattern of changes in DNA polymerase 8 activity led us
to believe that brain probably retains good repair capacity even in old age.

However, brain is composed of at least three distinct types of cells viz., neurons,

astroglia, and oligodendroglia all with different replicative schedules (8). Therefore

it is possible that the DNA-repair capacities of these cell types may vary depending

upon the age of the brain. We have therefore taken up a study to measure the

DNA polymerase 8 activity in isolated neuronal, astroglial, and oligodendroglial

cell fractions from rat brains of different ages. It is shown here that adult and
0158-5231/88/061111-07501.00/0
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old neurons contain DNA polymerase activity at a significant level and that the
polymerase is almost exclusively of the 6 type. On the other hand, astroglia and
oligodendroglia from adult and aging brains exhibit not only g polymerase activity
but also that of other type(s).

Materials and Methods

Ficoll 400 was purchased from Pharmacia Fine Chemicals, Uppsala, Sweden.
Highly polymerized calf thymus DNA, dATP, dGTP, dCTP, TTP, trypsin, soybean
trypsin inhibitor, and HEPES were purchased from Sigma Chemical Company,St.Louis,
MO, US.A,; 2'3' Dideoxythymidine 5'-triphosphate (ddTTP) came from P.L.Bio-
chemicals Inc., Wisconsin,USA and [methyl- H] dTTP (sp.act, 46 Ci/mmole), from
Radiochemical Centre, Amersham, England. Aphidicolin was a gift from Dr.A.H.Todd
of I.C.l.Ltd., U.K. All other chemicals used were of analytical grade.

Preparation of cell-enriched fractions: Neuronat-and astroglial-enriched fractions
from the grey matter region of rat cerebrum were isolated as per the procedure
of Usha Rani et al.(9). While the oligodendroglial cell-enriched fraction was prepared
essentially according to the procedure described by Snyder et al.(10) with a slight
modification which is, in brief, as follows: The isolation medium contained Hanks'
balanced salt solution (11) with 25 mM HEPES, pH 7.2. The cell suspension obtained
as described by Usha Rani et al.(9) was diluted with an equal amount of 70% sucrose
(w/v) in medium and layered over a discontinuous gradient of $3% and 43% sucrose
in medium. The tubes were centrifuged at 3013 xg for 15 min. The 53% sucrose
layer containing oligodendroglia was collected, diluted five fold with medium,
and passed through 25y nylon mesh to trap blood capillaries. The suspension was
centrifuged at 5000 rpm for 10 min and the oligodendroglial cells were obtained
as a pellet. All cell isolation procedures were carried out at 4°C.

Preparation of Homogenate: The resultant cell pellets were homogenized in Tris-
HCI buffer,pH 7.5,containing 0.1 mM g -mercaptoethanol, 1 mM MgCl,,,0.1 mM EDTA,
5% glycerol, 1% Triton X-100, and 05 M KCIl. The samples were kept in ice for
1 hr to aid extraction of the DNA polymerase enzymes. The homogenate was centri-
fuged at 100,000 xg for 1 hr, and the particle-free supernatant was used as enzyme
source. An aliquot of the supernatant was taken for the protein estimation according
to Lowry's method (12).

DNA polymerase assay: The reaction mixture (50 y 1) contained 40 mM Tris-HCI
(pH BO), 1 mM B -mercaptoethanol, 8 mM MgCl,,4 mM ATP, 5 ;g of 'activated'
calf thymus DNA (13), 100 yM each of dATP, dGTP, and dCTP, 25y M TTP (1 pCi),
and 20-30 yg of enzyme protein. Incubation was carried out at 37°C for 20 min.
During our preliminary experiments, it was observed that the activity was linear
upto an enzyme protein concentration of 40 yq and 60 min of incubation time.
At the end of the incubation, 04 mg of highly polymerized calf thymus DNA
was added as carrier, and the reaction was stopped by adding 10 ml of 10% TCA. The
samples were kept in ice for 15 min and centrifuged at 4000 rpm for 5 min. The
precipitate was washed thrice with cold 5% TCA and thrice with 95% ethanol.
The final precipitate was dissolved in 02 ml of 0.1 N NaOH, and aliquots were
taken into vials containing 10 ml of Bray's mixture and counted in a Beckman
LS 1800 liquid scintillation counter. Specific activity of DNA polymerase was
expressed as picomoles of TMP incorporated into DNA per mg of protein per hr.
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Results and Discussion

The specific activities of DNA polyrrerase in neuronal, astroglial, and oligo-
dendroglial cells obtained from rat brains of various ages are presented in Fig.1.
It may be noted that at all the ages studied, neuronal cells possessed the highest
polymerase activity. The activity in these cells decreased from the 16th day of
embryonic life to adult life (225 days), but no further decrease occurred thereafter,
even in old age. These values compare well with those already reported by Waser
et al. (7) and by Subba Rao et al. (28). However, in both astrocyte and oligodendro-
cyte fractions the activity steadily decreased with age starting from a high level
at the neonatal stage.

It is intriguing that cerebral neurons, with no capacity to divide during postnatal
life, should exhibit higher activities of DNA polymerase at all the stages of life
span as compared with the other cell types, viz., astrocytes and oligodendrocytes,
which are cells known to retain their replicative capacity to a significant extent
throughout life. Mammalian cells are known to possess at least three distinct DNA
polymerases - polymerase a, polymerase (3, and polymerasey (14-16). It is generally
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Fig. 1. DNA polymerase in neuronal, astroglial, and oiigadendrogliai cells of develop-
ing and aging rat brains. For details regarding the isolation of cell fractions
and assay procedure, please see text. Each point represents the average
of 4 at 16th day of gestation and 6 experiments at other ages, with the
bars indicating the variation.
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considered that polymerase a is involved in replicative DNA synthesis, while B poly-
merase iS attributed with the function of DNA-repair synthesis. The function of
polymerase y ,which is similar to mitochondrial polymerase, is not yet clearly under-
stood (17-22).

Since, in the experiments described above, the total DNA polymerase activity
in 100,000 xg supernatant of cells was estimated, the possibility exists that the
type of DNA polymerase that is present at a given age may vary from one cell
type to the other. In an effort to check this possibility we tried to distinguish
the a and B polymerase activities by making use of already established specific
inhibitors of a polymerase (aphidicolin) and B polymerase (ddTTP). It is supposed
in these experiments that the extent of activities inhibited by aphidicolin and ddTTP
are due to a and g polymerase, respectively. The results are summarized in Table 1.

At the concentrations indicated the inhibitors were found to exert their maximum
inhibition. Further increase in the concentration of inhibitors had no effect. As
can be seen, in neurons the DNA polymerase activity at all the postnatal ages
was inhibited more than 90% by ddTTP, with aphidicolin exerting no inhibition at
all at 225 and 540 days of age. During the embryonic stages, however, ddTTP inhi-
bited the activity by 70% only, while aphidicolin did so by 9%. The effects of
above inhibitors were also checked when the polymerase activity was assayed under
separate optimal conditions fora and g8 polymerases as reported by Nagasaka and
Yoshida (23). However, this protocol has not changed the above pattern of inhibitions.
These results are taken to indicate that at all the postnatal ages, most of the
DNA polymerase activity in neurons is of the B type. The picture was, however,
different in the case of astrocytes and oligodendrocytes. In astrocytes the maximum
inhibition of the activity by ddTTP was noticed at 1-day postnatal (95%), pointing
to the fact that at this stage the polymerase present is almost exclusively of the
8 type. At other ages the inhibition varied from 48 to 70% with a marginal but
significant effect by aphidicolin at the 16th day of gestation and at 225 days.
There were few oligodendrocytes in the prenatal brain and therefore could not
be isolated. From the pattern of inhibition of the polymerase activity by the two
inhibitors in this cell fraction, it. can probably be concluded that while 8 polymerase
is the predominant one throughout the postnatal life, some amount of a polymerase
also seems to be present at all the stages.

In view of the claimed specificities of the two inhibitors ddTTP and aphidicolin
towards DNA polymerase B and a ,respectively (22), it can normally be expected
that the sum total of inhibition by ddTTP and aphidicolin should reach close to
100%. However, this was not the case, particularly in gtial cell fractions, as can
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Table 1: Extent of inhibition by ddTTP and aphidicolin of DNA polymerase activity

in neuronal, astroglial and oligodendroglial cells from rat brains of
different ages.

(}“\\"\. fge A6 dayook 1! day 225 days > 540 days
Lype e gestation postnatal ”
and mh1h1|n\
Neuronss
ddTTP 70.2 92.3 92.3 93.0
Aphidicalin 9.4 3.0 MNil MNil
Astroglia:
ddTTP 70.0 94.9 43.9 50.2
Aphidicolin 14.3 2.0 13.5 MNil
Oligodendroglias
ddTTP 62.6 BO.5 43.9
Aphidicolin 16.4 4.8 9.4

For details regarding the reaction mixture and expression of polymerase activity,
see text. Values represent average percentage inhibition. Number of experiments
carried out are as indicated in Fig.1. ddTTP (1 mM) and aphidicolin (50 uM with
a simultaneous reduction of dCTP concentration to 5uM) were added to the reaction
mixture. Control values at any given age were taken as 100%. For example, the
control values for polymerase activity in neurons at the 16th day of gestation,
1, 225, and 40 days postnatal were 2767, 2713, 449, and 500 picomoles of TMP
incorporated/mg protein/hr respectively. The figures at the same ages for the
astroglial fraction were 1476, 823, 75, and 57, respectively. The figures for the

oligodendroglia fraction at 1, 225, and > 540 days postnatal were 245, 144, and 78,
respectively.

be seen from Table 1. This could be due to two reasons: 1) The inhibition of apoly-
merase in crude extracts by aphidicolin is not so potent as it is reported to be
in studies with pure a polymerase enzyme (24). 2) The molecular species of a poly-
merase present in the glial cells may be only marginally susceptible to aphidicolin.
Indeed, there are reports in literature claiming the presence of multiple forms
of DNA polymerase a in calf thymus (25), HelLa cells (26), and rat liver (27). On
the other hand, the susceptibility of B polymerase present in crude extracts to
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ddTTP can not be suspected since at some ages profound inhibition by this inhibitor
is observed. It thus appears that conclusions may have to be drawn more on the
basis of ddTTP inhibition rather than the aphidicolin inhibition when one is dealing
with non purified enzyme extracts, as is the case in the present experiments.

In any event, the present report,which is the first of its kind, does indicate
that rat cerebral neurons possess significant amount of DNA polymerase activity
both in adult and old life and that the enzyme is almost exclusively of the 6 type.
In contrast, glial cells (both astrocytes and oligodendrocytes) at various stages
of adult and old life seem to have other type(s) of DNA polymerase in addition
to the predominant B polymerase. This appears to be in line with the known repli-
cative capacity of glial cells during later stages of life span (8). The maintenance
of significant amounts of B polymerase activity in neurons throughout life underlines
the importance of the DNA-repair process in these non-dividing cells. The recent
observations that B polymerase from mouse neurons carries out its function throughout
life with the same fidelity (28), along with our present study, pointedly indicate
that neuronal cells are equipped with the necessary machinery to carry out efficient
DNA-repair throughout their life span.
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