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- ABSTRACT
DNA damage _produced in C3H/HeN murine tissues by ionizing radiation was characterized et the level of |
the individual cell with the goal of defining tissue dependent differences in DNA single-strand breek (SSB)
induction andvrep'air. Subseqoently, nicotinamide, was vexamined as a modifier of initial DNA damage and
S8SB rejoining following irradiation. The all‘<aline comet assay, a single-cell gel eIectrophoresis method, was
used to examin.e cells from SCCVIl tumours, spleen, bone marrow, liver, jejun'um,' testis, thymus and
cerebellum. Cells from all tissues irradiated in vitro showed similar radiosensitivity. However, for in vivo
irradiation, | rapid SSB rejoining whioh oceurs in cells during irradiation led to differences between tissues.
Also, tumour and testis showed less damage in vivo than other normal tissues. Consistent with previous
studies, these two tiseues were found to contain radiobiologically hypoxic cells. Efficiency of SSB rejoining
was cell t).lpe-dependent; cells fron1 SCCVIl tumors rejoined breaks_about 5 times more rapidly than cells
~from cerebellum. Heterogeneity in speed of rejoining was> minimal among cells of a tissue, and no
significant damage remained 4 hours followin‘g 15 Gy. However, extensive DNA degradation was observed
in all tissues except brain 48 hours after 15 Gy. DNA ladder patterns in agarose gels, typical of apoptosis,

were observed 4 hours after 2-10 Gy in spleen and thymus.

The vitamin B analogue, nicotinamide, was shown to improve testis and tumour oxygenation, in agreement
wit;h other studies. A new observation was that nicotinamide (500 mg/kg or more) given before irradiation
inhibited SSB rejoining in cells of all tissues except brain. Furthermore, radiation-induced DNA degradation
- was found to be greatly accelerated by nicotinamide. Both effects are likely to involve poly(ADP-ribose)
\ polym.erase inhibition. However, while nicotinamide significantly retarded radiation-induced SSB rejoining
in tumors, the oiological significance of this effecr is questionable since nicotinamide did not enhance

oxygen-independent killing of irradiated tumor cells.
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1. INTRODUCTION ’ .

1“.1 Questions and hypotheses

X-rays were discerred exactly one century ago, and siﬁce that time, radiotherapy has developed into one
of the most effective modalities for the treatment of solid tumqurs._ Since radiotherapy is m_ore’successful
in treating somé tumour types than others, research hés been concerned with understanding the
mechanism_s of radiation-induced cell kiling and identifyin‘g factors that determine tﬁmc;uf response in
relation to normél tissue damage. The earlyv appearance of radiation-induced damage to skin made
radiotherapists appreciate the problem of normal tissue damage, and radiotherapy can bé fatal when the
dose to a vital organ 'exceedé the tolerance of that organ. Therefore, the effectiveness of radiotherapy in

treating cancer is limited by the reaction or sensitivity of normal tissues unavoidably included in the

radiation field. The prescribed dose of radiation must be determined by nOrfn_aI tissue tolerance rather than

. by any factors related to the specific tu‘mour._

Considerable research has concentrated on both tumou'r cell and normal tissue cell response in vitro (e.g.
texts by Elkind 1967, Hall 1978, Alper 1979, Hendry 1983, Denekamp 1982, Ono and Okada 1974; Vexler
et gl. 1982; Midander et al. 1986; and reviews byFrankenberg-Schwage‘r 1990). In these studies, models
for describing cell survival after irradiation were developed and tested. 'However, it has been known that
there is a diffgrence in radiosensitivity between tissues irradiatéd in vivo and cﬁltuked cells exposed in vitro

(Ono and Okada 1974), and because methods for evaluating damage to tissues were limited, there have ‘

" been few molecular studies describing the in vivo radiosensitivity of normal tissues. Since mechanistic

studies are not easily conducted on clinical material, animal models provide a useful alternative to obtain

basic knowledge on tissue-dependent differences in response to radiation.  The aimé of this study were

~ to clarify the following questions using inbred C3H/HeN mice:

(1) Does radiosensitivity in different normal tissues and tumdhrs vary in terms of initial
levels of DNA damage? -

(2) Do cells ffom ﬁormal tissues irradiate.d in vivo show. a similar relationsh_ilp between
DNA damage and radiation dose as cells irradiated in vitfo, and do célls from all tissues

repair damage at a similar rate?



3 Do any tlssues contain cells mcapable of recoverlng from radiation-induced damage
or which d|e shortly after lrradlatlon by apoptosis or necrosis?

(4) Are there any radioresistant -ceII_sbr hypoXiécheIIs in normal tissues as suggested in
some studiés” | |

(5) What is the effect of a putatwe DNA repair mh:bltor nicotinamide, on repalr of radiation

. damage in cells from tumours and a varlety of normal tissues?

Since normal tissues demonstrate both early and late responses to radiation jdamage (Hopewell 1983},
different endpoints have been used by different research workers to describe damage. For. example, during

the earliest time immediately after irradiation,” DNA damage, especially strand breaks and chromosome

_aberrations, have been the major 'focus of study (e.g. rev{iew- by George and Cramp -1988). At the

molecular level, radiatioﬁ inducéd gene»expre-ssion has recéntly .been evailuated' (Fuks ef al 1994). Cell
survival is also a critical endpoint in detecting the level of unrepaired damage which is expressed in_the’
progeny cells. At long_er times after i.rrAadiatio'n (weeks to months), histological evaluation has been valuable
for assessing damagé to some tissues like Iiyer (Geraci and Mariano 1993), lung (Frénco and Sh‘arplin

1993), central nervous system and other organs (Hopewell 1983, Van der Kogel 1991).

In this study, DNA strand breakage was chosen as the endpoint for measuﬁng fesponse to X-réys. A major
incentive for this study was the recent develo‘pment of a,se'nsitive ‘method th’a’t allows detection of DNA
damage ih individual cells taken from virtually ény t'issuel(Fair'baifn ét aI.,_ 1995).'-: The developmeni of the
“comet assay" provides an opportunity to re-examine controversial iséues and to develob new concepts. .
relevant to normal tissue repair. Measurement of strand breaks allows detection of DNA damagé ai eérly
times, before any histdlogical phenomeha Would be obsen)ablg This Vproject was therefore rﬁainly

concerned with characterizing the fadiosensitivity of different normal tissues at the level of DNA in order

to provide a basis for studies to measure enhancement or protection against radiation damage. The

5

working hypotheseé of this study were:
(1) In the abseAnce of hypoxic. cells or DNA repair, the induction of single-strand breaks
in a ceII is mdependent of the tissue of origin,

(2) In vivo, heterogenelty in DNA strand break mductlon may |nd|cate the eX|stence of

9.



’ .’ .' hypoxic cells,
3) In vivo, rejoining of DNA strand breaks in a cell is ianUeﬁced by the tissue of origin, |
and,
(4) The DNA repair inhibito:r and blood flow modulator, nicotinafnide, may inhibit repair 6f

radiation damage differentially in normal tissues.

1.2 DNA as.the target of radiation damage

1.2.1 Mechanisms of radiati.on-induced damage to cellé

X-fays consist of photons which ca&y energy. To prod.uce a biological effect when they pass through a
substance, they must deposit thejr energy within the molle.cules i'n théir path which caﬁsés ionizations"aAlnd
excitations. Chemical dissociations and rearrangements follow. The resultant chemical effects are of two
types: the "direct effect" oécurs when -a molecule is. ionized or eXcited directly by-the incident radiation,
whi‘le the "indirect e'.ffect"' is a result of transfer qf energy from the incident photon beam to the abundant

water molecules and then to the biologically relevant molecule (DNA).

- In biological tissues, water is the major component (cells are 80% water). The effects of radiation on
mammalian cells are primarily the result of the indirect effect‘f'rom ionization of water molecules and the
formation of three major reactive species: OH, H and aqueous form.of electrons e,;. These species are

capable of reacting with water énd other molecules (Wardman 1983): '
HZQ__ionization _______ > H20++ e

or H'+OH +¢

or HO, +H'

€44

"+ H,0 > H,0O >OH + H-

The subsequent reactions of H,0* H,O*and e can also forrﬁ hydrogéen and hydro_xyl free radicals:




and formation of hydrogen peroxide, a reactive molecule as well:

All of these short lived reactive species are able to modify and may inactivate biologicai molecules by

~ chemical reactions with them. For any biological molecule RH,

RH +.OH'_ ---------- > R + HO (loss of hydrpgen)

TR S — > R+ Hy, R 4R oo > R-R (dimer formation)
RNH, + HO; -------=> RNOH, + OH-  (addition)

R=0 4 H cooeeeee > R - OH

RX + e, R+ X (dissosistion)

If a biological macromolecule is in an unstable reactive state such as R, it can be restored by rapid -

chemical repair. If a molecule in the reactive state is trapped in this state by another molecule (like

oxygen), only bislogical repair can restore the original function (e.g., DNA damage is repaired by specific

repair pathways).

1.2.2 DNA is the primary target of ionizing radlatlon

Very high doses of X -rays (10° to 10° Gy) are needed to dlrectly disrupt cell enzyme activity, ATP
production and protein synthesis, while doses as low as 2 Gy can easily delay cell division and induce
shromosome darhage (Tubiana et al. 1990). A considerable amount of eVidsnce indicates that the primary
target of radiation damage is the 'disfuptioh of vifal stfuctures and functions of DNA molecules,'the genetic
materlal responsible for cell functions and reproduction (Berger and Altman 1970). The |mpa|red DNA may

cause cell death disfunction and mutat|on Sometlmes the effect of radiation may not be observed for

several cell generations.

As the DNA in a cell is intimately associated with a substantial quantity of water, it is said to be hydrated.
About five water molecules are tightly bound to each phosphate group and a further fifteen water molecules

per nucleotide are associated with the DNA base to help assemble the DNA molecule in fhe B (hydrated)

- form (Fielden and O’Neill 1989). 'This hydration enables the production of abundant reactive species

-4 -



around DNA 'moiecules when radiation energy is deposited. About 75% of the radiétibh démage to DNA
vmolecules is hﬁedjated via hydroxyl radi.c‘als, which have a.relativelly long lifétime. Less frequent is the
direct attack of DNA molecules by .;elect'rcl)ns. _Whafe\}er the initial event, the chemical \nature of the DNA -
damage is similér, although thé distribution of damagé cén differ. “The site on DNA mbst vulnérable to
attack is the sugar moiety of thé phosphodiééter backboﬂne.. This results in either the complete elimination
of the sugar aﬁd a.ssociatve-d base With phosphoryl groups at.bo‘th 5and 3 termini, or a break with a
phosphoryl gro'up at the 5 end, but an open rjng ’structpre of the sugar at the 3 end (Fieldén and O'Neill

1991).

"1.2.3. Nature of DNA Damage by lonizirig Radiation:

Several types of lesions of DNA molecules have been identified (from Warters and Childers 1 982; Wiodek
and Hittelman 1987) (Table 1).

TABLE 1: NATURE AND AMOUNTS OF DNA DAMAGE PRODUCED IN -

» MAMMALIAN CELLS BY IONIZING RADIATION

| Double strand breaks (DSB) 40
Single strand breaks (SSB) '500-1,000
Base damage ' ' 1,000-2,000
Sugar damage : 800-1,600
DNA-DNA crosslinks : .30
DNA-protein crosslinks ~ | - 150

DNA double strand breaks can be formed by thé passage of one electrdﬁ thrc;ﬁgh the duplex, or from two |
events broduced oh the opp‘osite éides of t‘he duplex but in reasonéble r'>r'oxim'i't.y. There is éyidence from .
yeast mutants indicating tﬁat 6ne_‘doubl.e strand break can be lethal if unrepai;ed (Frankenberg ét_al. 1981).
Thereforé, measurement of DNA double strand bfeé'ks shoﬁld provide iﬁformation relév_ant to cell survival

and radidsensitivity of cells.

1.2.4 Factors affecting DNA dafnaqé production

1.2.4.1. Oxygen

Since various chemical reactions are involved in DNA damage production, there are also several molecules

_5‘_'




“-known to affect the process For low LET‘(lrnear energy transfer) ionizing radlatlon 'oxygen is an |mportant‘
i molecule lnvolved |n chemlcally mod|fy|ng the damage produced by free radlcals or reactrve molecules
‘ 'These modrfrcatlons can otheanse be restored by chemlcal repalr (e g. hydrogen addmon by glutathrone '
GSH) But oxygen makes thls process |rreversrble by rapldly formlng adducts W|th the |on|zed-- "

macromolecules a process often called "flxatron“

' ‘As early as 1909 Schwartz -recognized that oxygen ‘could*\modify'radiosensitivity.‘ Later, -Mottramv(f 935) L
: |dent|f|ed an effect of oxygen on tumours from rats.. However |t was not untrl the 19503 when Gray and

'others clearly showed that in brologlcal systems oxygen can sensrtlze cells to lonlzmg |rrad|at|on

(Thomllnson and Gray 1955) It was;,found that oxygen can enhance the degree of cell«kllllng by a factor R R

of 3 compared wrth lrradratlon under anoxrc cond|t|ons (Alper and Howard Flanders 1956) HypOX|a was |

subsequently shown to mfluence tumour response to fractronated radlatlon treatments in a number of o

' cllnlcal studles (Bush 1978 Overgaard 1979) The concern here rs that hypoxrc cells Wthh survweu )

radlat|on exposure will be Iargely responsrble for tumour recurrence (Denekamp 1983)

: A class of chem|cals called broreductrve agents have been used to detect cellular hypoxic state by the
availability of oxygen molecules in cells. RSU 1069 (1(2 nltro |m|dazolyl) 3 a2|r|d|no 2- propanol) is one
chosen for exammatlon in this thesrs Each molecule of FlSU 1069 has both an azmdlne group and a nltro

group, the latter can be metabollzed drfferently dependrng on the oxygenatlon state Under hypoxrc ‘

' »condrtlons the nltro group is reduced through a serres of mtermedlates and the molecule can bind to DNA . o

The azmdlne group at the other end of. the molecule can then attack a nearby DNA base producmg DNA

' mterstrand crossllnks The presence of these crossllnks |nh|b|ts DNA denaturatron in alkall ‘thus reducrng

- the fractlon of damaged DNA able to m|grate inan electrlc fleld Under oxrc condltlons the azmdlne group

can capture electrons from the DNA backbone producmg DNA strand breaks |n aeroblc cells (Olive ‘

'1 995b ). However no mterstrand 'crosslmks, are produced *under oxrc condltlons Consequently, the -
' .',vproportlon of crossllnks and strand breaks ina DNA molecule wrll determrne its abrllty to mlgrate dunng gel
electrophore5|s and the Ieast mrgratron will be seen in hypOX|c cells. Therefore subpopulatlons of hypOX|c '
cells can be detected |n tumours by examrnlng the patterns of DNA damage mduced in mdrvrdual cells by |

RSU 1069 (Ol|ve 1995b)



1.2.4.2. Thiols

Celluiar thiols influence the initiel degree of DNA damage. GSH is the ﬁajor non-protein sulfhydryl Ain
mammalian cells and is believed to play a significant role in the_protectio’n of hypoxic cells from ionizing
radiation (DenBoer et.aI. 1990). The hydrogen atoms frem GSH act as free radica] scavengers and_cap ‘
chemically repair DNA molecules by hydrogen donation. Depletion,ef thiols prior to irradiation (Held and -
Hopeia 1993) or irradiation of glutathione synthetase-deficient cells (Midander et al. 1986) decreases eeII

A

s',urvival. Conversely, adding thiols before irradiation enhances cell survival (Held 1988).

1.2.4.3. Higher order chromatin organization

éome evidence indicates that chromatin organization can inﬂuehce the way in which c':eIIs l;espond to
ionizing radiation, and DNA-bound proteins can have "significant radioprotective effects (Ljungman et al.
1991, Olive 1992). Chromosome éssociated proteins like histones control the péckaging and condensafion
of chromatin into hlgher-order structures, thereby I|m|t|ng the accessibility of DNA to free radlcals Nuclel
stnpped of nuclear proteins show 18 to 50 fold more double strand breaks (Xue and Olelmck 1994; Olive

and Banath 1995a).

DNA conformation may elter during the process of cell differentiation. An obviops .exarhple is the
differentiation of mouse spermatocytes. The more differentiated; spermati‘c‘is yield less DNA SSB than
spermatogonia (Van ‘Loon et al. 1991). Cells are not only sensitive to radiation durih.g mitosis, changes
in radiosensitivity are also seen in cells progressing through the cell cyc‘Ie (Tolmach 1961).

1.2.4.4. Quality of ionizing radiation

Finally, radiation quality itself is important. Radiation energy‘wrvmich is deposited more densely (high LET
radiation) yields more free radicals along the. path, giving Iessvepportﬂunity for chemical repair. Forlow LET "

x-rays ionization events are more sparse which enables restoration of excited molecules. Based on -’thev

: conS|derat|ons of the nature ofi |on|2|ng radiation, Ward (1981) proposed a mechanism to explain radiation-

induced complex damage of mtracellular DNA, which he called local muiltiply damaged sites (LMDS).

’ LMDS are caused by non-uniform energy deposition events in DNA. The reactive species that attack DNA

arise within a volume around the DNA which is limited by the presence of radical scavengers.- LMDS are
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considered to be more biologically significant than single events since the cells are challenged to cope with
multiple damaged sites in a small volume. This theory also explains Why cell mutation is a more likely
ccnsequence of the presence of radiation damage within a gene than the presence of damage by agents

which produce oniy‘smgle events (Ward 1994).

1.2.5 Enzymatic repair of DNA damaqe

It has been known for many years that cells can eliminate DNA Iesions by enzyme-mediated processes
(Rupert et al. 1958) Later Setlow and Carrier (1964) described a mechanism of DNA repair called :
excision repair which is universal to all eukaryotes During the past several decades the enzyme repair
systems have been extensively studied Now it is known that there are several pathways in DNA repair
(Sancar 1994) base excision repair nucieotide excision repair smgle -strand break repair, DSB repair |
recombmatlonal and post- replication repair, and in lower eukaryotes photoreactivation. Each repair
pathway has its own specific substrates and enzymes, but may overlap to some extent with others and‘with

transcription complexes within the cell. o

1.2.5.1 DNA repair pathways

As shoiivn'previously in Table 1, base and sugar damage are abundant Iesions produced ‘hy ionizing
radiation. More than 100 kinds of lesions have been identified in these categories alone and they are ’
repaired by the same pathway, base excisicn repair (Wallace 1994)_. The eniYme system responsible for -
the repair has been characterized in E. coli. The damaged base is .fi'r'st reccgnized and removed by a DNA '

giycosylase, leaving the abasic sudar (AP site). An incision is made by AP lyase and the absic sugar is :

released by'5’-aburinic (AP) endonuclease.” Then the single base 9ap is filled in by i)NA polymerase tand -

sealed by DNA ligase.

In nucleotide excision repair, the enzyme system involved is called an excinuclease which consists of at
least 17 polypeptides in humans (Sancar 1994). Patients with the disease xeroderma pigmentosum (XP)
have been found to be defective in excision repair. Seven genes are reponsible for-the mutation, XPA

through XPG. The damaged nucleotide is recognized by XPA, which binds to the XPF-ERCCt_ (ERCCtZ,'

~ excision repair cross complementing genel) heterodimer and to the replication protein HSSB (human '
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single-strand binding protein); the latter binds to the site of the lesion. The repair factor TFIIH (tfanscription

~ factor IH) which contairis XPB, XPD and another six subunits is recruited to the damaged site by XPA.

- XPC and'XPG are also recruited via fhe actic_m of TFIIH. The tWo proteivns wi>th. nucleése actiVities XPF
and XPG make incisions at each side of the damaged site. Itis suggested that XPG makes the 3’ incision
and XPF the &’ incision. Usually a 12-13 base nucleotide in procaryotes or 2'7.-'29 base ‘nucle.otide oligomer
in eucaryotes is cut (Sancar 1995). Then p.rqtein VRPA which partiéularly binds singlg stranded DNA
displaces the darhagea bligbnucleotide and unwinds th;at regioﬁ. The catalytic enzymes are relevased from
DNA by proliferating cell nuclear antigen (PCNA). The excision gap is filled in by polyrﬁeraée d and e and

ligated (Wood 1995).

DNA SSB ‘rejoining involvés several repair{ehzyme's. It has been sﬁggeSted that the first activated enzyme -

is poly(ADP-ribose) polymerase (PARP) . This enzyme can "recognize" strand breaks and bind to them
(Gradwonhl et al.1990), and may stimulate the rejoining process by '"recruiting" repair enzymes to damaged

sites (Boulikas 1993, Satoh and Lindahl 1994). Thus it is a damage recognition protein -which may

codpérate with protein XPA in DNA repair. Next, "excision repair’ takes place, a similar process to .

nucleotide excision repair (review by Powell and McM'ilIan .1 990). AIthdugh rhany studies showed that SSB
may not be lethal to cells, some authors have claimed that under some particular conditions, SSB can be

lethal (Churchill et al. 1991).

A sub-pathway in nucleotide excision repair hés also been identified called transc’ription-coupled DNA repair
" (TCR). This pathway seems to be operative in all kinds of cells including post-mitotic-neurons, and it does

not vary in efficiency through the cell cycle. Even p53 deficient cells, which have a significantly reduced

capacity for global excision repair, still retain TCR (Hanawalt 1994). | This type of ‘re.pair seems to be

- important in maintaining basic functions of the cell..

in DSB rejoining, different mechanisms have been proposed over the years (eg. review by Weaver 1995).
It was initially the study of V(D)J (variable divérsity joining) recombination, an important mechanism involved
in the formation of genes responsible for antigen-recognition molecules and TCR, that led peoplevto realize

that protein Ku specifically recbgnizes the ends of DSB. The Ku 70/80 heterodimer can bind to each side
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of the double strand break, reIocatmg DNA ends for repair. Furthermore, a molecule called DNA-

dependent protem klnase (DNA PK) is also actlvated by DNA fragments resultlng in phosphorylatlon of

- many transcnptlon factors (and other DNA- blndmg protelns) to modulate thelr functions (Anderson 1993).

) ActuaIIy the’ heterodrmer of Ku itself is the component of DNA- PK its function’ |s probably to" target the L

catalytrc subumt of DNA PK to-DNA (Slpley et al. 1995) The fact that d|p|0|d yeast can only’ reparr DSB :
in G, but not G phase suggests that recomblnatlon is requrred for repalr in thls organlsm (Brunborg et
v IaI 1980) However, if the nucleotldes on both strands are Iost the Iesron is hardly I|ker to be restored and
' AIS Ilkely to lead to ceII»mutatlon or ceII death. The, preC|se mechanlsm of DSB repatr is still'in questlon and
' studles from mutant mammahan cells |nd|cate that the ab|I|ty to repalr these Iesrons is an |mportant
determlnant for cell radlosensmvnty (Zaffaronl et al. 1994, Lee et aI 1995) In some studres ceII survrval
has been shown to be related to the amount of unrepa|red double strand breaks foIIowmg |rrad|at|on E
(KeIIend et aI 1988 Kysela et aI 1993) supportmg the idea that rejommg of the DSB is critical for cell
V|ab|I|ty However other studles do not support the. theory that cells varylng in radrosensrtlvrty also vary

in amount of resrdual DNA damage (Ollve et aI 1995)

Cells from severe combmed |mmune deﬂmency (SCID) mlce are known to be def|0|ent in thelr ablllty to |

rejom DNA DSB (Fulop and Ph|||ps 1990 Belderman et al. 1991) Recently the SCID gene has beenvy
cloned, and shown to be |dent|cal to p450 or so called DNA PKcs the catalytlc subumt of DNA dependent
' proteln klnase WhICh was orlglnally caIIed p350 (Ktrchgessner et al. 1995) The study also showed that
both p450 and a gene complementlng the SCID defect co- Iocallze to human chromosome 8q11

'Furthermore the HYRC1 Iocus on human chromosome 8q11 was found to encode the SCID factor
mvolvmg aII V(D)J recomblnatron jomt formatlon and |n -30- 40% of DSB repalr (Komatsu et aI 1995)

’Mouse SCID cells are found to have lost the. p450 subumt Therefore the SCID defect seems to |mpa|r
thie DNA-PK- holoenzyme the critical enzyme in DNA DSB repalr Interestlngly, all SCID cell I|nes onIy
‘ eX|b|t hypersensmwty to agents causmg DSBs (X rays and bleomycm) but not to chemlcals causrng SSBS :
or crossllnks (Hendrlckson et aI 1991) Th|s suggests that DNA DSB repalr |nvoIves a dlfferent pathway‘ '

than SSB reparr

The most important example of a.mutation in human resulting in -radil\osensitivity is the disease ataxia-




telanglecta3|a a genetic dlsorder first descnbed by Syllaba and Henner in 1.926 ‘In addrtlon fo the principal "
features of -neuromotor dlsfunctlon extreme rmmunodef|C|ency, a hlgh frequency of Iymphoretlcular and

other-types of neopIaS|a cells from these patlents are hypersensmve to radlatron and bleomycin (Taylor

1975). Cells are incapable of repairing radlatlon-lnduced potentially lethal DNA'damage and lack normal
ceI‘I cycle ch‘eckp'oints', with the consequence that these cells continue cycling in spite of extensive DNA .
damage. Chromosome aberrations are high in these cells. The g}enetic mapping of the A-T gene Ioca]izee.
to an 850 kb region on chromosome 11q‘23.1 (Gatti etv al. 1994). Recently the AT gene 'was' identified and -
cloned, and was found to encode a protein of considerable size with similarity to phoi_s'.'phatidyli‘nositol 3--

kinase, an enzyme involved in signal transduction that controls"signalsfor cellular prpliferation (Savitsky A
et al., 1995). Earlier studies have suggested‘that A-T cells have an altered chromcsome_ strUctdre so that
DNA damage is more readily converted into DSBs, and DSBs into chromosome breaks.,(HitteIman and
Pandita 1994). Witnout enough time for repair, cells are consequently more proineto death. It seems that
© the A-T gene product is likely to involve a complex signal transduction pathway that Ultimately leads to the

vital maintenance of chromosome integrity.

1.2.5.2. Factors affecting DNA repair

A variety of factors can affect DNA -repair and cell survnval after |rrad|at|on The degree of chromatln
condensatlon may affect the acceSS|b|I|ty of DNA to- repair enzymes (Wheeler et al. 1983) Cell
» d|fferent|at|on stage and prollferatlon state have been shown to mﬂuence the process of DNA repalr as

" seenin both rodent cells (Sinclair et al. 1972, Rasko et al. 1993)-»and human cel‘ls (Kaminskas and Li
1992). Even for the same DNA molecule, a transcrictionally active gene is preferentially repaired'cyer an

inactive gene (Ho and Hanawalt 1991), supporting the importance of DNA cdnformation in repair f(,inet"ics.

.' Inhibitors of DNA repair include poly(ADP)ribose 'po'Iymerase rinhibitcrs (e.g., 3-amincbenzamide,
nicotinamide), ATP inhibitors which reduce the' energy level of.the cell (2,4-dinitrophen‘ol), and DNA -
polymerase and Iigase inhibitors ('ara-C). Not all of ‘these ‘repair inhi‘bi‘tors" are effective in vivo. Some
studies have indicated that nicotinamide, an inhibitor of poly(ADP-ribose)polymerase .is effective not only ’
in vitro (Ben-Hur et aI;'1985) but also in vivo (Kelleher and Vaupel v1’994a). Due to the low toxicity of this

drug and the excellent sensitization obtained in mouse tumour models (see Section 1.5), it appears_to be
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a promising radiosensitlzer for the clinic. Howéver “nicotinamide appears to be acting primarily as a blood
flow modulator in vivo, and the importance of the DNA repair modifylng properties of this vitamin analogue

have not been well defined

1.2.5.3. Radiation-induced DNA damage to normal tissues: in vitro" studies

The earliest discovery of radiation-induced damage to normal tissue may be traced back almost one
| "hundred years when radiation workers were. 'first observed to develop skin lesions following ,exposure. :
‘Since the development of molecular methods for the detection of DNA strand breaks':by- McGrath and "
\lllilliams in 1966, DNA damage and repair have been extensively investi'g'ated in cultUred mammali’an cells.
(Ono and Okada 1974, Vexler-et al. 1982, Sakai. 1984 Churchill 1991 and reviews by George and Cramp
1988 Powell and McMillan 1990). In these studles ‘the degree of DNA strand breaks and rejormng kinetlcs
were examlned, but since dlfferent_methods were used, the .rnltlal .degree of DNA damage could not be
rea_dily determined for(different- tissues. However, using a variety of cultured cell lines,»some'investigators :
vfound that the number of DNA strand breaks,is‘.linea'rly related to radiation dose and the.yield of DNA‘ '
© strand breaks per dose was independent of cell type Although some conflicting data also ‘exist which .
_showed variations in yield of srngle strand breaks (Meyn et al. 1980) and double strand breaks from one
cell type to another (reviewed by Ward 1990), these dif_ferences_ have been attributed largely to

| methodology and to the influence of chromatin structure on the ability to detect DNA strand'breaks.

* Since the 'pioneering‘work of Len ToImach.,(l‘961),'it has been know.n -that‘cells'in differént phases of the
cell cyclev have di'ffere.nt intrinsic radiosensitivities. Cell survival analysis _indicates that cells at the end of
G, phase are generally the most radiosensitive, but cells then beco'meprogressively more resistant as they
" move through S phase'. As cells pass into Gz", ;they become sensiti\‘/e again and are most-radiosensitive
dunng mrtosrs (Smclalr 1972) It was also found that sensitivity yaries yyith the state of cell differentiation;
For testicular cells regardless of whether cells are irradiated in wtro (Coogan and Rosenblum -1988) or in
“vivo (VanLoon et al. 1991), the terminally differentiated, elongated ‘spermatids always demonstrate less
DNA damage than the proliferatlng spermatocytes Therefore, DNA conformatlon appears to |anuence

cellular radlosensmwty
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" Changing the intraceliular thiol levels (Held i988) influences the intrinsic cellular 'radio"sensitivity. Some
authors have even suggested that protein thiols (non-GSH) may participate in the chemical repair process
(Held 1988). Furthermore, by changing cellular oxygenation, cell surviving.fraction is three times Iower ini
aerobic cells than in cells irradiated dnder.nitrogen (Cerutti 1974). Assays.from initial strand break
induction also agreed with this value (Frankenberg Schwager 1990) which is called the oxygen
‘ enhancement ratio (OER) Usmg the alkaline sucrose gradient technique, Chapman et al. (1974) showed
that the relationship between concentration of oxygen and cell killing was identical to the relatlonshrp
between oxygen concentratlon and nu}mber of DNA single-strand breaks. More recently, Zhang et aI.I_
(1995), using the more sensitive alkaline elution method, have also confirmed tha't‘ these "k curves" are
identical for ceI‘I kiIIihg and strand breakage. This result is important since it means that strand breaks can
.be used‘to differentiate between aerobic and radiobiologicaily hypoxic cells (Oiive et al., 1993b; Zhang and
Wheeler, 1993). On the curve describing radiosensitivity as a function of oxygen partial pressure (k curve),
the OER increases from 1 to about 3 as oxygen tensron increases from 0 to 30 mmHg, then the plateau
is reached. Therefore, a tissue with oxygen ten5|on Iower than 30 mmHg approaches radiobiological
hypoxra. The k vaiue is defined as the oxygen partial pressure which produces half of the maximum OER

(2.0) and is approximately equal to 3 mmHg (Hall, 1 978).

Many studies indicate that the rate of SSB rejoining is much faster than rejoining ofA DNA DSB. All repair

studies show that SS.B are rejoined rapidly with time during postirradiation incubation\of cells under

optimum growth conditions. Theé rate of rejoining can often be.divided into,two or more phases. For DNA
" SSB, up to 95% of all breaks are rejoined independentiy of dose with a half-time, t1,2=2-5 minlvdurin‘g the
- fast phase. A slower phase with t,,=50-70 min is said to be dose-dependent. One expianation is that
th‘ere. exist sites less accessible tor DNA repair enzymes (Wheeler et al. 1983). Alternatively, new SSB
may form with time due to incisionsat base damage sites. In some istudies examining the kine‘tics of SSB 4
rejoining, a third phase with half time of rejoining Ionger than 1 hour has been observed, which is explained
as the périod during which DSB arerejoined (Frankenherg et al. 1981). For DSB rejoining, the same A
general pattern is observed bvut the half time for each phase is longer (about 10-25 min, and 50-120 min
for the fast and slow phases respectively) (Vanankeren 1988), again perhaps indicating that v'a different

repair‘ mechanism operates to'rejoin SSB and DSB.
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“In reviews by Fertil and Malaise (1 981) ‘Ward (1990) Mchllan and Peacock (1994) d|fferences in |ntr|n3|c

‘ cellular radrosensmwty have been ascrlbed to several reasons cellular repalr capaC|ty, _cellular oxygenatron

throl Ievels and drfferences in DNA conformatlon wh|ch can affect both damage and repalr Some authors

also suggest that DNA-bound protelns are important for DNA conformatlon and cell radlosensnwlty
(Ljungman et al. 1991) During the development of male germ cells there is. a dramatlc change in

chromatln components which srgnlflcantly affects radlosensmwty (Balhorn 1982) For somatlc cells early o

studies 'using mlcrobeams indicated the- DNA segments close to the nuclear lamina are found to be most

2

. radiosensitive '(Cole et al. 1980).

1.3 In vivo studies of hormal fissue damage

- Early studles by Karran and Ormerod (1973) found that many of the nonrepllcatlng mammallan cells are

capable of rejomlng x-ray induced. DNA SSB They showed that cells from rat thymus and spleen possess .

repalr enzyme(s) although these cells do not syntheslze DNA regularly The same abrllty was also seen

: ‘|n muscle cells from 1- day-old rats but not from one week or older rats Furthermore it is mterestlng that

newly formed nucleated chlcken erythrocytes cannot rejom strand breaks suggestlng that repair enzymes

may be lacking in these cells Termlnally drfferentlated cells in wvo with this one possrble exceptlon .
appear able to repa|r the majonty of DNA smgle strand breaks ThIS‘lS perhaps not surpnsmg since

oxidative DNA lesions, a necessary by product of metabohsm must be reparred in order for transcrlptlon'

“to continue.

Ina more in- depth study by Ono. and Okada (1974) DNA strand break induction and rejomrng dlffered for

cells |rrad|ated in vitro. compared to ln vivo. They found that thymocytes |rrad|ated in vitro always

demonstrated more SSB per Gy than those from whole- body-rrradlated m|ce ascrlbrng this to the drfferent |

milieu |nclud|ng oxygenatlon of cells although thls needs to be conflrmed in Ilght of the rapid apopt03|s."' C
o . mduced |n these cells upon in vitro cultivation. They also found that thymocytes rejom SSB faster in vrtro‘_

" than that in.vivo, wrth a half trme for rejomlng 35 min and 45 min respectrvely after 100 Gy of gamma rays '

Hepatocytes rejomed breaks more slowly in vivo compared with thymocytes W|th a half t|me of 70 m|n
Th|s result was taken to mean that non- cycllng (G, )cells are less efﬂcnent in strand break re;ommg Atthe

same t|me, rapidly prollf_eratmg intestinal eplthelrum was studled, Rydberg, and Johanson (1 975) found that -
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SSB rejoining wa.sA rellativei_)./v,fast in-these cells. Most of the rejoining was cernpieted within 15 min,A and
at the.end of 30 min after 3-20 Gy gemma-rays almost ell the da_mage wes repaired. Using the
radiolabelling method they found that the repair process for crypt andl villoue cells were quite similar. But
when these cells were examined histologieaiiy at specific times, significant cell'death (pyknoti_c-eells) were
~ found in 80% of crypt cells but noi in villous cells. In agreement witn the report of Devik (1971) and
Tsubouchi et al.(1974), such cell death occurs 3-6 hrs after 7-20 Gy. The incidenee oi cell death has a
reverse relationship with mitoses; the number of mitoses increases after the peak of cell death. Therefore,
these authors ealled this form of cell death "interphase cell death" Which is now undersiood ro be'apoptosis.
But for some reason,. DNA degradation'in these cells wasi_not observed when erypt cells were examined

for DNA rejoining.

Wang and Wheeler (1978) compared the response of cerebellar neurons with intracerebrai 9L tumour cells,
and found the same number of DNA strand breaks after 50 Gy x-rays. A_Neur\ons couici fully repair the
damage but required 1.5 hour'while 9L tumour cells only required 30 min. Considering that both types of
cells are well oxygenated (the 9L turnour has less than 1% hypoxic cells), the a'uthors suggested the slower
repair rate of neurons may be due to a Ibiologicai property of the.nuelei. In a later study».by ‘Wheeler et al.
(1983), they showed that 9L tumour cells rejoin 95% of SSB in the fast phase (t,, < 5 min) but only 87% -
of cerebellar neiiron SSB are rejoined in this phase with L =5._5 min. Both of the cell types had a slower
repair‘phase with t1,2$1 noiJr. It was postulated that tumour cells have more repair .cepacity Iper unit of

'DNA and their chromatin is more accessible for repair than that of neurons.

A problem with cornparing resuits from different studies is that a veriety of methods have been applied
which have different sensitivities to DNA damage and which may be affected to diffe'rent degrees by the
presence of degrading/dying cells. 'Oniy.Meyn and colleagues heve made a concerted effort to examine
several tissues in the same Iabbratory with the same technique - alkaline filter elution. Ii/leyn,et‘ al. (1980,
1983) found that differences not only exist between-cells irradiated in vitro'and in vivo, but tissues from ihe
same mice have different degrees of strand break induction. They found that bone marrow cells are 2-4
times more sensitive tnen fibrosarcoma cells for SSB induction after 10 Gy gamma-rays, no matter whether

irradiation occurred in vivo or in vitro. Among the normal tissues they studied, bone marrow, spleen and
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brain cells were most sensitive, while cells from tes_tes, liver and gut were less sensitive in terms of SSB
production. Fibrosarcoma cells were said to be radioresistant due to their large portion of hypoxic cells in

vivo, but these authors also postulated that the variation of normal tissues mey be due to radiobiological

hypoxia in some normal tissues.

Murray et al (1984) found that two fibfosarcoma tumour lines rejoined 'SSB completely within two hours
efter 12.5 Gy, bet 7-16% of unrepaired lesions were.sf;ill present in.normal tissues. Among all the normal
tissues in their study, liver re"p_aired damage‘fastest.‘ F_ieduced gIUtathione (G'SHY) was alsdassayed. Liver
was fouhd to have the highest level and fibrosarcoma had the lowest. Hewev.er, these authors concluded
that overall GSH level was not the major determinant of DNA repair inAvivo, but cell differentiation seemed
to vbe more important. Murray and Meyn reiterated this finding in a subsequent 'study (1987). By

radiolabeling proliferating cells in jejunum and bone marrow, they ehowed that”rapidly proliferating cells -

.rejoined,SSB faster than the overall cell population. ‘This ability decreased aS'peIIs matured. The authors

eUggested this may be due to the decreased accessibility of damaged chromatin to repair enzymes or
decreases in nucleotide pools essential for repair synthesis. Imai et al (1987) studied the’radiosensiti‘v_ity

of haematopoietic precursor stem cells. Cell survival after 3 Gy whole-body x-ray irradiation indicated that

. erythroid precursor cells.were'mere sensitive to radiation than rest of the cell population.

Clearly the issue of normal tissue hypoxia is an important one in reletion to normal tissue damage by
radiation. It has been suggested that some normal tis_,sues are nearly hypoxic in vivo (Hendry 1979, Meyn

et al. 1983, Zhang and Wheeler 1993). Some tumours have been carefully evaluated for hypoxia and

. classified as diffusion-limited or perfueion-limited. .Malignant tumours geherélly show a rapid rate of i

~ proliferation. Tumo_ur blood vessels may not be able to develop rapidly enough ﬂso that areas of hypoxia

and high interstitial fluid pressure can develop. As seen on the diagram of Fig. 1, some tumour cells
distant from the blood supply are termed to be oxygen diffusion-limited (chronic) hypoxia.. Conversely, a

transient stop of blood flow in tumours causes acute or oxygen perfusion-limited hypoxia (Brown 1979,

‘ Chaplin et al. 1989). 'The_'high interstitial fluid pressure is a Iiker‘ cause of intermittent blood flow and.

therefore acute hypdxia in cells close to blood vessels (Trotter et al. 1989). Increased plasma viscosity and

vessel clogging by blood cells may also contribute (Price et al. 1995).
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perfusion-limited
hypoxia (acute)

diffusion-limited
hypoxia (chronic)

Fig.1: Diagram illustrating the patterns of hypoxia which can develop in solid tumors.
Inadequate tumor vasculature leads to areas far from blood vessels which contain
chronically hypoxic cells, and areas adjacent to blood vessels undergoing trasient

changes in perfusion.
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For normal tissues, hypoxia is more often due to a diffusion limitation as suggested by Se'tchéll (1978) and

~Max (1992). They founq the oxygen tension can be as low as 2 mm Hg'i,n seminiferous tubules while it

is 80-90 mm Hg in arterioles supplying the tissue. Areas of the bone marrow are also suggested to be

hypoxic. (Olive et al.1994). Allalunis et al. (1983) found a group of granulocyte precursor cells residing in "

compact bone to be resistant to ionizing radiation, but the same type of cells in medullary cavity were

sensitive; they did not study the situation of overall heterogeneity in the bone marrow cavity. . '

Testisis a tissue which has been studied extensively becaﬁse of its importance in germ éell production and
its 'special characteristics in cell developmént. An eafly study by Ono and Okada (1976) shoW_ed sor'ne‘
evidence that,testicular cells are radiobiologically hypoxic since the ovérall de'greé of damage in this tissue
is less than that of other tissues. Many studies have established that the —degree of DNA strand break
induction and rejoining rate decreasés with stage of differéntiation, i.e. from spermatogonia to spermatidé
(Coogan and Rosenblum 1988, Joshi et al.1990, VanLoon et al.1991, >1 953 ar;d VanderMeer et al.1992).
Although the spermatogonia are believed to be most radibsensitive,_a previdus stﬁdy showed that a hypoxic- .
cell radiosensitizer misonidazole incréased stem cell killing induced by radiation, suggesting at least part

of the spermatogenic stem cells are not well oxygenated and therefore relatively radioreSistant.

In conclusion, in vivo studies have shown differences in the degree!df DNA damage indqction_ and rate of
rejoining for vérious'tissues. Variation is also seen arﬁong different cells <‘)f the same tissue whgn animals .
ér’e whole-body irradiated.‘ The explanations may vary fo.r.differen't tissues, but could involve DNA
confbrfnation, cellular thiol levels, tissue oxygenation status, the abilityvof cells to repair DNA damage, and
speciAfic mechanisms resulting in cell loss (eg. apopfosis versus nécrosis). Further effort is needed_ to
improve our knowledge of the mechanisms of radioresistance at the ceilular and molecular levels, and to

attempt to resolve some of the conflicting results in-the literature. '

1.4. Radiation-induced apoptosis in different tissues

1.4.1. Morphology, biology and qenetics of apoptosis

~ Since apoptosis was first named by Kerr, Wyllie and Currie (1972) this special mode of cell death has been

. studied intensively. It is characterized by cell shrinkage and loss of specialized surface elements such as
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microvilli and cell-cell junctions. Inside the apoptotic cell, chromatin condenses towards the nuclear
periphery and chromatin fragments become surrounded by nuclear membranes. This can be followed by
cell surface protrusion and budding to form mahy membrane-enclosed apoptotic bodies. The formation

of these bodies is believed to be the result of a change in the microfilament network (Naora 1995). Nuclear

“fragments may or may nof bé included in each apoptotic body.  In vivo, these apoptotic bodies will

generally be ‘phagocytosed and digested by nearby cells. There is no associated inflammation with theA

exudation of spécialézed'phagocytes as is evoked by necrosis, and apoptotic bodies may be phagocytosed

" by epithelial and 'neOpiastic cells as well as by tissue macrophages(Kerr and Searle 1980). The early

events of apoptosis are finished quickly, with only a few minutes elapsing between onset of the process
and the formation of apoptotic bodies (Kerr and Winterford 1994). Therefore, it is rare to see budding and
convoluted cells in tissue ‘sections. After phagocytOSis, digestion is complete within hours. Apoptosis

characteristically affects individual scattered single cells in tissues while necrosis involves a larger group

of adjoining cells.

A characteristic biochemical feature of the apoptotic process is double-strand cleavage of nuclear DNA at
the linker regions between nucleosomes leading to the -production of,180-2QO nucleotide-iong .

oligonucleosomal fragments. These fragments are detected readily by agarose gel electrophoresis which

“often shows a charactefistic‘laddér pattern. Each band of a Iadder‘»is a multiple of units containing 180-200

base pairs. But degradation occurs for DNA from necrotic cells, and only a smear of randomly-sized DNA

fragments is seen following electrophoresis (Kerr and Winterford 1994).

Apoptosis plays an essential role in normat tissue development and in maintenance of the steady state in

continuously renewing tissues. It is seen in deletion of T and B cell lineages during negative selection in

+

~-the immune respohse (reviéw by Wyllie 1993), in organogenesis in the developing embryo, and in cerebral.

cortex and future subcortical white matter development during the first few days after birth (Ferrer et al.

1992). Apop’tdsis also occurs spontaneously in some tumours aithough it is not the only mode of cell death

in neoplastic tissues (Sarraf and Bowen 1991). Furthermore, it can be induced by radiatioh, chemotherapy,

~ mild hyperthefmia, hormone ablation and/or supplérhent (e.g. gIUcocorticoids, retinoic acid and thyfokin); '

virus infection, cytotoxins or some special antibodies against Fas/APO-1 antigen in many tumours as well
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as in some normal tissues (Yamada and Ohyama 1988, Gorczyca et al.1993a, Bursch et al.1990, Garvy

et al. 1993, Alison and Sarraf 1995).

. The signals for apoptosis can be initiated by cell injury or cytokines. Several receptors are resoonsible for
the apoptotic pathway: two common examples are tumourvnecrosis factor TNF-alpha receptor in moét celle
which pass signals by activating ceremide; and the Fas/APO-1 receptor '\(vhich is seen in cytotoxic T-
lymphocytes and hepatocytes. A third receptor Nur77 signa.ls death in thymocytes pre-stimulated. by the
CD3/T -ceII receptor (Wyllie 1995). ‘The regUIation of apoptosis is very complex and the interactions of the
regulators, signal transduction pathways, and effector molecules are not clearly understood. Most ofthe
relevant genes belong to the family of oncogenes and oncosuppressor genes. Apoptosis is associated with
‘c-myc gene activation and rb-1/growth factor deprivation in many cells. The onoosuppressor gene p53 can -
| initiate apoptosis by causing G,/S arrest in 'cells expressing c-myc. It is thought that the psé gene product
protects cells against the accumulatlon of mutations and subsequent conversion to a cancerous state by
deleting damaged cells via apopt03|s (Levme etal. 1994) p53 may trlgger apoptosis when DNA repair fails.
But p53-induced apoptosis is not the only pathway, since apoptosis also occurs when this protein is mutant .
“or absent as seen in p53 -null animals (reviewed by Wyllle 1995). The proto- oncogenes ras and bcl-2.
rescue cells from susceptibility to apopt03|s and convert a high- turnover state into one of rapid cell
expansion. By forming a heterotetramer with bcl-2; a related protein bax combats bcl-2 to promote
apoptosis dependin’g on the ratio of the two proteins (Korsmeyer 1995). Ftnally‘,' interleukin-1 B—convening
enzyme (ICE) is suggested to cleave a precursor cytotoxic pfotein into its active form, the "‘apex of a
cascade of proteolytic events in the common pathway (Alison and Satraf 1995). DNA is fitst cleaved to
large fragments (50-300 kb) and only later to the nucleosomal "ladders". There are several more genes
related to the procees at dtfferent'stages and _circumstances although their effects are not yet clear. Some
growth hormones may be important in different oell'populations by acting as protectors in sparing cells from
apoptosis, as has b'een shoWn in the haematop‘oietic system (Yuetal. 1993). At‘ the ceIIuIar Ievel, a series
of biochemical events are also seen. The éignal transduction pathways (which may include Ca®*, cAMP, ’
protein kinase C, phosohatases and other kinases) and molecular detaits of the transcriptional response.
. of cells to receptor- stimulation may vary from one ceII/receptor type to another (Fesus 1'993). The cytosol

level of Zn®* (Sunderman 1995), changes in the Caz*:ionphore,' and even oxidants produced from .
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metabolism (Slater et al.1995) may all play important roles in inducing apoptosis.

1.4.2 lonizing radiation-induced apoptosis

lonizing radiation can trigger apoptosis via DNA damage-actiVated protein kinase (DNA-PK) and other
kinase activation, Ieading to the initiation of a signal transduction system (Sutherland et al. 1992, Anderson
1993). It has also been postuiated that the same type of DNA damage can .be translated into different
cellular processes leading to elther apoptosis or another klnd of ceII death depending on the opening of
an avenue to the signalling pathways and/or the availability of the specrflc receptor that initiates the
pathways m different cells (Szum|et 1993). DNA strand breakage actlvates extensrve formation of ADP-
ribose polymers, causmg exhaustlon of NAD pools and depletlon of ATP for resynthesrs of NAD". Since
some cell types cannot cope with the stress of ATP depletion, they die by apoptosis. This may be the
situation observed by Radford (1 994) who found that Iymphord ST4 cells can repalr 60% of double strand .
breaks mduced by 45 Gy x-rays before they undergo apopt03|s ATP depletlon is not always the cause for

initiating apoptosis; Wells et al. (1990) found that heavily damaged cells still maintain a normal level of ATP.

Among all the cells from different murine tissuee studied, cells from the hemopoietic syetem, esoecialiy
thymic lymphocytes (Yamada et al.1988) and bone marrow B-lymphocytes (Garvy et al. 1993) are the most
‘radiosensitive ceils‘and undergoapoptosis Within'hours aiter;a Iovi/ dose of radiation in v_itro. Cultured -
human B lymphoblast TK6 cells are also observed to ‘undergo apOptosie after 0.5-15 Gy X-rays. In these
cells, the largest inorease in‘apop_t0sis is observed betweenl 8-10 hours after irradiation andis dose-
indepen‘dent (Oliv‘e.‘ et al.t993a). But radiation;induced apoptosi's' is also seenv in vivo in:o'ther tissue‘s‘.
Monkey Iacrimal gland (Gazda et al.1992), young rat cerebellar célls from external granular layer (Fritsch
et aI 1994) and oligodendrocytes (Vrdoljak et al. 1992), endothelial cell Iining of the pulmonary
microvasculature (Fuks et al.1994), cells from spieen and thymus (Nomura et al. 1992) small intestinal cells

(Merrit et al.1994) and many tumour cells (Stephens et al.1991) all display apoptosis following irradiation.

Nomura et al. (1992) found that as low as 2.5 Gy dose of whole-bo_dy irradiation can induce apoptosis in
sensitive murine tissues .such as thymus, spleen and .small intestine. ‘The amount of apoptosis is :
dependent on the strain of - mouse, with CS?BL/GJ and AKR/J mice highly susceptible while C3H mice sh_ow

a relatively low rate of apoptosis. Radiation-induced apoptosis always occurs several hours after treatment
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and only lasts for a'few hours in vivo, probably due to phagocytosis b)l/'ne’arby cells. Often the mére répidly
'growin'g cells (with the exception of thymocytes) undergo radiation-induced a’poptosis‘, while apoptosis in
vtermihally diffe.rentiatéd cells suc;hv as hepatgcytes can be difficult to‘ihduCe by rad‘iatio‘n but can be
demonstrated after treatment with some chemfcals such as cycloheximide (Ledda-Columbéno et al.1992)
or following withdrawal of growth stimulants (Garcea et al.198§, Bufsc‘h et al'_.1990)., Even in the small
intestine, only certain crypt cells undergo apoptosis after irradia‘tioﬁ. This indicates fhét apoptoéis is
induced via different pathways in different cells and for cells in differént stage of proIiferatjdn. Merritt et al.
(1994) found that in small intestine, p53 Was rhos‘tlyAexpressed in‘ste;rAn bellé, i.e., cells at positions 1-6 in
the crypts, but it decreaséd sharply thereafter. Th_is pattern cbrrelated with the incidence vof radiatioh-
induced'apoptosis in the hierérchy of cells. However, it was conc!uded that ‘cellé abové positidn 7 can
undergo apoptosis by other mechanisms especially _ihduced by sbme chemotherapeutic dvrugs (Potten et
al.1994). Radiation-iﬁduce‘d apoptosis happehs primarily in rapidly proliferating cells probably due to

differences in signal transduction pathways or receptors for these signals.

Apdbtoéis is readily induced vby radiation 'in. radio'sé'nsitive turﬁours such as the murine ovarian carcinorﬁa
but was not obsewed_in a radioresistant hépatpéellular ca'rcinorvnav(Stephens et al.1991). Lymphoma F9
stem cells di‘splay more apoptosis when ifradiated compared vt‘o ihiéir differehtiated counterpans (Langley
1993). This observation is consistent with the in vivo results indicaﬁng that the _étage c;f cell differentiation
is important .in apobtosis. Furthermore, some tumour cells may réfain some features from the parental
cel‘is, or they may developﬂ different path\v/vays“léadihg to deéth. -For example, a .mutation in the p53
ONCosuUppressor gene is a cbmmon late occurrence in the evolution of a tumour, and loss of functional p53 |
will mean loss of the rabid apoptotic pa_thway‘(Vogel_stein and I'(inzllefr 1992). Alt‘hou‘gh many aVénues may
lead to apoptosis following damage by radiation, if has been shown that cal'cium and sighal transduction

| ‘pathways are.important factors in regulatihg 'radiatio'n-inducéd apoptosis (Meyn et al.1993)."

1.5. Nicotinamide: an agent.with many effects in vivo
Since the first description bf'nicotinamide as a radiosensitizer by Calcutt et al (1970), this amide form of
vitamin B, has been studied for more than twenty years due to its many functions in biclogical systems.

This chemical is an inhibitor of poly(ADP-ribose)polymerase (PARP), a multifunctional enzyme that appears
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| to be involved in reparr of DNA strand breaks (Durkacz et al. 1980, Crelssen etal. 1982 Mathls and Aothaus
1990 Gradwohi et al.1990), and in many other biological processes reIated to alterations of chromatin
architecture such as ceil differentiatlon, cell cycle control, transformatlon and transcnption {Boulikas 1993,
Banasik and Ueda 1 994). PARP affects Severai important enzy_mes including DNA | polymerase,
topoisomerase, ligase, RNA polymerase, histones and ma'ny other nuclear proteins. AIthoug'h the effects
of this modification are still unclear, it has been shown that PARP can be activated and induced at the
mRNA level by ionizing radlatron and other DNA damaglng agents (Ben Hur and Elkind 1984, Bhatia et al.
1990). It is believed that-the_ _polymer helps to unwind the tightly packed nucleosomal .structure of chromatin
(Berger 1985, Gradwohl et al.1987). Furthermjore, one of the two zirc fingers of PARvapecificaIIy "
recognizes DNA strand breaks (Durkazc .et a|.1980). _Becently, a cysteine protease, apopain
(prICE/CPP32) has been found to " be responsible for the proteolytic breakdown of poly(ADP)ribose
polymerase (PARP) which oceurs at the onset'of:apoptosis.' .Proteolytic-c‘leavage of PARP‘separatesthe' '
two zinc-finger DNA binding motifs, which presumably prevents PARP from.coordinating DNA repair

(Nicholson et al. 1995).

Based on these results inhibitors of PARP were examrned as sensitizers of munne tumours. Four classes
q of |nh|b|tors are'known: aromatic amldes such as 3-aminobenzamide (3- AB) nicotmamide thymidine and
methy! xanthines (e.g. caffeine). Previous studies on cultured cells mdrcated that 3-AB was more effectlve
than nlcotinamlde in enhancmg cell kiillng by |on|zmg radiation (Brown et aI 1984, Ben- Hur et al. 1985)
Nlcotlnamide did not seem to be effectlve on all the cuItured cells but was more effective in sensitizing
tumours in vivo and much less toxic than 3-AB (Horsman et al. 1989a). Later this drug was shown to
sensitize tumours by a mechanismother than inhibition of DNA’ repair. It was ShOWn that regional tumour
okygenation was improved-after administration of nicotinamide (Lee and Song 1992 Price et al.1995),
explaining its ability to sensitize tumours to |on|2|ng radiation Many tumours have hypoxrc ceIIs due to a
limitation of blood perfusmn and oxygen dlffusmn Nicotmamide may reoxygenate these pen‘usron Ilmlted
. hypoxic cells by mcreasmg theA blood supply and decreasing tumour interstltial fluid pressure (Lee et al.
1992"Hii|.and Ch'aplin_ 1 9_9)15,. Hirst e"_({‘eilj 995); thef latter is considered to be one cause of transient shortage
of.blood supply in tumours (Trotter et al. 1991). The improvement in perfusion was also seen in _norrnal

tissues, but as they are better oxygenated than tumours, sensitization is confined largely to the tumour.
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It was found that the enhancement ratio (ER) fof skin and bone marrow is 1.05-1 10 while >1.39 for rodent

adenocarcinomas (Kjellen et al.1991). When combined with carbogen (95% 02 +5% CO,) which- can

increase oxygen supply to tumour cords, the radiosensitization effect is increased even further, with ERs

of 1.8-1.9 for SCCVII tumours (Ono et al.1993). All of these findihgs are consistent with the belief that
radiosensitization by nicotinamide is mainly due to reoxygenation of tumours instead of inhibition of DNA

repair. However; cell survival is the endpoint for most of these studies, and events occurring at earlier

times after irradiation have received less attention. -

- Pharmacological studies have shown that hicoti'namide‘ is involved in the synthésis of nicotinamide adenine

dinucleotide (NAD) which is depleted rapidly after extensive DNA strand breaks (Stratford et al.1994). An

increased concentration of NAD was found in rodent sarcomas, liver and kidney after nicotinamide

treatment (Kélleher and Vaupel 1994a). This increase in NAD seerﬁs to be contradictory to the actiohs of
nicotinamide as a PARP inhibitor since one might thihk that increased NAD should accelérate_ DNA repair,
not inhibit repair. VNAD also acts as a coenzyme for more than 100 dehydrogenases, and Changes in
metabolic ‘processes would be expected.  An increase in ATP/Pi and ATP/ADP+AMP ratios is also
observed (Horsman et al.1992). Furthermore, one of its metabolites, cyclic ADP-ribose, is an active
substancé-involved in a calcium signalling bathway (Galion 1994),_a patﬁway that leads to many changes
in cellular funcﬁons and mietabolism. It would seem that further Qnderstanding is needed to interpret all

of these diverse effects of nicotinamide.

The’ use of nicotinamide in this thesis was initially based on repons by Dr. David Chaplin concerning studies

_from a group in Sweden who had observed DNA damage in tissues of mice following exposure to

nicotinamide alone. Another group had already suggested that some factor in addition to tumour

reoxygenation must be acting to sensitize the tumours, since tumour control data were better than could

be expected on the basis of tumour reoxygenation alone (Rojas, 1992). Experiments were therefore

designed to determine whether nicotinamide would impfove tumour oxygenation as measured using the .

comet assay, and whether other potentially hypoxic normal tissues would be affected by this 'drug. In

“addition, by analyzing early SSB rejoining kinetics in the presence and absence of nicotinamide, it was

hoped that effects of nicotinamide on DNA rejoining might be observed.
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1.6. Methods to measure Dt\lA damage: the comet assay
“The comet assay, also called the single cell gel assay (SCG) or microgel! electrop‘hore‘sis' method (MGE)
was first introduced by Ostli'ng and Johanson (1984) to directly visuaiize» DNA damage in individual cells.
Subsequent modifications to this gel electrophoresis method aIIoi~ed independent detection of SSB and
DSB (see Fairbairn et al., 1995 for review). Perhaps most important was the implementation of imag'e
analysis to provide objective and sensitive quantification of ‘DNA d'am‘age (Olive et ‘ail.,’ 1990).‘ In
: experiments described in this thesis the alkaline version of the comet assay was used exclusively since
this method is apprOXimater 20 times more sensitive to detecting radiation induced DNA damage thanthe -
neutral verSion (Olive, 1995a). The current limit of senSitiVity for detecting SSB'is ‘about 5- 10 cGy in non-
proIiferating cells (e.g., Iymphocytes). In cells replicating their DNA, each replication fork -appears as a .
_ single-strand break in this assay, decreasing the sensitivity for detecting DNA damage. The comet assay
: is equally if not more sensitive than any other single-strand break assay iivhich uses radiolabelled cells for
analysis (e.g., alkaii filter elution, alkaiiunvyinding), and m.uch more reproducible than fluorometric detection
using these same methods. Moreover, detection at the level of the indiv'idual cell is of critical importance ,
in determining heterogeneity of response to radiation within a.»mixed' population of cells. Since cells, not -
‘ homogenates, areﬂ being examined,l the contribution of dead or dyi_ng cells can be easily eliminated from
DNA repair studies so that kinetics represent the true response of the intact cells. The fact that dying cells
" can} be excluded from analysis is of critical importance. It seems quite likely that the presence of degrading
DNA acted as a confounding variable in earlier experiments which used population based methods to
analyze DNA damage in vivo.
To perform the comet assay, cells are lysed after being embedded in agarose gel on a microscope slid,e,
electrophoresed and{ stained. with a fluorescent DNA bindin‘g dye. (propidium iodide). The negatively-
charged damaged DNA fragments_are pulled away from nucleus by the 'appiication of an electric field.'

When observed with a fluorescent microscope, images from each nucleus look like comets (Fig. 2), thus

explaining the name given to the assay (Olive 1989). Since DNA damage can be determined for individual =

cells, histograms can be generated to demonstrate the presence of sub -populations which differ in initial
damage or rate of strand- break reioming Populations varying in damage by a factor of 2 or more can be

' detected as eVidenced by the ability of this method to detect hypOXIC ceIIs (Olive and Durand 1992)
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Fig. 2: Representative digitized images of comets from individual cells exposed
on ice to the radiation dose shown. Each image shows the response of one cell
analyzed for DNA damage using the alkaline comet assay. The direction of DNA
migration during electrophoresis is to the right, and the longest comet image is
approxiamately 100 microns. Note that as the number of DNA breaks increases,
the amount of DNA able to migrate also increases.
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1.6.1 The principles of detection of:DNA damage -

Various methods for détecﬁng DNA strand breaks depend on the principle that DNA breakage results in

" smaller fragments from DNA molecules. Once the fragment size is'smaller than about 10 Mbp, DNAis able

to migraie in an electric field (Blocher et al. 1989)." To allow DNA to migrate freely, cells are first lysed in

detergent and high salt to remove proteins (including histones) and membranes. While denaturation is

rapid at pH > 12.3, highly packaged and entangled DNA requires time to unwind:.

Different sized DNA fragments can be separated according to gravity (sedimentation and precipitation

- assays) or size (alkaline or neutral elution assays).. The comet assay utilizes a low voltage electric field

to separate DNA fragments. Negatively charged DNA is pulled away from nuclei toward the anode during

.eIectrophore'sis, and for the short electrophoresis time used, both large and small fragments migrate

together in what is called a compression bahd. Most other‘ methods require rédioiabelin’g“'DNA and only -
provide an indication of the average number of strand breaks per cell within a population. iThe pH of the

lysing solution governs the measurement of different types of DNA strand breaks. Neutral lysing and

electrophoresis meésures DNA DSB while alkaline lysis ahd'electrophoresis allow denaturation and
measurement of SSB. The comet assay detects DNA damage as well as total DNA content of a cell by
using stoichiometric staining by a fluorescent DNA dye. The ability to measure DNA content provides an

important control for the imaging system because regardless of the amount of DNA damage, the DNA

content. of a cell should not chan‘gé. Any change in DNA content is an indication of non-‘linearity of the

video camera or field of iliumination.

The ffagmen'ts which :migrate away from the :o.riginal'celkl nucleus or comet head form the "comet tail". The
amoﬁnt of DNA that rﬁigrates is dependen.t. oh the number of broken endsﬁT Therefore the size of the tail
increases és a function Of radiation dosé while the size of the‘co_m.et head-decreases (Fig.,'2). The length
of the comet tail initially increases Wifh damage but reaches a r_naxirﬁUm that is defined by electrophofesis

conditions rather than size of fragmenfs (Fairbairn et al. 1995). Usually the amount of DNA in the tail

indicates the degree of DNA damage, and in cells undergoing,apoptosis, almost all DNA fragments are

pulled away, forming a Iarge tail with only a trace of DNA remaining in the head. Using a video image
analyéis system consisting of a fluorescence microscope, CCD or integrating camera, and frame-grabber
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board with com_buter, the image can be quantified in terms of ‘degree of démage ‘and DNA content (Olive
et él.1990). The former is determined by analysis of several ccimet features, most useful oi which is tail
moment. The tail moment is defined as the percentage of DNA in the comet tail multipiied by the distance
between the means of the head and'taii fiu_drescence distribi.utions. DNA -cnntent is the total (relative) image
fluorescence which will vary according to camera gain. Camera gain is adjusted for each experirheni tp
avoid saturation of ihe comet image and kéep the signal proportional tn‘intenéity. Hoirvévei, the camera |
gain is not adjusted once cc_ﬂiection of images begins. Tne percent- DNA in the tail isnot as ‘se’n‘sitivé an
indicator of DNA damage as tail moment, but it is less aff-e.cted by unav_qidable variaition's in electrophoresis

conditions (minor changes in electric current will occur when several times of electrophoresis is run).

1.6.2 Cell sensitivity to radiation detected using a comet>assay

Since the comet assay is able to detec’i damage with very high sensitiviiy'and; requiieé oni)i a éinaili number
pf ceIis, it has rapidly been adopted for studies in many scientific fields (fnr review, see Fairbairn et al.
1995). Most important, however, is the ability of this method to detect hetérogeneity in DNA damage or
rejoining of breaks within a population. Since comet analysis includes a measure of DNA content (total cell

fluorescence), DNA damage to cells in different phases of the cell cycle or éells with different ploidy can

- be measured independently. This abilitylwas responsible for revealing that G, cells repair radiation-induced

SSB faster than S phase cells (OIiv'e and Banath 1993). Subpdpulations of iadioiesisiaint cells which vary

in damage by even a small amouni (e;g. hypoxic ceils in tumours) can als'o‘ be distinguished based on their

different rates of strand breaks induction (Olive et al. 199'3a).

Since this project was mainly focused on the in vivo‘radio'sens'itivity' of cells in different tissues, examining

héterogeneity was one of the most important and novel aspects of this study. Normal tissues are

composed of a variety of cell types, and the comet assay provides an easy way to observe the presence

- of subpopulations which differ.in damage.v Funh'ermore, dnly three hours are needed to prepare a slide

for analysis, and less than thirty minutes is needed to coliect data from two hundred _cometé using the
fluorescent image processin'g system (FIPS). It is therefore quite feasible to preparé and analyze many

samples at the same time, reducing experimental variability.
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2. MATERIALS AND METHODS

2.1. Animals

2.1.1 C3H mice

Inbred male C3H/HeN mice, 12-16 week old and approximately 30g in weight, were obtained from a
breeding colony at the B. C. Cancer Research Centre. They were kept in polycarbonate cages at a
temperature of 21°C in holding rooms of the Animal Facility. Foqd (Picolab mouse diet 20-5058, PMI
Feeds Inc., St. Louis, MO.) and water were constantly supplied. Cages with bedding were changed

Weekly. Lights were controlled automatically to be on from 7am to 7pm.

2.1.2 SCID mice

Adult C.B17-SCID mice (12-16 week old and 30g in body weight) were also bred.in house and fed in the
same way except they were housed in a separate room in microisolators. Cages., covers and food pellets
were autoclaved. Whenever mice were needed for experiment, they were transferred in the same room
in a flow hood and the working area cleaned with ethanol. Masks and antiseptic solution-treated gloves

were used when handling animals.

2.2, SCCVI tumours.

The SCCVII squamous cell carcinoma was originally obtained from Dr. Michael Horseman at Stanford
University, CA. Tumour cells‘ were transplanted into syngeneic C3H/HeN mice of 7-10 weeks old. Cells
were obtained by excising the tuhour from the maintenance mouse, mincing thém with scalpels and
digesting using an enzyme mixture containing 0.15% (w/v) trypsin (Difco Laboratories, Detroit, Ml), 0.024%
(w/v) collagenase and 0.06% (w/v) DNase | (both from Sigma Chemical Co., St. Louis, MO). After 30
minutes digestion at 37°C, cells were centrifuged and the pellet was resuspended in medium, then filtered
through a 50 um nylon mesh. The‘ cell number in the suspension was counted using a Coulter counter.
The yield of tumor was about 10° cells/g (107 cells/g without enzyme digestion). About 107 cells in 0.5ml
of final cell suspension were implanted subcutaneously in each mouse over the sacral region with a 26
gauge needle. Before the implanting operation, mice were anaesthetized by inhaling Metofane (Janssen‘
Pharmaceutical, Mississauga, ON) and the area for implantation waé shaved and sterilized using 70%

ethanol. Mice were returned to the room in Animal Facilities after they had recovered from anesthesia.
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A tumour of 450-600mg in weight was obtained after two weeks.

A maintenance tumour was always propagated iat the same time. This was done‘by using brei c'>b_tained
from the tumour from the maintenance mouse. After mincing the tumo.ur,v the brei was forced through a
20G needle 10 to 15 times until the mass was smooth‘. The‘volu'm.e of the tumour mass was measured
in the syringe and transferred into a 15 cc dispo_sable. tube. PBS at five times the tumour volume was
added and mixed with tumour ceIIs. After .shaving and cleaning the hind legs of an anaesthetized mouse
with 70% ethanol, 0.1 ml of the cell suspension was injected intramuscularly. In order to maintain
. consistent tumour growth characteristics, a tumoiJr was cnly passaged to ten generations before a new

frozen stock was used.

2.3. Cell cultures

2.3.1 TK6 cells

This ceII line from humaanK(_S Iyrnphobiasts wasqbtained from Dr. i—lelen Evans (Case Western Reserve
University) and maintained in RPMI medium containing 10% fetal bcvine serum (Gibco BRL, Gaithersburg,
MD) and antibiotics (Sigma Chemical Co.A, St. Louis, MO). Cells were grown in 70ml piastic'Faicon flasks -
(Becton Dickinson Lab_ware{ Bedford, MA) and diluted bi;weekly. TK® cells do not attach to tissue ciilture
plastic and can be handled withotit'using trypsin. They were kept anng with other cell cultures in a CO,

(5%) incubator. ”

2.3.2 V79 celis

Chinese hamster V79 lung fibrcblasts were originally obtained from Dr. W.K. Sinclair and routineiy
maintained in _the lab. In this study,‘ cells were groWn exponentially in monolayer culture on Falcon plates,
iln Eagle’s Minimal Essential Medium (Gibco BRL) ccntaining 10% fetal bovine serum and antibiotics. Cells
were subcultivated bi-weekly and single a cell suspension was prepared by trypsinizing cultures using 0.1%

trypsin (Gibco BRL) in phosphate-buffered saline (PBS).

2.3.3 EMTB6 cells

EMT6 mouse marnmary carcinoma cells were originally obtained from Dr. Sara Rockwell (Rockwell, 1973)‘

and maintained as monolayers in minimal essential medium containing 10% fetal bovine serum.
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2.4. Treatments

2.4.1 Drugs

2.4.1.1. Nicotinamide

Nicotinamide (Sigma Chemical Co.) solution. was freshly prepared by dissolving the drug in PBS

’ .immediately before use. Different doses of drug were given to mice by intvraperitohealvinjection from stock .

solutions containing 50-1,000 mg/kg, 30-90 minutes before irradiation. The volume was restricted to 0.3

- ml for each mouse by altering the stock solution of nicotinamide.

2.4.1.2. RSU 1069

RSU 1069 (1(2 n|tro 1-imidazolyl)- 3 aziridino-2- propanol) was supplled by Drs. T. Jenkins, |. Stratford and

~'G. Adams of the MRC Radloblology Unit at Harwell Drug was freshly prepared in PBS at 5 mg/kg Muce

were injected intraperitoneally 90 min before ‘sacrifice. Cells obtained from tlssues were, in some cases,

exposed on ice to 10 Gy X-rays to reveal the presence of DNA interstrand crosslinks.

24.2 Irradiiatiovn and dosimetry

Mice were whole body irradiated in a plexiglass jig using a 2‘50. kVp X-ray unit (PHiIIips type RT-250, HVL
1.5 mm Cu) at ihe B'..C. Cancer Research Centre. Dosimetry measurements were made using a Victoreen
Model 500 eIeCtrcrﬁeter with a 0.6 cm® ionizati'cn chamber. ‘Meas'urements were taken‘with the prcbe at
the site for irradiating sample(e) in the jig. The dosimetry calculations - the dose io the medi.u‘rh at the

position of the probe placed, D, , was calculated as:

med?

D, .., = MN,(0.00873 J/kg. R)(mab/p)"'"da"

med
where M is theé electrometer reading in roentgens (R), N, is a calibration factor and (m,/p)™®" is the mass-
energy absorption coefficient ratlo for the medium air. Electrometer readlngs were taken for at least five .

time settlngs for each dose rate. leferent jigs were used for irradiating mice, smgle cells in test tubes or

cultured cells on plates, so the d05|metry was measured in the same way for each jig.

Durlng |rrad|at|on mice breathed air or other gas mixtures supplied to the ug from compressed ‘gas
cylmders (flow rate was 2- 4 I/minute). The dose rate according to the described calculation was 3.3

Gy/minute. When the in vitro dose response was measured, cells were kept in test tubes and irradiated

-31 -



on ice in a plexiglass jig with dose rate of 7.3 Gy/minute. Cultured cells were irradiated in their flasks or

plates on a flat jig with dose rate 7.94 Gy/minute.

In some experiments gamma rays .from a "Cs unit hat the B.C. Cancer Research Centre wére used for
whoIe-body irradiation of mice A plexiglass jig for |rrad|at|ng a_single mouse was used. The ¥Cs
radiation source was unshielded, and dosimetry was measured in the same way as described above by
repeating the measurement five times. The average reading was obtained and the dose calculated

according to the above formula. The resultant dose rate was 9.33 Gy/minute.- .

2.4.3. Gas breathing conditions

In some experiments, mice were allowed to breathe either 10% oxygen in nitrogen to reduce tissue or
-tumour oxygenation, or carbogen (95% oxygen, S% carbon didxide) to increase  tissue or tomour
oxygenation. Both gas mixtures were obtained from Praxair ‘Inc., Delta, B.C. Mice were placed in’
plexiglass chambers fitted with a gassmg port and allowed to breath the gas mixtures for 20 25 minutes
before and durmg irradiation. The row rate was 2-4 /minute. In some experlments mice were asphyX|ated

15 minutes prior to irradiation by breathing carbon dioxide, or were killed by cervical dislocation.

2.5. Methods for detecting DNA damage and cell damage

2.5.1 The comet assay

2511 Preparation of cell suspension

Organs were removed from mice killed by cervical d‘islocation either‘ immediately. or‘ at various times af_ter |

irradiation. The tissues were immersed in ice-cold PBS to pre'vent fdrther rejoining of DNA strand breaks.
When DNA damage at zero time was examined, an additional 30 seconds was needed after irradiation for

| removal _of the tissue to ice-cold PBS. Bone marrow was obtained 'by cutting'a section of femur and/or
tibia; cells were flushed out with PBS using a 26 gauge needle and 1ml syringe. Entire SCCVII tumours,
spleen, liver, cerebellum, thymus and about 3 cm-long sample of jejunum were examined. Tumour, spleen, 3

~cerebelldm and thymus were chopped finely with scalpels in ice-cold PBS. Jejunum was cut open and the

- contents flushed out, _then the tissue was transferred to a Petri di’sh with ioe-cold PB$ containing 2 mM

ethylenediaminetetra-acetic acid (EDTA; BDH Chemicals Inc., Darmstadt, Germany) ‘and 2% dimethyl
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sulfoxide (DMSO; Sigma Chemical Co.). The mucosal surface was gently scraped by a scalpel into PBS
and dispersed by a syringe. Liver was chopped in PBS/EDTA/DMSO in order to reduce DNA degradation
by endogenous enzymes. The chopped brei was filtered through 30 um nylon mesh. Cells were
centrifuged on ice, and the peliets resuspended in ice-cold PBS to final cjilution of 3x10* cells/ml. Cell
viability was determined by dye exclusion after incubation with an equal volume of cell suspension in 0.25%
(w/v) trypan blue (MCB Manufacturing Chemists, Morwood, OH) in PBS on ice. Viable cells (non-stained)

were usually 90-95% of the population.

2.5.1.2 Procedures for "comet" preparation

A diagram illustrating the'general procedures used to measure DNA damage is shown in Fig. 3. Cell
suspensions (0.5 ml containing about 10° cells) were mixed with 1.5ml 1% (w/v) low gelling 'temperature
agarose (type II, Sigma Chemical Co.) which had been prepared in double-distilled water and equilibrated
to 40°C. The final concentration of agarose was 0.75%. Then 1.5nt of the mixture was quickly pipetted
onto a half-frosted microscope slide and allowed to gel for 1-2 minutes. Slides were submersed in alkaline
lysis solution containing 0.03 M NaOH (BDH Inc., Darmstadt, Germany), 1M NaCl (BDH Inc.) and 1%
sarcosyl (Sigma Chemical Co.) for one hour followed by a one hour rinse in 0.03 M NaOH, 2 mM EDTA
(BDH Inc.) with one change of fresh solution after 30 minutes. All procedures were carried out in the dark
at room temperature to prevent DNA damage produced by light. Following the rinse, slides were subjected
to electrophoresis at 0.6 volt/cm in.freshly made buffer containing 0.03M NaOH and 2 mM EDTA for 25
minutes. After a 15 minute rinse in distilled water, slides were submersed in 2.5 pg/ml propidium iodide
(Sigma Chemical Cb.) for 20 minutes. After staining, slides were rinsed in distilled water and placed in a

humidified air-and light-tight container. Slides could be viewed immediately or within several days.

2.5.1.3 Comet collection and analysis

Typically 200 comets were collected and analysed for each sample. Comets were selected away from the
four edges of the slide using a back and forth collection pattern to cover the full slide but minimize possible
re-analysis of the same comet. Cell debris and overlapping comets were not collected. Samples were

viewed using a 40x long working distance objective with a Zeiss epifluorescence microscope attached to
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Fig. 3: Use of the comet assay to
detect DNA damage in tissues of mice
exposed to- n|cot|nam|de or |on|Z|ng
radiation.

- Mice are injected with
nictinamide or exposed -
to ionizing radiation.

Single cells are obtained

_from tissues and are

embedded in agarose on a

microscope slide.

—

Slides are p|aoed in lysis -
solution before electrophoresis
and then DNA is stained with

g

———  Comets are viewed using a

| fluorescence image-
processing system.

an intensified solid etete cnarge-coupled device (CCD) camere and image analysifs system (Olive et al.
-1990). Cells were illuminated with 546 nm light excitation from a.100-w mercury light. Emission was
monitored using a 580-nm‘reflecter and 590 bandpass filter. .The camera was set af a constant gain_ for
. each experiment, a'nd optimised 't.e avoid saturation of the comet image. The image from each comet
(nucleus) was displayed on the V|deo screen and information from the dlgmzed lmage was collected and
analyzed by a program written by Dr. Ralph E. Durand. For each comet, the total fluorescence mtensny'
was taken as a measure of total DNA content of that cell by addmg the light intensity from all the plxels
occupying the area of comet minus baekground. The'position and intensity of the cometb“head" was
determined by assuming symmetry of the 'heed region; all pixels_in"excess of the calculafed value of the
head region were con,s.equently'_defiined to be pert of the comet teil_. Tne percentage DNA in ihe‘head and
tail regions was determined by the ratios ef fluorescenee in the nead/teil to.the totai‘ DNA eentent. The
lengths of comet head and tail, and the distance between the means of the head and tail disfributions Were ‘
“also determined by'the progfam. The Iat’ter.'multiplied by percentege DNA in the teil _Was defined as 'the

comet “tail moment". Individual images of comets were'not stored, but instead, analysis of 10 features
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of-eacn image, performed in less than a millisecond, was saved on a disk. Approximately 600-800 comet

' images could be analyzed per hour.

Data were analyzed using SigmaPlot 5.0.. Comet- analysis data were imported into the worksheet, ’and'
hlstograms describlng the distributions of tail moment and DNA content were generated ‘At least three,

independent experiments were performed for each data pomt

2.5.2 In situ detection of DNA strand breaks by terminal deoxynucleot_idyl transferase (TdT)
This method followed that of Gorczyca et al. (1993b) with some modifications. 'Single cell suspensions of -.

spleen and testis were prepared from mice pretreated with radiation and for nicotinamide Approxrmately '

2x10° cells from each sample were fixed in 05% paraformaldehyde for 10 minutes, centrifuged and

resuspended in 70,% ice-cold ethanol overnight. After washing with PBS, cells were resuspended in 50 pl-
of TdT buffer containing 01 M ‘potassium cacodylate‘ (pH 7, Sigma Chernical Inc.), 1 mM CoCl, (Sigma
Chemical Inc.), 12.5 mM Tris-HCI (Bio-Rad Laboratories, ﬁichmond, CA), 0.1 mM dithio.threitolv(Sigma ’
Chemical Inc.), 0.125 mg/mi bovine seru‘rn albumin (Sigma Chemical Inc.),. 10 units of TdT (Gibco BRL,
Gaithersburg, MD) and 0.5 nM biotin-16thTP (Gibco BRL). ‘Cell‘s were-incubated in this buffer at 37°C
for 45 mindtes t_hen rinsed in PBS containi’ng“‘4% fetal bovine serum and O.f% Triton X-100 (S,igma-
' Chemical Inc.); After wasning, ceIIs_n/ere stained with a'1/306 dilution' of fluorescein isothiocyanate (FITC)-
avidin (Sigma Chemical Inc.), incubated foré hours in the dark. To label bNA, cells were stained yvith 1
pg/mI,DAPI (4,6-diamidino-2-phenylindole, Sigma) for 30 minutes. ';Cells vi/ere analyzed using a Coulter

Elite dual laser ‘celljsorter using UV light to excite DAPI and blue light excitation for FITC.

2.5.3 DNA qel electrophoreS|s for detectlnq apoptotic cells

The nucleosomal ladder pattern associated with apopt05|s was detected foIIowrng the method descnbed
by .Warters 4(1992) and Olive (1993).‘ A single cell suspensuon was prepared as previously described from
tissues of irradiatedv mice. Then 1.5 -2-x 10° cells from each tissue werev resuspended in 50 w of ice-cold
lysis bufferrcontaining 100 mM Na2-EDTA (BDH' Chemical Inc. Darmstadt Germany), 1 mg/ml proteinase
| K (BDH Inc. ) 20 mM Tns (BIO -Rad Inc Fiichmond CA) and 20 mM NaCI (pH 7. 8) Cells were immediately

mixed W|th 50 pul of 1% agarose, and pipetted into 100 um plug formers After gelling for 30 minutes: at
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4°C, plugs were placed into microtest tubes each containing 0.7 ml of lysis buffer and sarcosyl (Sigma
Chemical Inc.) added to a final.concentration of 0.2%. After incubation at 37°C for two hours for
protéoly'siS, the agardse plugs were rinsed for one hourin 0.5x TBE buffer (89 mM Tris, 89 mM borjé'acid, ‘

2 mM EDTA, pH 8). Then the plugs were transferred into wells of a 1.5% agarose (Sigma type II) slab ahd

' , the gel was submersed in 0.5x TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EbTA, pH 8).

Lambda/Hind 1l DNA (Stratagene Co., La Joila, CA) was used as size markers. Constant field gel

eléctrophoresis was performed for 3.5 hours at 2.5‘,V/cm. The gel was stained with 1 pug/ml propidium

iodide for 30 minutes, and transilluminated with UV light for photography using type 53 Polaroid film.

. 2.5.4 Histological studies of tissue sections

Entire spleen and testis were excised from mice after various treatments. Organs wére fixed in 10%
buffered formalin (pH 70 Sigr.'na'Che.mical Co.) ét room temperature for 4-6 hours befbre dehydration and
paraffin embeddiﬁg. Sections 5-6 pum thick were fixed onto slides with 1% celloidvin (Sigma Chemical Co.)
and stained with haematoxylin and eosin Y solution. Slides were viewed using a Zeiss phofomicroscope

at 40x magnificatioh using an _oiI immersion objective.

2.5.5 Size measurement of DNA fragments
A method for measurihg the size of DNA fragments in individual apoptotic or necrotic cells was described
by Olive and Banath (1995b). Cells with damaged DNA obtained from mouse tissues were prepared at

2.5x10* cells/ml in essential medium supplemented with 10% fetal bovine serum, then incubated with 0 to

-15 pM mechlorethamine (Sigma Chemical Co.). After 30 minutes incubation at 37°C, cells were pelleted

and _wéshéd with ice-cold PBS in breparation for the alkaline _com_etfassay. The tail moment for the 20%
most damaged cells was measured for éach sample treated with different concentrations of
mechlbreth’amine. The response of the 10% least damaged cells served as a control. The cbncentration ,
of mechlorethamine require,d to r,ed.uce tail moment to 10 was calculated, and this was compared with a
standard curve made from TK6 c_'ells which had been irradiated with different radiation doses. The
correépoﬁding radiation dose was determinedv. byextrapdlatidh from the standard curve, and the
approximate number of SSB was estimated by assuming that 1000 SSBs are produced by-1 Gy (Powell

and McMillan, 1990). Then the size of the fragments was estimated by dividing the total number of DNA
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base pairs for-a mammalian cell (3x10°% by the number of fragments.

2.5.6 Hoechst 33342 cell sorting and CIoanenicity study of SC»CVI!‘tumour cells

To examine the rad:osensmvnty of tumour cells as a function of dlstance from functional blood vessels, mice

 were m;ected mtravenously with 0.1 ml of the fluorescent perfusnon stam Hoechst 33342 (Slgma Chemucali' '

_ Co ) dlssolved in PBS as 8 mg/ml. After 20 minutes, mice were killed dlrectly or after exposure to radiation.

Tumours were then removed and dlsaggregated usmg an enzyme mixture contalnmg 0. 15 mg/ml trypsm"
(leco laboratones) 0.24 mg/ml collagenase and 0.6 mg/ml (both from Slgma Chemical Co.) for-a 20

minute digestion period at 37°C. The resulting single cells were incubated with 1:100 dilution of FITC-

_ éonjugated'goaf anti-mouse IgG (Sigma Chemical Co.) for 5 minutes on ice, to stain. macrophages which

comprise the majority of normal cells in thie tumour (Olive 1989). 19G(-) cells were further sorted by the .
flow cytonﬁetry on the basis of,Hoecyhst 33342 gradient ef cells from 10% most dimly to 10% most bright
f_luorescent pobula;ions. Each of the teh fractione of.sor‘ted ce}lls'wer‘e plated‘onto a 10b-mm Fal_con_'plate‘
for 7-10 days untit a clone containing at least 50 cells was formed. The plates were stained with malechite
green (Sigma Chemical Co.) anq counted. The clonogenic fraction was eaIeUIated by dividiné the number

of colonies by _th__e number of cells plated.

~2.6. Study design

Different tissues from same animal were used whenever possible, i.e., when fast DNA repair was not a ‘

concerm.

- TABLE 2: EXPERIMENTAL PLAN

A Initial DNA Damage In Vltro and In VIVO

Tissues Nuvmber of mice . | Number of ' Number of mice Number of
: | perdose, radiation doses, in | perdose, ‘radiation doses,
L invitro . vitro - in vivo in vivo

Tumor - ) 3 7 3 4
Spleen 3 7 3. 4
Marrow 3 7 3 4
Testis 3 7 3 4
Cerebellum 3 7 3 4
Jejunum 3 7 3 4
Liver 3 7 3 4
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B. Rejoining of DNA Strand Breaks In Vivo Following 15 Gy or Nicotinamide and 15 Gy .

Tissues Number of Number of Number of = | Number of Number of
' ' mice per time | time points: mice per time | time points: nicotinamide
point: - radiation only | point: . - Nicotinamide | doses
| radiation only nicotinamide + | + radiation: |
' ' radiation
Tumor 34 - 10 3-4 5 3
Spleen 3-4 8 3-4 . 5 3
Marrow 3-4 8 3-4 5 3
Testis . 3-4 8 3-4 5 3
Cerebellum . 34 8 3-4 5 3 N
Jejunum . '3-4 8 ND* - : -
Liver - 34 8 ND* - -
*Notdone. : ' '

C. Other Experiments

Type of experiment ' Number of dose/time points Number of mice per point
Oxygen tension effects 3 : - 6

Dose rate effects ) 1 9

RSU-1069 o ' . 5 ‘ 3
Nicotinamide - DNA degradat|on 20 ' 3

Apoptosis 4 A . 2-3
Cell survival . 10 ’ 3
Total number of mice (approximately) : . 520

, 27 Statistics

Errops bars shown are standard errors or standard deviations of the mean for at least 3 independent
experiments. Student's t-test was used to determine the statistical signiﬁéance of the differences between
data from two expenmental samples 95% confmdence limits were used to show the devuatlon for the

regressmn curves of dose response and the fast component of DNA repair for all the tissues. ANOVA was

used to analyze the variances among a group of data derived from expenmental samples




3. RESULTS
3.1. Radiation dose response for norrﬁal tissues

3.1.1 In vitro dose response

Sihgle-strand‘break ihducﬁori meaéured using thé alkaline comet as‘say increasedjlinearly as a function of
radiati‘on dose for céllé irradiated on ice (Fig. 4). Although there was some variation in the slopes for the
regression lines (Table 3), no sigﬁificant difference waé seen ih t'hé dose-resp¢nse relatiohship among the
ﬂdifferent normal tiésues. An excéption was the rgsponse o.f' eIolngated spe[matids. These haploid cells
were not adequately lysed by the' specific lysing conditions used in these experiments. Pre-treét'ment with
2-mercapt_oet‘hanol or.d'ithiothrei{o_l'promoted lysis, but also"gave vrise toA unaccé_ptably high -Ievéis of
béckground' DNA darﬁage (data not shown). Therefore it was Hot possible to analyze radiation-induced
DNA damage in eIoAngated spermatids. Elongated spermatids cén be seenin Fig. 5 aé cells with a habloid ‘
DNA cbntent aﬁd a‘tail moment close to zerio. " Note that haploid célls showed the h.ig'hest level of singlé-
strand breaks followed by dfploid and tetraploid cells. The diffe'rent stages of male germ cell differentiation

are shown in Fig. 32..

TABLE 3. SLOPES OF RADIATION DOSE-RESPONSE CURVES
. FOR TISSUES OF C3H MICE

one marrow .91.£0.40 72+ 0. .
Spleen 3.08 £ 0.11 1.81 £ 0.21 . 1.71
Jejunum 3.02 +0.21 1.77 £ 0.34 1.70
Liver 2.89 £ 0.29 1.74 £ 0.39 1.66

~Cerebellum 2.99 £ 0.33 1.87 +0.31 1.63
Testis 2.84 +0.35 1.14 £ 0.32 . 242
-Tumour 2.69 £ 0.16 1.02 +0.35 2.64

.* Slope (Gy™) and 95% confidence limits for tissues determined from data in Fig. 4.

‘3.1.2 In vivo dose response

Since DNA repair occurs during irradiation, all-tissues irradiated in vivo showed less DNA .damage than .
cells from the same tissues irradiated in vitro. Liver, spleen, jejunum and bone marrow exposed to 10 Gy

sh‘owéd only about 60% of the amount of damage produced in cells irradiated in vitro (Fig. 4). The relative
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Fig. 4: Dose response relationships for tissues of C3H mice. Cells

were irradiated on ice ( O ) or mice received whole-body irradiation prior
to excision of tissues and preparation of a single cell suspension( ® ).
Each point is the mean for three experiments. The standard errors

are shown. : : :
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Fig. 5:. DNA SSB induction by 15 Gy in testis irradiated in vivo. Three
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and tail moment. Each symbol represents the data from one comet. Data -
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difference was smaller for cerebellar cells, and larger for testis and SCCVII tumour cells. The difference
between the in vitro and in vivo responses are also given in Table 2. These differences reflect variations

in the rate of DNA -strand break rejoining, and pfesence of hypoxic cells in some tissues:

An important,adva'ntage of the comet assay is the ebility to analyze DNA damage according to DNA :
content. In Figure 5b, it is oovious from the bivariate plot that cells from testis“ show small ditferences in
degree of oamége according to their DNA content. Damage is least for tetraploid celle (tetrabloid
soermatocytes), intermediate for diploid cells (spermatogonia + secondary spermatocytes- + Sertoli cells)
and greatest in haploid ceIIsI(spermatids). This difference, .while subtle, was observed for testis irradiate'd

with 5, 10 or 15 Gy in vivo, but was not seen when cells were irradiated in vitro (Fig. 6).

3.1.3 Heteroqeneity in DNA strand break indUction

Heterogen'eity in DNA SSB induotion after irradiation was small Ain all the tissues with the exception of _
elongated spermatids indioating tnat in spite of heterogeneity in-cell types within tissues, moet cells
dernonstrate similar numbers of strand breaks when-exposed to a given dose of ionizing radiation. This
oan be observed from the histograms showing tail moment measu_red immedietely after irradiation in vivo

(Fig. 9, upper row). In view of this lack of heterogeneity in initial DNA damage, no further effort was made

to select or measure the response of specific subpopulations within these tissues.

3.2. Single-strand break rejoining kinetics in normal tissues and tumour in vivo

3.2.1 The general repair process

DNA strand breek.rejoining was studied in mice exposed whole-body to 15 Gy. l_mtnediately after
irradiation, all tissues with the exception of testis and SCCVII tumour demonstrated a tail mornent of about -
" 30. Intumour and testis, this value was closer to 20. All DNA rejommg curves showed two components,
a fast component operating within the first 30 minutes, and a slow component operatmg over the next

several hours.
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For all tissues examined with the e*ception of the cerebellum, the majority of stranld breaks were rejoined
by the fast component (Fig. 7). Some differences were evident among tissues in rate of SSB rejoining
which could be best described by measuring the half-time of repair. Table 4 gives the overall half time
of repair calculated as the time required to rejoin half of the initial strand breaks after subtracting the
background damage. It can be seen that SCCVII tumour cells and testis cells had the fastest rates of
rejoining with T,,=9 minutés and 10 minutes respectively, followed by jejunum, liver, thymus, spleen and
borie marrow with T,,, ranging from 12 to 22 min. Cells from cerebelium (and cerebrum) were very slow.
to rejoin breaks (Fig. 7,8). The half time of rejoining was 48 minutes for cerebellum and was significantly
longer than for other normal tissues. On the other hand, analysis of the slopes for the fast component of
rejoining (defined as the first 3 points on fhe curves) indicatedA ﬁo_ significant difference in rejoining rate
between these tissues (Table 4). Rejqining Was almost complete after 4 hours of repair in all tissues. By
24 hours, there was no significant difference in tail moment between cells from irradiated mice or

unirradiated mice.

TABLE 4. KINETICS OF SSB REJOINING FOLLOWING IONIZING RADIATION

11 (8. 1027 (-.034-.

Testis 12 (9.6-14) ~.026 (-.031-.022)

Marrow 14 (11-23) -021 (-.028-.013)

Jejunum 18 (13-27) 017 (-.023-.011)

Tiver 20 (16-30) ~.015 (-.019-.010)

Thymus 23 (20-27) ~013 (-.015-.011)

— Spleen 25 (21-23) 012 (-.014-.010)
Bran | 45 (32-74) ~.0067 (-.0095-.0041)

' The half-time was calculated from the slope of the exponential part of the SSB rejoining curve
(measred immediately after irradiation up to 15 to 30 min after irradiation), without taking into account
background damage and assuming no repair prior o removal of the tissues. The true half-time is
therefore expected to be shorter. Note that the confidence limits for brain do not overlap those for the
other tissues. '
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Fig. 7: SSB rejoining kinetics for cells from tissues in C3H mice. Mice

were exposed to 15 Gy, killed and tissues were excised at the time indicated.
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3.2.2 Heteroqeneity in DNA repair

As was observed for |n|t|al DNA damage heterogeneity in damage during the course of rejoming was minor
" (Fig. 9) AIthough at early times (15 minutes after |rradiat|on) a small fraction of cells from some tissues,
e.g. bone marrow and spleen, _appeared to be slower in repairing than the general population, this
displacement was small and undeteotable at later times (Fig. 9) T\iventy-'four hours after irradiation, Iess
than 5% of ceIIs in testis and spleen demonstrated a high tail moment However, a population of heavily
damaged cells was seen in all tissues 48 hours after irradiation The fraction of cells which retained a
normal tail moment variéd for each tissue. ~Cerebellar cells in general showed much less damage than

other tissués at this time and seemed to be reia'tively homogenous in response compared to other tissues.

Cells with different ploidy from testis showed no significant difference in the overall process of strand break
rejoining (Fig. 10a). The difference in tail moment'betweenzoeils with different ploidy disappeared later
when the rejoining process neared completion (data not shown). But DNA degradation 48 hours after 15

Gy was more severe in tetraploid and diploid cells, and haploid cells showed less damage (Fig. 10b)..

3.2.3 DNA damage and repair in SCID mice

The dose response measured in SCID bone marrow and testis did not differ from that of C3H mice (Fig.
11). When 15 Gy was used for, measurement of SSB rejoining, the rejoining rate for cells from tissues of
SCID mice was found to be identical to the response of cells from tissues of C3H mice (Fig 12). Damage

at times later than 24 hours was not measured

~ An attempt was made to measure DSB by exposing mice to 50 Gy X-rays and analyzing cells for damage
using the neutral comet assay (Olive et al., 1991). However, due to-the relatively low numbers of DSB
produced by this dose when repair could not be inhibited (the average tail moment was only around 10),

it was difficult to resolve a-difference relative to background damage (data not shown).
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exposure to 15 Gy. After irradiation, tissues were excised and single cells

were prepared for the comet analysis at the time indicated. Representative
histograms are shown for approximately 200 individual cells/comets for each
tissue obtained from one irradiated mouse.
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3.3, The effect of radiation dose rate

Differences. in the rate of repair of SSB bétween tissues will influence the amouni of initial DNA d‘amage‘
~ measured after irradiation in vivo. A 137Cs"irr‘adviatbr was used in order to observe whéther a higher dose

rate could reduce tvhe ahount of DNA rejo’ining occurring. during irradiation. . The dose rate fbr.the Cs

source was 9.32 Gy/minute, three times hiéher than that _of the X-ray unit. As expected, irradiatién at the
‘higher dose rate résultedrin more. DNA damage measured immediately after"ir;'adiation. For the tissues

studied, tail moment in testis after 10 Gy from the‘Cs source was 26.5, c'omp;r'ed with 17 for the same

4dose of X-rays (Fig. 13). A similar effect-was' a.lsoiseen in tumour, bon'e‘ma,rrow and other tissues,

although the difference was émaller.

3.4. The effect of oxygen concentration on strand break induction by radiation

3.4.1 Low oxygen tensions

Another possible exblanation for differences in initial DNA damage in tissues of irradiated mice is that some
tissueé, like testis and tumours, contain hyboxic cellé. If mice ére aéphyxiéted prior to irradiation,
differences between DNA damage .in differeht tissues should be minimized. In'féct,' when tissues were
. anoxic at the time of irradiation (i.e., mice were killle.d 5-10 min‘.utes before irradiation), Qiﬁerences between
tissues were reduced, and, as _expected, the amdunt_ of DNA. damage produced in all tissués was
signifiéantly less than it Was under aif—breathing conditions. ‘ln spleen and bone marrow cells, démage
was reduced to aboufone third when tissues were completely anoxic. However, anoxia reducéd damage
by only a>féctor of two in testis, coﬁsistent with the theory that this tissue is already partially hypoi(ic (Fig.

14).

When mice were allowed to breathe 10% oxygen before and during irradiation, bone marrow and testis
showed more DNA damage than observed. under anox‘icb conditions, but less damage than under air
breathing conditions (Fig. 14). In well-oxygenated tissues like spleen, jejunum; and brain, breathing 10%

oxygen produced a similar response as breathing air.
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Fig. 13: Comparison of DNA damage produced by X and gamma

~ rays in C3H mice. Mice were whole body irradiated with the same
radiation dose either by X-rays or gamma rays. Tissues were taken
immediately to measure SSBs using the comet assay. Mean and
standard errors for 3 animals are shown. * : p<0.01 compared with
the value produced by X-rays in the same tissue. ' '
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- errors from 3 or more animals are shown. *: the value is significantly different from
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3.4.2 High oxygen tension

When mice were allowed to breathe carbogen (95% oxygen + 5% carbon dioxide) for 15 minutes before

and during exposure to 15 Gy, only testis showed an increase in tail moment compared to air-breathing

conditions. 'No increase was seen in other tissues examined (Fig. 14).

Results using different gas mixtures‘indicate that some teetis cells are Ii‘kel'y to be radiobiologically hypoxic.
The degree of DNA damage was therefore examined in various testicular cell types. As prevviOUSIy shown
(Fig. 5), tail moment varies with ploidy in' testicular cells of air-breathing mice. However' this difference
became negllglble when mice were either asphyxiated prior to |rrad|at|on SO that all cells were hypoxic, or
when mice were allowed to breathe carbogen so that all ceIIs were weII oxygenated (Frg 15)."In the Iatter

case, there was a wider dlstrrbutlon in the range of tail moments for each cell population W|th regard to thelr.

ApIO|dy, but there was no d|fference in the mean value of tail moment from hapI0|d cells to drplord or

tetraploid cells.

3.4.3 The interaction of bioreductive drug with hypoxic cells

Another approach to examine the degree of hypoxm in testrs and bone marrow is to examine DNA damage
by a b|oreduct|ve agent RSU 1069, wh|ch produces extensrve SSB in aerobic cells but mterstrand DNA

crosslinks only in hypoxic cells (Olive 1995c). Approximately 90 minutes after l.p. |nject|on of 50 mg/kg of -

~ RSU 1069, mice were killed and testes as well as other tissues were removed to measure DNA damage

using the comet assay. Damage was reduced in each of the populations in testis when compared to other
tissues (Fig. 16b). The mean tail moment for the whole population was well below the average response
of jejunum spleen and bone marrow. Compared with these normial tissues and SCCVII tumours which

had a very low value of tail’ moment testis demonstrated an |ntermed|ate degree of SSB productlon by

RSU-1069 (Fig. 16a)

When 10 Gy was subsequently administered to cells pretreated in the same way (in vitro irradiation), testis

did not show cells"with significantly crosslinked DNA (i.e., no cells had very low tail moments, Fig. 16c).
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Fig. 15: Bivariate plots showing DNA SSB induced in testicular celis by 15 Gy.
Mice were allowed to breathe 95%(a), 21%(b) or no oxygen (killed, ¢) 20 min
before and during 15 Gy irradiation. Panel (d) shows the effect of nicotinamide

- given 60 min before irradiation. Testis were excised immediately after irradiation

- and single cells were prepared for comet analysis. Each panel was data collected

from 200-250 comets from one sample, Data were divided into 3 ranges, and.
the means and standard deviations are shown for comets within each range.
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Fig. 16: Induction of SSBs by RSU-1069 in nomal tissues and tumours.

Mice were injected with RSU-1069 90 min before sacrifice, and tissues were
removed to analyze DNA damage using the comet assay. Panel (a): the mean
and standard deviation for 3 independent experiments are shown for each point.
Panels (b-c): DNA damage in testicular cells 90 min after 50 mg/kg drug injection.
Panels (d-e): bivariate plots for tumour cells treated by the same drug dose.

Each panel of (b) , (d) represents data from one of the tissue samples used in (a).
(c) and (e) were obtained by irradiating cells from sample (b) and (c) respectively.
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All three populations of, cells had a homogenous pattern of d'aimage_ production with the exception of

- elongated spermatids which were not lysed during prepération. Since RSU 1069 produces ¢rosslinks only

in cells containing very low oxygen concentrations (Koch, 1993), these results support the-idea that some
testis cells are 'poorly oxygenated, but are not as hypoXiE as some SCCVII tumour'cells.ﬁ This cén be _
clearly seen in Fig. 16d, e. After 10 Gy irradiation,' there was a wide rahge ‘of distributions‘ of tail momént
in tumour cells: some had a high'tail momeﬁt as seen-in aerobib tissues but some had a very low tail

moment, indicating that these cells were typically hypoxic and their DNA was crosslinked by 'F'{SU 1069..

3.5. Radiation-induced apoptosis in normal tissues '
C3H normal tissues were examined for radiation-indUced apoptosis. Th.e comet assay and DNA gel
eiectrophoresis wefe used to identify apoptotic cells (Olive ‘ét al. 1993a)." 'Few heavily darhaé_ed éells were ,
observed, .perhaps due to apoptotic cell loss duiring preparation of'a sihgle cell suspensidn,frqm the tissue
and due to the low occurrence of apoptotic cells \in normal tissues of C3H mipe relétive fo_ other strains of B

mice (Nomura et al. 1992).

DNA gel electropho-resis showed typical nucleoéomal ladders from spleen and thymus 4 hours after
irradiation. The appearance of the ladders was not éltered by radvi_ation‘ since 2 Gy, 5 Qy and 10 Gy all
induced the séme pattern and the bands were of} fhe same intensity'(Fig._ 17). The émount of DNA
remaining in the wells was not measured. This fypical ladder pa;[te'rn was not found-in testis, jejunum or 3

liver. At 2 hours after irradiation, no ladders were observed in any Itiss‘ue, and after 10 hours, ladders were

barely visible.

3.6. Effects of nicotinamide on radiation-induced damage production'

3.6.1 Toxicity of nicotinamide

Up to 1000 mg/kg nicotinamide was delivered to mice i.p. to examine. DNA damage at early times (60-90

minutes) after irradiation (Fig. 18). Nicotinamide was relatively non-toxic but produced some DNA strand
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Fig. 17: DNA gel electrophoresis of C3H tissues irradiated in vivo. Upper panel:
4 hours after 2, 5, 10 Gy. Lane 1-marker; lane 2 to 5 - control; lane 6 -
apoptotic TK6 cells. J-jejunum, S-spleen, T-testis, Th-thymus. Lower

panel: tissues from mice treated with nicotinamide 800 mg/Kg prior to
irradiation. Lane 1-marker, lane 2 to 7-24 hours after 10 Gy. Tu-tumour.

Lane 8,12,14 and 19-4 hours after 5 or 10 Gy.
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breaks a_t doées greéter than 800 mg/kg.‘ Re‘sponse‘ as a funcfibn of time' after i.p. injection was also
Qxarhined following a single dose of 800 mg/kg nicotinamide. Within the first two hours, séme mice which . ‘
had received the higher.doses Were not as actiQe'probably due to reduced blood pressure, but mice had
recovelfed.considerably by the third hourv post injection. DNA strand breaks showed no change with time

and treated animals were not significantly different from controls.

.3.6.2 Reduction of hypoxic cell fract‘iovn in tumours by nicotinamide -

For_ mice injected with 200 mg/kg to 800 mQ/kg of ﬁicotinamide 30 - 90 .minUtes before is‘_Gy’ of radiation,
all tumours showed a dyec’rease in the fraction bf hypcl)xic'c'ells as me?sﬁred by the comet asséy (Fig. 19).
The hypoxic fraction decreased from 18.4% to 4.4% in mice given 200 mg/kg which was similar to the
response to 500 mg/kg.l ' Hypoxic fraction wés reduced fuﬁher to 2.9% for tumdurs treated with 800 mg/kg
. - .
nicotinamide. Nicotinamide alone seemed as effgbtive as nicotinamide plus carbogen, at least when the
higher dose of the drug was given .(Tat.)Ie 5). The time be,tween nicotinamide injection a'nd sécrifice yvés

altered for different drug doses because of the fact that the peak nicotinamide drug concentration occurs . .

-~ earlier after exposufe to lower d‘ru‘g-doses_ (Chaplin et al.1993). .

Initial DNA damage measured as mean tail moment also increased from 18.99 to 26.95 when 800 mg/kg
nicotinamide was delivered to mice before 15 Gy of ir‘radiation‘ (Fig. 20). This result is also consistent with

a decrease in hypoxic fraction.

TABLE 5. HYPOXIC FRACTION OF SCCVII TUMOURS MEASURED
USING THE COMET ASSAY ‘

0 mg/kg nicotinamide (NCT) .18.4 + 6.6 (15)
30 min before irradiation '
200 mg/kg NCT 4.4+7.6 (10)*
30 min before irradiation « i .
500 mg/kg NCT : 46+78 (7
60 min before irradiation

800 mg/kg NCT 7 24+28 (6) -
1 hr before irradiation 800 mg/kg NCT R

+ carbogen before irradiation : 27+ 4.4 (4)

* Values significantly different from 0 mg/kg (p<0,005)'
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‘ F|g 19: Representatnve hlstograms of DNA SSB induction by 15 Gy-x-rays |rrad|ated ‘
in vivo. Tumour were excised immediately after irradiation and disaggregated into
single cells for comet. analysis. Panels (a-c): radiation only. Panels (d-f): 200 mg/kg
nicotinamide i.p. 30 min before 15 Gy. Panels (g-i): 800 mg/kg drug mjected
60-90 min before 15 Gy. The hypoxic fractions are listed in Table 4.
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Fig. 20: DNA repair kinetics in C3H tissues after 15 Gy only ( o ) or
200 mg/kg ( A ), 500 mg/kg ( m. ), 800 mg/kg ( @ ) nicotinamide
administered 60 min before 15 Gy. v 800 mg/kg nicotinamide alone.
The means and standard errors for 3 experiments are shown.
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3.6.3 Reduction of normal tissue hypoxia by nicotinamide

For studies performed in normal tissues, only testes showed én increaise in initial straind‘break production
when 15 Gy followed nicotinémide treatmerit. Mean tail moment increased f’ro‘m 20.29to 26‘.56 immediately
after 15 Gy in the testis of mice given 800mg/kg nicotinamide (Fig. 20). ‘Unlike tumours which had an
easily dete(‘:tablei'iypoxic fraction, tesiis did not show such a populaitioh. Cells of all t‘hrée DNA contents
" had the same degree of d’amage aiter drug treatment (Fig. 15d).' Furtherm%)re, all the cells had an
: increased tail moment following nicotinami_de treatment. No effeci was seén in bone., meirrow cells at this v
dose. Fiowever, at,iower nicotinamide doses (below 500 :mg/kg) the sensitization effect was not obéervable_
in testis. This.re§ult suggests that nicotinamide promotes reoxygenation of hypoxic éells which appear to

be present in cells of all ploidies in testis.

3.6.4 Inhibition of DNA repair in vivo by nicotiha_mide

The effect of nicotinamide on DNA SSB rejoining kinetics was éiso studied in normal tissugs. Fig. 20
indicates that nicotinamide prolonged the rejoining proceéé in all the tissués except bi_ain during the first’
three hours after irradiation. The half-time of SSB rejoining was §ignificantiy increased iii all these tissué_s
(Table 6). In tumoiir, rejoining half-time increased from_'11 mii’xutés td 84 nﬁinuteé iA/hiie in other normal
‘tissu.e-s it increased from 12-»25 miri_utes to 45-89 minutes. The half-time foi tumour was increased abou_t
seven-fold by the preéence of nicoiinamide, and about 3-4 fold for most normal tissues. However in brain,
| the SSB'rejoininQ process was not altered by nicotinamide. With depletion 6f,ni¢oiinamide in the plasma;
rejoining impr_oved. -Four hours after irradiation, the tail morhent was similar for nicotinamide treatéd. mice

~ and mice that had received 1 5 Gy on'ly'.

The ability of nicotinamide to inhibit SSB iejoining appeared to be dose dependent. Although only 2 time
points wére'stlidie,d' for 200 mg/kg and 500 mg/kg nicoiinamide,.these data indicate that 200 mg/kg
nicotinamide was ineffectivein inhibiting rejoining, and 500 mg/kg produced less inhibition than 800 mg/kg

* (Fig. 20).
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TABLE 6: INHIBITIOVN OF REJOINING OF RADIATION-INDUCED SSB BY NICOTINAMIDE

Slope:(min.

 [95% cofi. li

Tumour 84 (75-92) -.0036 (~.0050-.0031) 76
Testis 45 (38-50) -0067 (-.0079-.0057) 37
Bone marrow 63 (53-74) ~.0048 (-.0056-.0040) 45
Thymus 82 (71-94) ~0037 (-.0042-.0032) 36
Spleen 89 (77-101) -.0034 (-.0039-.0029) 35
Brain 48 (35-61) ~0063 (--0086-.0049) 1.0

&

'Mice were injected with 0.8 g/kg nicotinamide 60-90 min before irradiation and SSB induction was
analyzed using the alkaline comet assay. The half-time of rejoining was calculated from the slope
of the exponential part of the rejoining curve as described in Table 4 (see page 44) using times
up to one hour. '

"2The ratio of the slopes of the repair curves in the presence and absence of nicotinamide is shown
using the slopes for radiation only calculated in Table 4.

3.6.5 Promotion of DNA degradation in irradiated tissues by nicotinamide

Twenty-four hours after nicotinamide administration followed by 15 Gy, all normal tisSues except brain
showed a large arﬁount of DNA degradation. Average tail moment increased to 15 - 27 in different tissues.
The mean tail moment was high‘e_st in thymus and spleen followed by testis. For each tissue there were
both heavily damaged cells and less damaged cells present (Fig. 21, 22), producing a wide range of tail
moments which rese‘mbled the pattern seen in cells 48 hours after 15 Gy alone (Fig. 9). The peak
eppearance of these cells was around 24 hours after irradiation and this peak appeared to be independent
of radiation dosev or drug dose (Fig. 23). Nicotinamide alone produeed no damage. Tail moment
decreased to 10 after 30 hours (Fig. 23a). These results suggestvthat the procecz i cell degradation by
radiation was accelerated by nicotinamide (Fig. 23b). The decrease in weight of spleen after irradiation
with or without nicotinamide also supports this hypothesis (Fig. 24). However, while weight of testis also
decreased following irradiation, this process did not appear to be promoted by nicotinamide. Cell death
and clearance in testis was apparer_nﬂy not as rapid and extensive as seen in spleen. This conclusion was

also supported by the histological results (see Section 3.6.6.3).

Interestingly, when nicotinamide was administered immediately after irradiation, the population of heavily
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damaged cells was not observed at 24 hours (Fig. 22k), although some less damaged cells were still
present. This result suggests that nicotinamide must be present during irradiation and during the early DNA

rejoining process in order to promote the earlier appearance of damaged cells.

The degree of extehsive DNA damage in these tissues was dependent both on X-ray and nicotinamide
dose. The higher the dose of either agent, the higher the percentage of heavily damaged cells and

therefore the higher the tail moment (Fig. 25). This general relationship was seen in all tissues.

Heavily damaged ceﬂs were not observed for cultured mammalian cells treated in a similar fashion.
Following the results of Ben-Hur and Elkind (1985), when 20 mM nicotinamide was given to the cultured
Chinese hamster V79 and mouse EMT® fibroblasts and incubated for one hour before and one hour after

exposure to 10 Gy, no DNA damage was observed 24 hours later (data not shown).

3.6.6 The nature of cell death following radiation and nicotinamide

Several methods were used to attempt to determine whether the cell degradation seen using the comet
assay was the result of apoptosis or necrosis. Mice were exposed to nicotinamide prior to irradiation with

15 Gy, then tissues were removed 24 hours later for analysis.

3.6.6.1. DNA gel electrophoresis

DNA from spleen, t.hymus and other tissues was examined using standard agarose gel electrophoresis.
Ladders indicating an apoptotic response were only seen in spleen and thymus 4 hours after irradiation
whether or not nicotinamide was given (Fig. 17). However, no apparent DNA ladder but a smear more

indicative of necrosis was seen in these tissues 24 hours after irradiation with or without nicotinamide.

3.6.6.2. Terminal deoxynucleotidyl transferase labelling

When DNA fragments in cells from spleen and testis were 3-OH’ end labelled with terminal deoxynucleotidyl

transferase and examined using flow cytometry, it was found that less than 5% of the cell population

=70 -



a. Testis

30

[=
)
E 20
o)
=
= 10
l_—

Y 800 1000

X, ° ngl\ag\
aydOSe . a(’('\.\de
, (Gy) N-\co\\“
b. SCCVIl Tumor

30
[=
o
e 20
o)
e
= 10
l,—

1000

X. )

ray dosg o, e
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exhibited -extensive fragmentation in testicular cells (Fig. 26). In spleen, about half of the cells were
1

labelied, but were not very well separated from the unlabelled (undamaged) cells (Fig. 27). The pattern

was not different from the celis irradiated with 15 Gy only. This result suggests that the fragment size was

much larger in'spleen' cells than in testis cells, but more cells were damaged in spleen than testis.

3.6.‘6.3. Histological studies

Spleen, testis and tuinour were prepared for histological examination.r For the haematoxylin/eosin stained
tissue sections (Fig. 28), spleen showed many degenerating cells with pyknotic nuciei in the white pulp one
day aiter 15 Gy, and the number of such cells was increased afteriCornbined nicotinamide and radiatidn _
treatment. These degenerating cells formed -small foci containing on-the Or‘der of 10 eells. Occasionally
single dying cells were also observed:scattered in the white pulp. Some cells had the appearance‘of
apoptotic cells: shrimken cells with condensed chromatin. However, in 'tesiis no significant changes were
apparent in the>cells‘24 hours after 15 Gy oniy or after nico_tinar_nide and 15 Gy (Fig. 29). Only minor
changes in the cytoplasm of testis cells were seen suggesting a possible effect ef irradiation. No significant
morpholegical changes were observed in tumours after nicotinamide and i'adiation (data not shown),

perhaps due to the large necrotic fraction~essociated'with this tumour before any treatment.

3.6.6.4. Size measurement of the DNA fragments in testis ceIIs.

The size of DNA fregments in individual cells may help to distinguish apoptotic from necrotic cells (Olive
and Banath, 1995b). Different concentrations of mechlorethamine ranging frqm 0 to 10.4 uM were used :
to create DNA interetiend erosslinks in the degenere}ting celle oi testis 24 hours after nicotinamide and )
radietien. After incubation with mechlorethamine for 30 minuies, cells were examined for DNA breaks using -
the comet assay. Fig. 30 shows the gradual deerease in tail moment in testicular cells treated with different |
- concentrations of mechlorethamine, since ciosslinks produced by mechloretnainine prevent DNA from
migrating-in this assay. About 3.15 uM of mechlorethamine was necessary to decreese the tail mornent .
| to 10. Using a previous calibration curve prepared from irradiated cells (Olive and Banath 1995b), it could .
be calculated that tne amount of SSB proeiuced in these cells was equivalent to the effect of 44.5 Gy of .

radiation, or about 2.23 x 10* DSBs/cell. Assuming there are 3 x 10° base pairs in each mammalian cell
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Fig. 26: Apoptosis in testis cells measured using the terminal deoxynucleotidyl
transferase method. Testis cells were harvested after the treatments indicated, fixed
and permeablized, and then assayed for the presence of "nicks" using the TdT assay.
Analysis of the percentage of positive cells gave 6.1% in a, 5.3% in b, 0.9% in ¢,

and 0.4% in d. ’ B

-73 -




1 b) 800 mg/kg Nico, 15 Gy, 24 hr

=1 a)15Gy, 24 hr 2
A A
E =
(7' L.
””1'0'”'}1&'”’#”‘4!6"%Xé;;l”{o’_';ié”‘%”é&'f"'”4%' 1'0:"010J6A4h)0>dodo1&‘1£o I
«1 ©) 10-Gy, 4 hr .- d) 0Gy
A" A"
= £
i (T

L1200

Z :
DAPI ->

Fig. 27:. Apoptosis in spleen cells measured using the terminal deoxynucleotidyl
transferase method. Spleen cells were harvested after the treatments indicated, -
fixed and permeablized, and then assayed for the presence of "nicks" using the
TdT assay. Analysis of the percentage of positive cells approximated by the boxes
gave: 70%in a, 78% inb, 44% incand 21%ind.” - |

-74-




= T8 =



" Fig. 28 (previous page): Histological appearances of spleen from untreated
mouse (a), 24 hours after 15 Gy only (b) or 24 hours after 800 mg/kg nico- -
tinamide followed by 15 Gy. Each of the picture was taken from the white pulp
of the spleen. Arrows in panlel (b, c) indicate probable apoptotic cells.
Hematoxylin and eosin stain, x 40. Bar in panel (a) represents 20 um.

Fig. 29 (next page): Histological appearances of testis from mice after different
treatments. (a) no radiation; (b) 24 hours after 15 Gy, (c) 24 hours after

" 800 mg/kg nicotinamide followed by 15 Gy. Different generations of germ cells
can be seen in each seminiferous tubule. Panels (a-b) show the cross sections of
the tubules, panel (c) shows a longitudinal section. Hematoxylln & ‘eosin stain,

~ x 40. Magnification bar in (a) represents 20 .m.
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Fig. 30: Sizing the DNA fragments in testis induced by nicotinamide and
X-rays. Cells were incubated with different concentrations of nitrogen mustard,
a DNA crosslinking agent, to reduce fragment migration in the electric field
(and therefore decrease the tail moment) as shown in (a - f). Panel (g) shows
the standard curve generated from TK6 cells (Olive & Banath 1995) and the
curve made from testicular cells (- ® ). See text for the calculation of
fragment size. : '




(Kornberg 1980), the size of each fragment would be about 135 kb. This value is somewhat larger than
the 50 kb size of apoptotic fragments estimated by othefs in different cell types (Olive and Banath 1995b;

Oberhammer et al. 1993). , _ !

3.6.7. Clonogenicity in tumour cells freated with. radiation and nicotinamide

‘Five hundred mg/kg nicotinamide given i.p. 90 min prior to 10 or 15 Gy increased cell killing in tumour cells

excised i‘mmediately; after irradiation. Clonogenicity was reduced in these cells cbmpared with those treated
w‘ith‘ radiation alone (Fig. 31a). HoWéver, the increased cell kiiling was majnly éeen in thé bopylaﬁons, of.
tumour cells coniaining a higher cqncéntration. of tlhe‘ fluorescent dye, Hoechst 33342, 'that is, from tumour
cells cloéer to "functional” Blood vesse,ls. This population should be bprimarilyfaero.bic, butl will also contain
cells affe'cted-by transient changes in perstibn (Chaplin et al., 1987). Nicotinamide itself was not toxic to
cells. In order tb see the possible effect of nicotinamide on sensitization of cells without the .interference

"~ of fluptuation of cell oxygenation, tumours were dlamped 90 minutes after injection of $ame dose of
nicotinamide and then exposed to 1'5 or 20 Gy. No further increase in cell killing Was observed 'co.mpared

with tumours treated with radiation alone (Fig. 31b).
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Fig. 31: Effect of nlcotlnamlde and radiation on SCCVII tumour cells
measured as clonogenic fraction. a) Mice were injected with 500 mg/kg
“nicotinamide followed by i.v. injection of Hoechst 33342 80 min later. .
Radiation was given 10 min later. Tumours were excised lmmedlately and
single cells were prepared for cell sorting according to the Hoechst 33342

- fluorescence gradient. Fraction 1 represents the most fluorescent cells in
the tumour and therefore closest to functional blood vessels. Fraction 10 .
was the cells most distant from blood supply. The means and standard _
deviations for 3-4 animals are shown. b) Mice were treated in the same way
as in (a) but tumours were clamped before 15 or 20 Gy. Open symbols were
from radiation alone, closed symbols were from the combination with nico-
tinamide. The means of 3-5 experiments are shown Symbols near the

. ordinate were from unsorted samples. -
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differences.

4. DISCUSSION

4.1. Radiation-induced DNA damage

4.1.1 SSB induction is dose-dependent but cell type independent o

In agreement with many previous studies conducted using a variety of methods (e.g. Sakai and Okada

- 1984; Vexler et al. 1982; Vanankeren and Meyn 1988; McMillan et al. 1990), the number of radiation-

induced DNA SSB increased linearly as a function of radiation dose both in vitro and in viv'é (Fig. 4).

Démage produced b'y_X-ray doses h'igher than 20 Gy was beyond the range of sens\itivityﬁ of the alkaline

. comet assay, but the assay is sufficiently sensitive to measure DNA damage produced by clinically relevant

doses (i.e., 0.5-2 Gy) (Singh et al 1994).

For all the cells irradiated in vitro, the sIopes'of the dose-response relationships were not significantly
different from each other. Although cells from these different ti$sué$ -vary in prolife‘ratidn and.differentiation .
status, it is clear that these factors are not relevant in the produétion of initié/ﬂDNA-damagé-by ionizing
radiation.. The amount of radiation energy requiréd to produce_a SSB‘A‘appears to be' identical in all .

mammalian cells, with the ,excéptidn of late stégé spermatocytes. The 'Values,.calt;’ulated.by different

' invéstigators vary from 30 - 100 eV/SSB (Lett et al., 1970; Ormerod, 1975). Therefore, these results.

~ confirm that the .induction of SSB by ionizing radiation in vitro is independenf of cell fype and state of

differentiation. While some methods show variation"svin darhage between cell lines possibly éaused by

differences in chromatin conformation (Olive, 1992), the alkaline comet assay is not sensitive to such

Sy

.Clearly what is unique about the comet assay is the ability to measure the ’response of individual cells.

However, heterogeneity in initial response in all tissues was small. For irradiation performed in vitro, there

-was no indication that subpopulations of cells were present that were respondirig differe_ntly to ionizing

radiation.
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“4.1.2 The radioresponse in vivo is different'from that of in vitro
| 4.1.2.1 Effect of DNA repair .

.Frg -4 clearly showed a srgnlflcant dlfference in the slopes of the dose response curves between cells'

lrradlated in v1tro and /n VIVO Under the Iatter C|rcumstance the measure of damage was always Iower RS

The dlfference was Iargest in tumour and testls ceIIs which demonstrated a. ratlo greater than 2 for the two -

‘slopes The values for the remalnmg trssues varled around 1 6 1 7 (Table 2) The experlmental dlfferences -ﬁ_v_A -

suggest that several factors can modlfy radlatlon |nduced DNA damage in VIVO Frrst the |n|t|al SSB'

rejommg process is very rapld and will be occurrlng as the radlatlon dose is delrvered About 4. 5 mlnutes"

was reqwred to admlnlster 15 Gy X rays and another 30 seconds was needed to sacrrflce the mouse- o

excise the trssue and immerse the t|ssue in ice- cold PBS to |nh|b|t repalr Durlng |rrad|at|on a srgnlfrcant M
number of SSB will be rejorned When cells are |rrad|ated onice in vn‘ro however Ilttle or no SSB rejomlng
' can occur, so the talil moment for these cells was always hlgher Therefore itis. not surprising to see such )
~a dlfference between the in vitro and VII‘l wvo responses in thrs and prevrous studles (e.g. Ono and Okada

1974 Meyn et al. 1980 & 1986).

Repalr related dlfferences between the /n vitro and ln vivo responses should be mrnlmlzed |f the radlatlon v.
| dose i is delrvered wrthrn a shorter time. To demonstrate thls a radlatlon source WhICh provrded a hrgher '
’dose rate (‘37Cs gamrna rays) was employed When 10 Gy was dellvered to mlce in onIy 1 08 mlnutes ,
.v rather than 3 3'minutes using the X- ray unit, the |n|t|aI damage was hlgher in each of the trssues mcludrngi

the SCCVII tumours (F|g 13). ThIS result conflrms that a’large part of the dlfference between the in vrtro ]

and in vivo response |s due to SSB rejomlng whrch occurs in wvo

YAIthough SCID mice are known to be sensutlve to |on|2|ng radiation, the same IeveI of SSB was mduced
| in SCID mice as in C3H mlce (Fig. 11, 12) Presumably thls |nd|cates that while SCID cells are known

o be defectlve in rejomlng DSB (Blederman et al. 1991) they rejom SSB at normal rates (see sectron

. 4.23),
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4.1.2.2 Effect of oxygen

Heterogeneity in DNA damage was.not observed for in vitro exposures however, for |rrad|at|on performed
in v1vo there was an |mportant exception. Hypoxrc cells in tumours and testls demonstrate fewer SSB
than aerobic cells. This property forms the basis for the use of the comet assay to detect hypoxnc cells in
human tumours (Olive et al.,, 1993b). The slope of the dose- response curve for testis was 1.14 and was
the lowest among all the normal tissues examined. Tumour cells were even lower with a slope of 1.02.

For the other tissues, slopes varied between 1.72-1.87. This in vivfo‘ response is in‘agreement with results

by Meyn and colleagues (1986) who concluded that hypoxia was responsible for differences in damage

induction. Like other solid murine tumours,‘" scevil murine tumours have been found to ‘contain a high
proportion of hypoxic cells (Chaplin et al. 1987). Once the tumour size reaches 0.4-0.5q, the fraction of
hypoxic cells reaches 11.2% - 28.6% measured using the comet assay, and this result is consistent with'

the conventional paired-survival curve method (Olive and Durand 1992). But unlike cells |rrad|ated /n vitro

~ which show clearly a factor of 3.3 for the oxygen enhancement ratio using this assay, the sﬂuatron for

tumour cells irradiated in vivo is rather complicated. As described prewously, hypoxia in tumours develops

in'two differentways. In addition to those chronically hypoxic cells which Iacl( oXygen due to inadequate

diffusion through the tumour cord, intermittent blood flow in tumours causes an acute, perfusion-limited

hypoxia in some tumours -(Brown 1979, Chaplin et al. 1 987, 1989). ‘Such hypoxic cells can even exist» ,
adjacent to blood vessels which may function at some times, but not others Little is known about the exact
time for the openlng and closing of these vessels aIthough some studles showed that changes in perfusion
occur every twenty minutes on average and that such transient non-perfusion can last 4-5 minutes (Trotter
et al. 1989). Therefore, during exposure to 15 Gy X-rays which lasted 4.5 ‘minutes in the experiment,
many such transient changes in perfusion may have occurred, resulting inthe»appearance of some cells
with intermediate levels of oxygen when averaged over lthe duration of the exposure. The net effect is to .
reduce the apparent displacement between'the aerobic and hypoxic peaks, so that the oxygen

enhancement.ratio appears to be reduced. As.shown on the histogram of DNA damage (Fig. 19a-c), the

hypoxic cells (the peaks with lower tail moments) overlapped the better oxygenated cells which had higher

4‘ tail.moments.‘ The proportion of cells with an 'intermediate oxygen content will vary as a function of tumour

size and dose rate.
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Hypoxic eel!s are frequently seen in murine tumours and have been shewn to be present in some human
tumours (Denekamb 1983, Vaupel et al. 1992; Olive et el. 1993b). Since anoxic cellls exhibit oniy one-fthird_
the amount of DNA damage following irradiation,lthey have a much better chance of survival than aerobic .
cells irradiated with same dose, and they may retain clonogenic capacity following radiotherapy (Denekamp
1983). As shown in Fig. 19a-c, the presence of hypoxic cells red-uces' the mean value of tail moment
compared to that of nerhal tissues, which means tumour cells are’protected from radiation-induced DNA

damage by hypoxia.-

The effect of hypokia is not only significant fer ’;umours, but also for some hormal tiesues. .Meyn and
Jenkins (1983) suggested that different degrees of DNA SSB‘-ind'ucvtion in tissuesv from whole-body

irradiated mice might.be due to biological hypoxia in some tissues, In" order to evaluate the effect of

i oxygen Ljsing the comet aesay, mice were allowed to breathe different concentrations of oxygen before and
during irradiation. As shown in' Fig. 14, the effect was most obvious for.cells from testis of mice allowed

"to breath different oxygen mixtures.v Breathing 10% oxygen in nitrogen decreased tail momeht in testisand
also in bone marrow cells, but not in spleen and other tissues. Whee mice were killed before 15 Gy to
deprive all the tissues of oxygen, all the tissues ehewed the same low tail moment. In spleen this value -
was one-third of that observed for air-breathing mice; indi’caAting_‘an.approximate oxygen enhancement ratio
of 3 for this tissue. fhe same result was seen for liver, bone:marre\N and jejunum (Olive et al. 1994), which

means that these tissues are well oxygenated under normal air-breathing conditions.

In comparison to other tissues, the oxygen enhancemen_t ratio for testis was only about 2. This sugges_ted
that the oxygenation of testis is berdering -en radiobioiogical hypoxie,-and the organ therefore mayl'contain
'hypoxic cells. Support for this conclusion comes from results described-in the following paragraph, and
also from results in the literature by Setchel (1978).' First, the testicular artery is so long in relation to its |
diameter that this in itself posee an upper Iimit’to‘ blood flow. Second, - according te the measurement of
oxygen tension, the venous blood leaving ihe testis'contains less oxygen than the mixed venous blood.
Since there are no capillaries in the seminiferous tubules and tubular cells have an appreciable

consumption of oxygen, the oxygen tension inside the tubules is 7 mmHg lower than that in the interstitium, -
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usually 7-12 mmHg in many mammals and around 2'mmHg fo.r the. human according to Max (1994). Such
a low oxygen tension easily poises. the testicular cells on the brink of radio'biotog.icaiy hypoxia. The other
tissue possibly bordering on hypoxia is bone marrow, since it exhibited a decrease in comet tai_l, moment
- when the mice breathed a gas mixture containing only 10% oxygen. vOther tissues showed no change in
tail moment relative to air-breathing conditions.v Therefore, bone marrow is adequately oxygenated under
air-breathing conditions, but verges on hypoxia. Increasing the oxygen supply to the tissues by b.reathing
carbogen (95% O, + 5% CO ,) affected onlyv the response of testis, confirming that testis is poOrIy
oxygenated and likely to be reS|stant to radiation damage The slightly less oxygenation of bone marrow
cells, however, may not affect their reponse to radiation In this study, however, only cells from the bone: -
cavity were analyzed. Cells from the compact bone, which can only .bereleased oy collagenas'e digestion,
were not ex'almin.ed.' In the study of Allalunis et al. (1 983) CFU-C (granulocyte-macrophage preclirs‘or cells)

were found to be more hypoxic only if they resided in-the compact bone.

The degree of biological hypoxia in SCCVII tumours and'normal tissues was further evaluated using RSU
1069, a dual-function bioreductive drug which has been used to detect subpopulations’of hypoxic cells in
spheroids and tumours (Olive 1995b,c). The extent of tissue hypoxia can be estimated by observing the

proportion of cells containlng RSU 1069 induced DNA crosslinks. As expected because of the presence

of hypoxic cells, the average tall moment for |rrad|ated tumours was S|gn|f|cantiy Iower than for other p .

tissues. - Tail moment for testis was intermediate between that of tumour and other normal tissues,
' indicating it has an intermediate degree of hypoxia (Fig. 16a). Analysis of individual tail moment histograms
was also informative. Testicular cells did nOt show as Iow a tail moment as seen in tumours (Fig. 16b,d),
although some of the ceIIs had relatii/eiy low tail moments (fraction in the oval, Fig. 16b), suggesting they V
are probably more hypoxic than the remaining ceils. Exposing these cells in vitro to 10 Gy irradiation
- shifted all the cells to higher tail moments in testis and other normal tissues, indicating that there were too
few crosslinks in these cells to prevent DNA from migrating in the eIectric field. Only some of the tumour

cells retained a very low tail moment after 10 Gy, indicative of the presence of crossiinks in hypoxic cells

(Fig. 16e).




4.1.2.3 Response of testis to radiation-induced DNA damage

Significant heterogeneity in radiation-induced SSB inductionl was observed among the different sub-
populations of cells in testis. The pattern of cell development in this tissue is unigue. As shown in the
diagram in Fig. 32, spermatogonial cells undergo two hitoses and-two méibses"before the-mat'ure-spefm
are formed. All the cells develop in the'seminiférous tubules and gradually move to the centre of the
tubules as they mature. The developing Sperm cells are nqui'ished by surrounding Sertoli cells in the
tubules. During cell develbpment, DNA content increaées from 2n (primary spermafocytes) to 4n éft_er the

first meiosis (tetraploid primary spermatocytes). At the end of the. first meiotic division, secondary

. spermatocytes are formed containing 2n DNA. They undergo a second meiosis to produce round

spermatids with haploid (n) DNA c_oﬁtent. Then a massive conden'satio‘n of the chromatin occurs when
DNA is packaged into a small volume and transformed into an eldngated spermatid.- Duriﬁg the process
of matufatién and transformation, cytoplasm is partly shed énd Chromatin composition is extensively.
changed (Setchell 1978, Mezqﬁita 1985). In the course of spermatogenesis, the amount of the testis-
specjfic forms of histones TH‘2A, X2, TH2B, TH3 increéﬁes as'the somatic forms decrease. Non-histone
proteiné decrease significantly but basic proteins change only slightly. At the end of sperm.atogenesis

protamines are the only basic nuclear proteins in spermatids as well as in mature sperm (Mezquita 1985).

Testis cells can be grouped into three subpopulations accordihg to their DNA content as determined using
the comet.assay. DNA content is defined as the total fluorescence of a comet image after staining with

the DNA binding dye propidium iodide. The three populations should contain the following cells: 1)

‘tetraploid cells comprised mainly of tetraploid spermatocytes and a small fraction of spermatogonia in G,

. phase before mitosis; 2) diploid cells consisting of spermatbgonia, primary ahd secondary spermatocytes,

and a few supporting Sertoli cells as well as Leydig cells; and 3) haploid céllé consisting of round to

elongated spermatids. Germ cells later than this stage leave the testis and ‘move into'the epididymis, so

spermatozoa will not be included in the samples analyzed using the comet asséy. As seen in the bivariate
plot for DNA content and tail moment, tetraploid cells showed the lowest amount of DNA damage after

irradiation (Fig. 5). It is possible that this is an artifact of cell stainiﬁhg in the comet assay since a similar
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Fig. 32 Diagram: stages of male germ cell differentiation
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pattern has been observed for cultured cells (Olive and Banath, 1993). Alternatively, the 4N cells may be
more radioresistant than the haplord cells The second explanation seems more Iikely since the difference
in response of testls sub- populations was only observed among ceIIs |rrad|ated in vivo. When in vitro dose ;

response was examined this difference disappeared (Fig. 6).

A possible explanation for the apparently greater resistance of the tetraploid cells to radiation damage is

that they are more hypoxic. Support for this hypothesns was given when the difference between the sub-

‘ populations dlsappeared in mice killed before |rradiat|on or when mice breathed carbogen before irradiation
(Fig. 15a c) ‘The second indication that hypoxia was involved came from mice treated W|th nicotinamide‘
before irradiation. As a radlosensmzer, this drug is belleved to reduce tissue hypOX|a and therefore -
enhance the effect of radiation (discussed in Section 4;4). Fig. 15d indicated that the difference in tail
moment among the three cell populations disappeared after nicotinamide treatment. Tetraploid cells may
be more hypoxic than diploid_and ha‘ploid ceIIs because they are rapidly proliferating, actively-metabolizing
cells an‘d need more energy to cope with physiologicai ch‘anges. The lower oxygen'ation-of testis may |
bareiv provide vadequate 'energ'y for such metabolically active cells. In diploid ceils; some of the
spermatogonial stem cells 'were also suggested to be hypoxic (Suzuki et al. 1977, Schlappack et al. 1987)‘
although they. were.very low in number. As for the haploid cells, lower energy levels, and presumably‘
lower respi'ratory rates may lead to better oxygenation. But flor. elongated spermatids, the chromatin is
tightly packaged by histones and protamine ‘vvhiCh are crosSIinked to each other by disulfide bridges formed
by cysteine residuals and by phosphodiester chains (Balhorn 1982). Such a conformation makes DNA
inaccessible to many intercalating agents such as actinomycin D (Gall and Ohsumi 1976). It was
impossible to remove the nuclear protein in these cells using the normal alkaline comet assay lysis solution.
Decondensation of these nuclei could be achieved by treating cells with the sulfhydryl reducing agents

| dithiothreitol or 2-mercaptoethanol (Gall and Ohsumi 1976). In_ my study, significant iswelling of trea'ted
nuclei was observed under the mic_roscope, but such treatment was’not acceptable since'A it introduced a -
high level of SSB in untreated cells examined 'using the comet assay. Therefore, elongated spermatids
remained unlysed in the regular comet assay and the results appear just as though no strand breaks were

induced by radiation. Some previous studies suggested that these elongated spermatids demonstrate less
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DNA damage after irradiation, and it was postulated that they are protected from attack by hydroxyl radicals

by the highly compact nuclear structure (Ono and Okada 1976, 1977; Van Loon et al 1991, 1993) It was
also suggested that these cells are protected by multiple cystelne resrduals from protamlnes_ (Joshi et al..
1990). Cysteines are supposed to be hydrogen donors and able to, protect DNA from radiation. But
according to Balhorn’s study (1 982), .most of the cysteines are used to form inter;molecular disulfide bonds
and therefore not many hydrogen groups are available to.act as hydrogen donors. If. this is true for
spermatids'and haploid ceIls, no protection will be obtained from cysteine residues of‘protamines after
hlstones are replaced. This conclusron is supported by the measurement of cellular th|ol levels ‘from
haploid, diploid and tetrapI0|d cells No dlfference was observed usmg a flow’ cytometry techmque and a
fluorescent thiol probe (data not shown) Furthermore accordlng to the study of Den Boer et al. (1989,
1990), thiol protection in spermatlds is still. prlmarlly due to non-proteln thiol GSH, the major thiol protector

seen in other tissues..

Most of the previous puhlished studies measured only the average damage for a population of cells instead
of damagei to individual cells, and the relatively high background damage from mechanical dissociation of
tissues is likely to decrease the accuracy of these data. One paper previously analyzed damage to the
testis using the smgle -cell gel electrophoreS|s assay, which dlffers from the comet assay prlmanly interms .
of the lysis solutlon (Smghet aI 1989). .In that study, the lysis solutlon contalned a 10 fold hlgher
concentration of NaOH and a higher concentration of NaCl (2 5M, compared to 1 M in th|s study) Also, A '
2- mercaptoethanol was used in the IyS|s buffer. Results from that study showed that mouse epldldymal
and human sperm cells had a Iarge amount of SSB after Iysrs which were not seen in Iymphocytes after
the same treatment. The sugestlon that all testls cells have a high level of background damage was not
confirmed in this study and could be due to the hlgher salt and alkall concentratron WhICh makes DNA
molecules more vulnerable to breakage Furthermore the use of mercaptoethanol may change the DNA-

protamine structure and expose alkalr-sensntlve sites to produce addltlonal DNA breaks.

Results from this study are consistent with those of Joshi et al. (1990) Which'indi_cated that the slope of the

dose response for SSB induction was similar from spermatogonia to round spermatids. A reduction in’
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damage was only See,n ih the late spermatid stage at the start of elongafion. An édvantage :6f 'théir study '
was to radiolabel the cells in a way so that each stage co.uld be‘differentiatéd at the time of irra'di.ation. The
same method héé been used in many other studies which were designed to study cell survival instead 6f.' N
initial DNA damage', since surviving fraction and D, vglue (the radiaﬁon dose required to kill 63% of the
cells) are importantl in evaluating cell radiation sensitivity (Weichselbaum 1991). vSomé differences among

these cells have been found: 1) the most radiosensitive cells are fetal spermatogonia and the sensitivity

decreases in prepubertal and adult mouse (Vergouwen et al. 1994, 1995); 2) in adult mouse,

spermatogonial stem cells remain the most sensitive among all the germ cells, but variations aré found in
different stages of the cell cycle: type B and proliferating type A sp‘ermatogonia'are .m(.)St sensitive. D,
yalugs are 0.37-0.81 Gy for them but 2.29 Gy for. quiescént spermatogonia A. The D, value for cells at
Iafer'stages is increased further tov5.3 Gy for preleptotene spermatocytes and even higher for thé néxt
generations (van der Meer et ai.1992). 3) elongating and elongated spermatids have reduced‘darhage and -
therefore they are rélatively resistant to radiation. But they also héVe a reduced capacity to repair DNA ‘
damage (Van Loon et al. 1993) probably due to inaccessibility of thé condensed chromatin damage to )
repair_enzymes and/or due‘ to a deficiency in the DNA repair system. 4) the non-paren_chy_rhal célls, S_enoli‘
and Leydig cells are minimally affected by radiation (Bustos—Obrégon and Rodfiguez 1 991) probébly

because they are terminally differentiated. This pattern fully agrees with the previous descfiption about the

- relationship between cell differentiation and radiosensitivity. -

4.2, The efficiency of DNA repair’is tissue dependent

. In comparing the response of different tissues, the rate of rejoining of SSB is more imporfant‘in determining ,

the overall effect of radiation thah is a possible difference in the initial yield of lesions. >Previous.st_udies
have suggested: th‘at ‘t‘here 'is a correlation betWeen Iethal'ity and the level of residual unrepaired 'DSlB
(Peacock et al. 1989, Weichselbaum 1991). The level of suc.h unrepaired breaks may be determined by
the competition bétween repair and the fixation of these lesions. Cons'equently, the rate of DNA repair may

represent an important factor in modifying lethality which is especially critical in radiosensitive. cell types

' (Georgevand Cramp 1988). It is very interesting that the degree of degradation observed 48 hours after

15 Gy in irradiated testis célls was apparently influenced by cell ploidy. The radiorésistant haploid cells - -
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showed a significantly smaller proportion of damaged cells than the diploid and tetraploid cells (l?ig.710)'

(see section 4.2.4).

4.2.1 Some characteristics of rejoining kinetics

SSB rejoining kinetics is approximated reasonably. well by a two component repair curve (Fig. 7). Due to

the repair which unavoidably occurred during irradiation -the' initial tail moment measured was only about

- 2/3 of that measured for ceIIs rrradlated in vitro. Without knowrng the actual initial damage rejoining half-

times can only be approxrmated for comparlson purposes.

’

The tissues studied can be classified into three groups: 1) rapldly proliferating and differentiating cells (bone .
marrow, spleen, testis, Jejunum) and SCCVII tumour cells are also included in this group although the.
degree of dlfferentlatlo.n is questlonable; 2) revemng postmitotic and well-differentiated cells, capable of
limited proliferationA under the appropriate stirhulus .(Iivver); 3) terminally differentiated cells which are
incapable of proliferation in any circumstance (most cerebellar and cerebral eells).l T_he general pattern of
rejoining for all theee llssues is similar with two components, but important differences in ratve of rejoining
were observed. Tumour cells completed the rapid phase of repair in less than 30 minutes which was
sherte'r than any normal tissue. With the exception of eerebellum and cerebrum, the normal tissues had
a similar repair half-time (Table 3). However, cereerm required 45 minptes to rejoin half of the SSB. All
of trle repair curves seemed to be complex and composed ’of at leasltwo components. The majority of the

SSB were rejoined by the fast conﬁponent, but one hour after irradiation the tail moment was still high.

- The residual damage (calculated as the percentage of initial tail moment minus the value for eontrol) at the

end of 1 hour was 31%-37% in liver, marrow and' spleen, 20%-21% for tumour and testis; but 58% for
cerebellum (Fig. 8). The breaks remaining at this time would. be rejoined by the "slow component”.
Therefore a larger fraction of the DNA damage in cerebellar cells would be repaired by the slow

cbmpohent. Wheeler and Wieroweki (1983) a_lso'Shewed avbiphasic pattern of DNA SSB rejoining in

cerebellar cells and 9L tumeur cells. They hypothesized that :_the different speeds of SSB rejoining

represent the removal of lesions from regions of the genome that vary in their accessibility to repair

enzymes. Alternatively, slower rejoining rrray represent repair of a different lesion, such as the DSB
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(George and Cramp 1987).. Furthermore the slow component was found to be saturable both in neurons ’

and tumour cells (Wheeler and Wlerowskl 1983) the half tlme for repalr of this phase is dose dependent

Rejormng kmetlcs of cultured cells generally |nd|cates a two component pattern (e g- Epstem et al 1974, -

Baumstark- Khan et al. 1992) However this has not been observed for cultured cells using the comet

assay where a pure exponentral rejomlng curve was observed for repalr-prof|C|ent cells (Ollve and Banath,

1993). Because cells are obtalned from tlssues usrng a harsh mlncmg and filtering method it may not be
surprlsrng that there isa hlgher level of background and resrdual damage Ievel in vivo. The fast component

of reparr for cultured ceIIs appears to be much faster (3 -5 mlnutes) than was observed in these studies.

However, a; strlct comparlson is not approprlate Because of the uncertamtres regardrng the level of |n|t|al :

v damage in vivo, repalr half-time was calculated in an unusual manner for th|s study which. conS|dered both_

components of the repair curve as weII as the background damage The conclusron from these studles

“is that the overall process of DNA repalr measured by the comet assay is slower in vrvo than rn wtro, a

result consistent with previous research us'ing different methods such as zonal rotor centrifugation, alkali

unwinding or alkali elution.

_The state of drfferentlatlon of a cell has been shown to mfluence DNA SSB rejommg rates Murray and

‘ Meyn (1987) radiolabelled the eplthellal cells of small mtestlne and found that crypt cells rejomed SSB the

fastest and that the repalr rate decreased as cells matured. However one cannot yet exclude the

.possrblllty that there |s a reduced level of repalr enzymes or a reduced actlvrty of’ these enzymes leer

as'a’ post proliferative tlssue did not .show a slow rate of SSB rejornmg perhaps related to rts specral'

property.of. regeneratlon or hlgh metabolic rate. The mvolvement of l|ver in drug metabollsm may mean

. that it is more Ilkely to have more active DNA repalr mechanlsms to handle toxrc chemlcals Unt|l now there

has been no evrdence of elevated actrvrty or increased amount of reparr enzymes in llver although liver

has very high levels of the radroprotectlve molecule, reduced glutathlone (GSH) (Murray et al. 1984}. In

: spit'e of high GSH however, liver did not show a reduction in ‘initial SSB,after irradiation. The,two types of
fibrosarcoma stu_died by Murray et al. (1984) repaired DNA damage faster than all of the normal tissues,

. in.agreement with results from this study using SCCVII tumours:. Therefore, the rnajor determinants in rate
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of DNA repairvse;em. to be metabolic activity and degree of cell differentiation. Whee‘l.er (1 983) calculatedv.
that the neuronal genbme has less accessible sites that are three times more prevaleht than in the tumour
genome. Assuming fhat residual damage at the end of one hour after irr‘adiation is indicative of the
accessibility of Iesioﬁs for repair, then cerebellar ceils had ,.thrée times more residual damége than tumour
cells (Fig. 8d)‘. This explanation disregards any 'posAsAi.bIe differences in DNA rep'air.e'rlwzyme,amqunt‘_or ,

acti\)ity which c';a'nynot be excluded at this poiht.'

" 4.2.2 The inhibitory effect of nicotinamide on DNA repair

DNA repair inhibitors are of considerable in'Ferest és possible modifiers of chemotherapy and radiotherapy
of mralignant tumours. In this study, thé efféct of ‘nicotinamide on -DNA\SSB’rejoin»ing_w‘as examined. |
Initially, _nicotinamide repeived attention as a" ra_diomodifier. becéuse of ifs structural simvilarity to 3-
aminobenzamide, a potent but toxic inhibitor df poly(AD“P-‘r_ibose) bolymerase'(PARP). As a .chromatin-
- bound enzyme, PAéP can be activated by DNA strénd bredks induced by various DNA damaginé agents
or physiological events such as DNA recom'binatiovn or sistér chromatin exchange (Berger 1985, Oleinick
and Evans 1985).» When activated by ionizing ra.driaition-i'nduced DNA strand breaks, the enzyme can
recognize the damage by binding to these sites and at the safne tifné catalyze fhe formation of poly(ADP-
ribose), a negatively charged polymer that modifies DNA binding proteins and nuclear enzymes including
PARP itself (Shail 1994). ADP-ribosy'Iat'ion. of Histohes helps to unwind .the DNA strands dnd exposes the
damaged siteé to répair.en‘zymes. This modification is further believed tov recruit repair enz&me(s) to the
‘damaged sites a.Ith~ough it may also inhibit these enzymes within the first few minutes (<0.5-1 -minutes) after
irradiation for reasons that are still unknown. It waé found that DNA polyrr'ierase is inactivated ata lower
degree of poly(ADP-ribosyl)ation while activated after a higher degree of modification (Shall 1994). PARP
. activity inéreases linearly with radiation dose (Ben-Hu»r and Elkind 1985). Howevgr, modificétion inactivates
PARP itself and these polymers are ’immédiétely degraded, releasing I';’ARP from the damagéd sites before
fhe répair 'proceés is initiated (Satdh et aI71994). Intérestingly,.in culturgd Chinese hamster cells irrédiated
| with 7.5 Gy, in addition to the short activation which I'asts.<10 minutes ‘postirradiation, the enzyme activity

was found to increase again 1-3 hours after irradiation (Oleiniék and Evans 1985). The second peak of
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activation is probably due to the DNA repair process involving secondary strand breaks introduced by repair

of base damage and DNA recombination although no direct proof has been obtained. -

Inhibition of the ADP-ribosylation reaction.s by nicotinamide and other agents has been observed in cultured
cells (Yamamoto et al. 1982, Berger 1985). The degree of inhibition of DNA repair by nicotinamide that
was observed in vivo is similar to the effect of other PARP inhibitors, although all those studies were
performed using cultured cells. Addition of nicotinamide to irradiated cells is known to inhibit DNA strand
break rejoining and increa_se cell killing (Ben-Hur and Elkind 1985) although it is less effective than 3-AB.
- The low toxicity of nicotinamide makes it more appealing as a radiosensitizer in the clinic, although in ‘
- current Phase | and Il studies, nicotinamide and carbogen‘ have shown a dose-limiting ototoxicity (T
" Pickles, personal communication). In this study' doses ot 200 ‘mg/kg to 800 mg/kg of nicotinamide were
given to mice in order to determine the effect of nlcotlnamlde on rejomlng of radlatlon induced SSB in vivo.
A dose of 200 mg/kg did not inhibit DNA repalr while a srgmflcant mhlbltlon was observed when 800 mg/kg
was given 60-90 minutes before irradiation. An |ntermed|ate degree of |nh|b|t|on was shown by 500 mg/kg
nicotinamide (Fig. 20). SSB rejoining time was increased in aII tissues except brain. The half-time of
rejoining appeared'to increase most significantly‘in the SCCVII tumour, ‘since the rejbining half-time
increased by a factor of 7 if nicotinamide were glven before irradiation, while it increased 3-4 fold in other
tissues (Table 3). While this suggests a S|gn|f|cant therapeutlc gain, the influence of mcotmamrde on
tumour reoxygenation must also be considered (see Section 4.4). The only tissue unaffected by'
nicotinamide was cerebellum, perhaps due to the slow SSB rejoining'already occurring in this tissue or to
the fact that less of the drug reaches the brain because of the blood-brain barrier. ''C-labelled nicotinamide
and its metabolltes were found to be at a-much Iower level in brain tlssue than in liver, kidney and lymph

nodes (Anderson et al. 1994).

The amount of damage remaining 4 hours postlrradlatlon was S|m|Iar with or without nlcotlnamlde
_pretreatment suggestmg that the rate of. SSB rejomlng, but not the extent of rejoining is reduced by
nicotinamide. Results also indicate that nicotinamide only inhibits rejomlng when glven at high doses which

are not clinically relevant. It is possible that rapid elimination of the drug in vivo prevents a sufficiently high
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intracellular accumulation. Alternatlvely, PARP may not be a vital enzyme |n DNA SSB rejoming, a Iikely;,

- explanatlon espeC|aIIy since transgenic mice Iacking the PARP gene do survive to adulthood (Wang et al.

A 1995). These mice can even repair DNA damage induced by alkylating agents (base excision repair) and
UV-light (nucleotide excision. repair).v It was postulated t‘hat the function' of P,ARP‘has been 'replacedj by
other enzymes in these mice, although for the time being’ it is hard‘ to examine’l the eitaet mechanism.'
However, PARP gene knock- out mice are prone to develop skin disease as they become older. (>6
months) Skln is an organ exposed to envnronmental stress, and mice lacking PARP/pon(ADP ribosyl)atron
are not able to eliminate these damaged ceIIs and are therefore susceptible to skin ahnormalities as they
age. However, DNA SSB'rejoining, irvhich involves a different repair pathway, has not been examined in

- these mice; the. effect of nicotinamide on PARP- mice might be quite informative.

It was expected that nicotinamide would inhibit DNA repair durin'g-. irradiation so that the tail moment
measured immediately after irradiation would be incr.ease'df ySurprisineg-,' tail moment in. most ofthe tissdes
pretreated with nicotinamide was unchanged relative - to .‘radiation only. Another repair inhibitor,
metoclopramide, which inhibits DNA polymerase (Olsson et al. 1995) gavev a similar result (data not shoifvn).
It is likely that the tail moment is already sufficiently high after<‘1$ Gy that it is.difficult to-see 'any additional
damage. Another more interesting explanatio'n is that oniy the slow component of rejoiningmay be affected
by nicotinamide pretreatment.. Unfortunately,'vr_ithou_t knowledge of the actual level of initial damage, it is

not possible to distinguish between these tWo explanations.

4.2.3 SSB repair is proficient in SCID mice

It was interesting that no significant difference was observedin SSB rejoining in tissues ot irradiated SCID_‘
and C3H mice. There was no delay of reoair nor any indiCation of increased residual damage in'SCID
| ‘compared to the same tissue from »CSH mice. ltis known that SCID cells are def|C|ent in DSB rejoining
(Fulop and Phiilips 1990, Beldermann et aI 1991), but apparently SCID cells are able to repair SSB and
crosslinks (Hendrickson et al., 1991). SCID cells do rejoin some'of the DSB induced by X-rays, and the
' percentage of unrejoined breaks inoreaseswith the radiation‘dose. Furthermore, the initial proeess of DSB

rejoining was found to be similar to normal cells (Chang and Brown 1993). The mechanisms governing
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repair of SSB and DSB obviously differ, and the fact that SCID cells are deficient in the p350 (p450) subunit
of DNA-dependent protein kinase'(Kirchgessnerfet al. 1995) indicates that.this kinase is not required for
SSsB rejoining. Therefore, while DSB do constitute ‘abodt- 2-4% of the total SSB measured, the sensitivity

of the method is unlikely to reveal this smail number of unrepaired breaks against a background Ievel of:

damage caused by the tissue disaggregation methods.

4.2 .4 Heterogeneity in DNA repair

Heterogeneitv in DNA repairdurin’g the first four hours of repair was not readily' apparent for any ‘of the_
tissues studied Previous experiments with cultured cells revealed aG, population which rejoined breaks_
more rapidly than cells in other phases of the cell cycle (Olive and Banath 1993), but such a population
was not observed in these studies. However, orlly a small_population of G, cells was observed in bone '.
marrow and jejunum, therefore it was not possible to detect differences in rejoining rate in relation to cell |

.'oycle position. -

Alth0ugh radiation-induced apoptosis’noccurred'during the repair period after irradiation, these dving- cells
. »were not detected using the comet assay, probaoly due to their loss during tisSUe preparation (see Seotion
4.3). However, by 48 hours ‘after 15 Gy, some heavily damaged cells could be detected in spleen and
some other tissues (Fig. 9), indicating significant DNA degradation in these tissues. Histological studies
- revealed that most of these cells were necrotic. Some cells in spleen however did appear to have the
properties of apoptotic cells. The peak time of appearance of these heavily damaged cells was 48 hours .
after 15 Gy irradiation and damaged cells could be observed in almost all tissues except brain. All of the
tissues, regardless of proliferation status or differentiation status showed a pattern of degradation at the -
same time, as though the process resulting in this damage was a generalized tissue breakdown. Mice
irradiated with 15 Gy would be expected to die within 4-5 days from damage to the gastrointestinal system

(Hall 1978).

Again the response of the cerebellum differed from the other tissues in terms of the extent of degradation.

Neurons are weil-known to be radioresi'stant in spite of their slow repair of DNA damage. 'Hopewell (1983)
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showed that 30f40 Gy was.needed to produce selective vi/hite matter necjrosis after a latent period of 8-9
months. The degree and the time of appearance of damage‘ is dpse dependent. Twenty Gy introduced
only vascular changes in both grey and White matter after a much longer Ilatent peridd. Doses Iowei than
20 Gy can cause permeability in the blood-brain barrier, but changes are not observable for at least 18
months‘ (van der Kogel 1991). Two main pathways have been suggested for tnis pathogenesis; one
involving predominantly the progressive loss of glial cells and'the other involving vascular injury. :I'he‘or'g‘an :
tolerance doée, which is-determined by the most radiosensitive vital cells'in that organ, was foun.d to be
20-30 Gy for brain, 10-15 Gy fer Gl tract, 15-20 for Iiver,. 2-10 Gy for bone marrow and >20 Gy for testis
(Constine and Rubin 1988). These data provide a profile of the whole organ tolerance-for the acute and
late effects of whole body radiation. Since in this study heterogeneit);in tissue damage was examined two
days after irradiation, the damage observed should be classified as an acute effect. At this stage no visible
degeneration of neurons should be expected. The only observable change at this time is probably the
electrophysiological' characteristids ot neurons, examined by Pellmar and Lepinski on guinea pig brain 30

minutes to 3 days after 5-15 Gy (1993).

Each tiseue is compesed of many‘different types of cells an‘d‘. each cell typé will exhibit a different
radiosensitivity. .As: seen in Fig. 10, testis clearly demonstrated two populations of cells 48 hours after
irradiation; one was heaviiy damaged_and the other was apparently undamaged as measured using the
comet assay. The LD, for proliferating 'spermatogonia is 20-23 cGy, and it increases to 200-500 cGy for
primary spermatocytes, 15 Gy for spermatide and 600 Gy for spermatozoa (Searle 1974). Although initial
DNA damage is relatively independen't‘oi cell type, the population of cells with a very low tail moment after
48 hours was, in fact, the late stage (haploid) germ ceIIvs (Fig. 10b). Some degree .of heterogeneity in other

'tissues also existed'at‘this time, probably representing different cell types varying in rate of cell death.

4.3. Radiation-induced apoptosis is tissue specific

As discussed above, extensive DNA damage was observed 48 hours after irradiation in most tissues.
Histology, DNA gel electrophoresis and size measurement using nitrogen mustard euggested that this DNA -

degeneration was not a result of apoptosis.A A generalized systems failure could be responsible.
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When heterogeneity of DNA repair was examined at earlier times after irradiation, no significant numbér

of heavily damaged cells was seen. However, according to published studies, doses of 2.5 Gy-20 Gy

" should induce apoptosis in some normal tissues (Tsubouchi et al. 1974, Rydberg and thénson 1975,

.Nomura et al. 1992). These authors were not able to detect DNA degeneration at the time of occurrence

of apoptosis using a conventional method for detecting DNA strand breaks. A similar result occurred in

this study. While the comet assay could easily detect apoptotic TK6 cells which are cultured in vitro (Olive

et al. 1993a), in vivo apoptotic cells from tissues were undetectable. DNA gel electrophoresis, however,

showed typical ladders of apoptosis measured at the same time (Fig. 17). The only explanation is that
these apoptotic cells are fragile and they are easily damaged by the mechanical disaggrégation method
used to prepare cells for the comet assay. However, even fragile cells would be preserved as part of the

entire tissue sample during preparation of DNA for gel electrophoresis.

DNA ladders were detectable 4 hours postirradiation. The spleen and thymus were the two major tissues
displaying this phenomenon. Ladders were not observed for samples prepared from liver, testis and brain.

Although previous studies also demonstrated apoptosis in the epithelial cells of small intestine (Rydberg

‘and Johanson 1975), they represented a small fraction of total cells from the crypts. Since the epithelial

‘Iayér of the jejunum Wés used for this study, the percentage of apoptotic cells was likely to be too low to
demonstrate ladders. A similar reasoning applied to cells froh bsne marrow. Apparently only cells from
bone marrow, lymphoblastic and rapidly proliferating tissues retain a stong capacity for radiation-induced
apoptosis. Although apoptosis can be induced by many different trigge'rs described already, for some cell
types radiation-induced DNA strand breaks are the majsr trigger in p53-dependent apoptssis. An ihcrease
of p53 results when DNA strand breaks are induced (Nelso‘n‘ and Kastan 1994), and p53 has beén found
to play an important.role in both cell cycle control and apoptosis (Wyllié 1993). Interference with cell cycle
progression leading to apoptosis will obviously occur only in proliferaiing cells. In post-mitotic cells the level
of p53 is probably low or undetectable such as seen in villous cells from small intestine (Merritt et al. 1994).

Interestingly, germ cells from testis'show less sign of apoptosis after whole body. irradiation despite their

rapid proliferation. The cells in this tissue reported to die after irradiation are spermatogonia especially type :

~ Bcells, and spermatocytes at early stages. These cell types were found to be eliminated 3 days after 3-5
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.. Gy irradiation (Setchell 1978, Van der Meer 1992). While the pattern of cell elimination is consistent with

the'importahce of cell differentiation, the time of occurrence of cell death seems to be later than those of
other tissues. As seen in Fig. 24, testis weight decreased more slowly than that of spleen. Only after 3

days did the decrease become significant in testes, but a-decrease in weight was already observed one

‘ day after irradiation of spléen. The lack of a significant dfob in testis'weight‘one day after irradiation may |

not be surpriéing, since the sensitive cells constitute only a small fraction qf entire germ cell population.
Furthermore, cells further in differentiation than pachytene ‘spermatocytes are anow_n to be quite resistant .
to cell death. AV further ‘réd'uction in weight 6f-spleen on thé second day after. irradiation indicated tha‘t'cell
death was stilII proceeding, whetherbby apoptosis or necrosis. Howéver, the ladder pattern was nbt
detectable 8 hdurs after irradiation; dead cells may be rapidly-removed by macrophag.es,. ‘The fact that the .
mice received 15 Gy ié also relevant sincé the occurrence of éboptosis or-necrosis can’ bé dépenndentﬂ c.>n_’

the radiation dose (Payne et al., 1992; Le_nhon et al., 1991).

Neurons in adult mice have lost the capa'c;i_ty to proliferate, consistent with the obServatidn tha;'radiation -
had a smaﬁer effect on these cells. Infact, it is possible tp induce apoptosis by radiation in the 'granular
}Iayer of cells in cerebe_llum‘,: vahd in oIigodehdrgcyteé when they are still prdliferatihg in young mice several )
days after biﬁh (Vrdoljak et al. 1992, Fr'its:c‘h é_t al. 1994). On?;e cells mature wifhin two weeks after.birth',
radiation does not inducé apoptosis. The mblecular basis for this is believed to be bcl-X,, one member of
the bcl gene famiiy, which is highly expfesééd in these adult neurons as.well as hepatocytes and can inhibit
the pathway tQ apoptosis initiéted ‘by radiaiion and p-53 (Alison and Sarraf 1995). Howevéf, in mature or

post mitotic cells, apoptosis can still be induced by other agents presumably via different signal transduction

pathways. Apoptosis-can be induced in'liver by several chémotherapeutic drug's, and villous cells from the

small intestine can also be induced to undergo apoptosis (Potten et al. 1994). The mechanisms of cell '

damage induced by these chemicals are probably more complicated than just DNA strand breaks.

The lifetime of radiation-induced apoptotic cells in vivo is shorter than in culture. Although in this study no
effort was made to observe the rate of disappearance of apoptotic cells, the time for detection of DNA
ladders” was considerably shorter than that of rﬁost cultured lymph‘oblast cells (OIiVe et al. 1993a).

¥
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According to the study of Nomura et al. (1 992) the average duration of apoptotic bodies in spleen and
thymus is 2 hours induced by 2.5-10 Gy, which is consistent with flndings in this study. Furthermore, the
‘induction seemed to be dose mdependent from 2 10 Gy of radiation. Although no signs of apoptosrs were
observed below 2 Gy, there was also no obvious increase in .apoptosis as the dose increased from 2-10
‘Gy. This observation may simply indicate the insensitivity of the gel electrophoresis method which is'not

a quantitative assay for apoptosis..

Experiments with terminal deoxynucleotidyl transferase-indicated that little end—iabelling occurred in cells
of testis either 4 .hours after 10 Gy, or 24 hours after 15 Gy (Fig. ‘26).' This result supports the gel
electrophoresis and histological studies indicating that aooptoticcells are not produced in this tissue.
However, in spleen, end-labelling . was produced in a ‘significant proport_ion 'of the irradiated cells. The . .
discrimination between labelled and unlabelled cells was however more difficult inthis tissue,lindicating that
the number of fragmenits per cell was smaller, and therefore presuma_bly the siie ‘of DNA fragments was
larger (Fig. 27).. .Hovvever, at 4 hours after 10 Gy,'when ladders could be visualized using gel
eiectrophoresis, some cells with smaller fragments were clearly presentv(Fig. 27c). The high background -

labelling seen in spleen (Fig. 27d) reduces the.reliability of these data.

4.4. Nicotinamide has multifunctions as a radiosensitizer in vivo

‘Nicotinamide was shown to inhibit SSBA. rejoining in murine tissu'es.and SCCt/II tUmours Previous results
showed that the enhancement ratio (ER) for radiosensmzation is higher in tumours than in normal tissues,
suggesting that tumours are more responsive to nicotinamide than normal tissues. Usmg 1000 mg/kg of
nicotinamide one hour before irradiation, Horsman (1989b) found the ‘ER was 1.4-1.7 for EMT6 tumours,
1.5-1.6 for Lewis Iung tumours and 1.2-1.6 for SCCVIl tumours. But the ER for smail intestine, skin and
testis was only around 1.1-1.2. Similar results were also obtained by Kjellen et aI.> (1991) and Ono et a|.'
(1993). Sucha difference in ERis more likely caused by tissue oxygenation status rather t‘han by inhibition
of DNA repair, since these tumours are known to contain a high hypoxw fraction (Denekamp 1983 Olive ,
and Durand 1992). Nicotinamide at 250 mg/kg had the same effect as 1000 mg/kg in increasing SCCVII

tumour killing by radiation (Chaplin et al. 1993). However, lower: doses of nicotinamide do not seem to
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inhibit DNA repair (Fig 20). It is important to note that inhibition of repair of SSB rejoining by nicotinamide
is not'the result of a subset of cells whrch do not rejoin damage Using the comet assay, it was pOSSIble

to conclude that all cells of the damaged tissues rejoined breaks more slowly after nicotinamide treatment.

Nicotinamide has been found to reduce the frequency of opening and closing of tumour blood vessels when
given one hour prior to radiation (.Chaplin et al. 1990, Hirst et al.1995). This is believed to be caused by )
a reduced interstitial fluid pressure in tumours (Lee et al. 1992) secondary to the effect, of redu'ced flow
resistance and vessel constrictions:after drug ‘admi‘nistration (Hirst et al. 1995). tl_ncrease,d biood f!ow,and
tumour perfusion have also been observed 'using laser Doppler flowmetry .after ,)250-'500l mg/kg of
nicotinamide, and the increase vvas dose-dependent iHiII'and, Chaplin 1995). ‘The increase in blood flow
and reduction in arterial blood pressure begin‘s20 minutes after an injection of 500 mg/kg (Kelleher and '
Vaupel 1994b). The physiological basis for‘these .changes is considered to include the effect of NAD* in
addition to the effects of nicotinamide itseifi. NAD" is the major metabolite of nicotinamide and acts as the
coenzyme for many irnportant dehydrogenases. The resultant increase in Iactate rmay also contribute to

the increase in tumour blood flow.

In tumours, nicotinamide appears to act as a radiosensitizer primarily by improving tumour oxygenation. .

_ Although nicotinamide .has-consistentiy ‘been shown to increase tumour bIood’ flovv, it is curious that o
co‘nfli'cting results have been'obsevrv"_ed' concerning the improvement of oxygenation status measured using

O)tygen electrodes (Kelleher and _Vaulpel'1994b, Lee_and Sbng i992). This difference may be‘caused by |

the insensitivity of the oxygen eIectrode to small changes in oxygen tension, o.r by changes in thefoxygen
consumption by the tumour ceIIs In the latter case, the increase in oxygen tension WI|| not be detected
when the supply is below a saturation IeveI Butin Lee and Song s study, both of the murine- tumours and
three xenografted human tumours: showed a Significant increase 'in oxygen tension after nicotinamide
treatment One suggestion for the inability of some investigators to observe increases in tumour oxygen
tension is that nicotinamide induces changes at the microregional level which cannot be detected usmg the
oxygen electrode. Because the comet assay detects the effect of hypOXia in indiVidual cells microregional'

changes can be readily detected.» DNA damage histograms on Fig. 19 clearly show that the fraction -of
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hypoxic cells was reduced in the tumours pretreated with nicOtinamide. "The hypoxic fraction fell from‘ o o

18.4% for control to 4.4% in tumours injected with 200 mg/kg nicotinamide prior to radiation, and was

further decreased to 2.4% in"mic‘e\treated with 800 mg/kg (Table 4). In fact, reoxygenation by 200 mg/kg

was almost as large as that produced by-800 mg/kg. -

3

‘ As for the case of testes, it. seems that the whole cell- populatlon had an increased Ievel of- oxygenatlon o
after nicotlnamide admxmstratron Results in Flg 15 and 16 showed no hypoxw fraction comparable to that
seen in SCCVlI tumours. This effect was probably due to the increased blood flow 'and therefore the

- increased oxygen SUppIy to testis indicated by nicotinamide.'

In the study by Price et al. (1995), an increase in oxygen tension was' seen i‘n cells interrnediate in hypoxia »
" but no alleviation was seen in the severely hypoxic cells "(poz %2 mmHg). Cell survival‘ studies using

- SCCVIl tumours also support this result 'since those cells closest to'the blood vessels shovyed the greatest
‘ increase in radiation sensitivity following nicotinarnide (Fig 31) This may actually reflect the mechanism

of drug action srnce severely hypoxrc celIs are more likely to be chronically hypoxrc ceIIs distant from bIood v

vesseis These cells may stlll remain hypoxrc even |f blood row |mproves and interstitial fluid pressure

. declines if they remain beyond the limit for oxygen difoS|on It has been suggested that chronic hypoxia

can be alleviated by supplying oxygen gas at high tenS|on to increase oxygen diffusion to regions distant

from the bIood supply. Nicotinamide appears to reduce perfusron Iimited (acute) hypOX|a s0 that the

' - combination of the two has been proposed to overcome the two types of hypoxra in treatment of tumours - -
ARCON (accelerated radiotherapy W|th carbogen and nicotinamide) (Rojas, 1992) " But in the SCCVIl -

* tumour studied here this combination did not reduce the hypOX|c fraction of below the value obtained when
800 mg/kg nicotlnamlde was used alone (Table 4) The S|gn|f|cant benefit from nlcotinamlde alone may -

have prevent_ed detection ot any additional effect of carbogen. The SCCYII tumour is known to contain a
significant proportion',of acutely hypoxic. tumour cells (t)haplin et al; 1987) ,,Sorne fIUctuations may stilli
remain in some of the blood vessels following nicotinamide, e:g. g%'as detected by)TChapIin et al. |n a S
fibrosarcoma _(1990'). While carbogen may not enhance the oxygenation status when }high.er’dos/es of., :

. nicotinamide (such as 800 mg/kg) are given as seen in this study, 'it was found to be effective, with the =
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combination of Iower doses (100-200 mg/kg) of nicotinamide: a further decrease in surviving fraction and
increase in micronucleue freqeency were obtained (Ono et ai.1 993). The combination with 506 mg/kg also
ehowed an increase in tumour control when onyen tension was increased flrom. 21% to 95% (Kje.llen et
ai. 1991). A plateau fer radiosensitization was foune when nicotihamide dose was increased further, which

evidently supports the above explanation. . v )

When the initial- level Vof DNA damege is examihed im‘mediirat'ely after irradiation, nicetinamide appears to
be most effecth)e in enhancing damage in tumour and in testis, the two h‘ypO).(ic tissues. If oxygenationvin
these tissues .is improved by‘ n.icotinamide, DNA damage by radiation must increaee. But when DNA repair
inhibition\ is considered, tqmours also show the most inhibition, suggestiné that the therapeutic gain, related
to DNA repair,lis also enhanced -in tumour. Radiation damege to tumours is therefore enhanced in two
Ways: reoxygenation and inhibition of repair. For the SCCVII tumour; the former appears to. be most
important at clinically r,elevant'vdoAses. Results shown in Fig. 31 iedicate that nicotinamide does.hot'enhance
radiation/-induced' cell killing in SCCVII tUrﬁours asphyxiated prior to irradiation. This reeult suggests that
the primary effect of—nic.otinamide on the SCCVII temeur is reoxygen.atien-, not inhibition of repafr. HoWever,
‘it should be rememeered that the in vitro clonogenicity assey used to measure tumour cell survival requires

" excision of the tumour immediately after irradiafion, and this procedure may not have allowed sufficient time

for the full benefit of nicotinamide in inhibiting DNA repair.

In tissues treated with nicotinamide prior to irradiation, the dramatic degree of DNA degradation which
occurred in cells of all tissues 24 hours after treatment was an unexpected observation. A eimilar pattern
of degradation was foqnd in tissuee exposed to X-rays only (Fig. 9, 21), although in this case, damaged
eells.appeared betweetn 48 and 72 hours after irradiation (Fig. 23). Apparently nicotinamide’ was able to
accelerate radiation‘-ind,uced cell death in all tissues, with fhe possible exceptieh‘ of brain. The Iifetime ef
these damaged cells was abo.utv _24 hours. Their appearance inv the comet assay was similar to that
induced by radi.ation e_lene. Furthermore, the numbef of degenerafing celis in a tissue and therefore the
degree of elevation in tail moment for the entire eell populatrion_increesed with both radiation dose and

nicotinamide dose. Even at clinically relevant doses - 2 Gy X-rays and 200 mg/Kg nicotinamide - there was
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still an observable effect (Flg 25) Hlstology showed fom of degeneratmg cells in the ‘White pulp-of spleen
: vand some cells dlsplayed S|gns of apopt03|s W|th condensed chromatm and shrunken cell bodles (Flg 28).
" ‘lnterestlngly, gel electrophoreS|s d|d not |nd|cate nucleosomal Iadders at thls tlme although ladders were
. wsnble in gels 4 hours after |rrad|at|on when apopt03|s could usually be detected |n spleens treated wnth‘
radiation alone. However apoptotlc cells at 24 hours, postlrradlatlon may have represented only a small
proportlon of dying cells The TdT assay showed that a hlgher degree of Iabel was seen in: cells |rrad|ated
4 hours earlier than that-for 24 hours in spleen (F|g 27) No obV|ous morpholog|cal changes typlcal of
apopt03|s or necrOS|s were- observed in tlssue sectlons from festis (Fig. 29) in sprte of the presence of
. extenswe DNA-damage in a S|gn|f|cant proportron of the’ cells Apparently DNA degradatlon in testls is an
early event, while gross cell degradation occurs Iater Certalnly cell death in testls was slower than that
in spleen as measured by decreases in organ welght (F|g 24) Organ welght loss after radlatlon alone
compared to radiation plus nlcotlnamlde was not S|gn|f|cantly drfferent in testis, but was in spleen It is worth
: notlng that the use of enzymes to drsaggregate tumours WI|| probably ensure that these degradlng cells are

lost from anaIyS|s and would therefore not contrlbute to cell survnval results from a tumour exmsnon assay. .

The alkaline comet as.say'has a worlting range from about 50‘breaks per cell to 'about 15, 000 breaks per
cell. Fragmentatlon of DNA to smaller sizes will not be appreC|ated S0 that the heaV|ly damaged cells
: _'observed in tlssues 24 hours after radlatlon and n|cot|nam|de treatment may. be fragmented far beyond :
15 000 SSB per cell (equrvalent to about 400 kb) Knowmg the size of DNA fragments in dy|ng cells can
help to- dlstlngursh apoptotlc cells from necrotlc cells (Ol|ve and Banath 1995b) lNA from most apoptotlc :
cells is fragmented to an- |n|t|al size. of 50- 300 kb and’ eventually reaches sizes of 200 bp in many cell l|nes
The size of DNA fragments in necrotlccellsf is 'often“much larger A method has been developed to size
,fragments in lnd|V|dual apoptotlc or necrotic cells by determlnlng the amount of a crossllnklng agent such.
as nitrogen mustard which. is needed to reduce the ftail moment to some specnfred (but arb|trary) level
:(Ollve and Banath, 1995b). By generatlng a callbratlon ._curve for lonrzmg radlatlon, where the number of*
'breaks induced per Gy is bknown it is possible 'tofconvert the dose of the crossllnki‘ng .agent needed:to
) "|nh|b|t mrgratlon in the damaged populatlon to.an average DNA fragment S|ze (F|g 30). Th|s experlment _

"~ when performed W|th test|s cells obtalned 24 hours after nlcotlnamlde and radlatlon gave a falrly large
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fragment size, 1 35 kb, that could indicate that the damage to‘thes'e cells was more Iikely to be the result

of early necrosis rather than apoptosis.

The 3'-OH end-labelling assay when applied to theee cells confirmed the absence of small DNA fragments |
in heavily damaged cells. Although rnany cells from épleen were Iabelled, they were not' cleaf[y separated
from the rest of th'e eells,,an‘ indication that the 'DNA fragrnent size was large. Furthermore, few pdsitiVe.
testicular cells were observed in this assay, indicating the absence of smaI‘l fragments with 3’-CH enes
which are characteristic of apeptotic cells. DNA fragments from cells dying by necro.sis often do not label

efficiently using this nick'-tra_nslation method (Gorczyca et al. 1993b).

DNA degradation observed in murine tissues and SCCVII tumours 24 hours aﬁer treatment with
nicotinamide anq, radiation seems to be related to inhibition of DNA repair by nicotinamide. ".fhi'sAconcIusion.
" comes from analysis of the aata in Fig. 20 and Fig. 2‘2k: | When lnicotinamid‘e was given after irrad'iation,r
heavily damaged cells were not observed indicating that nicot'inarnic.ie must be present in the ceils before 'I
irradiation to have this effect. Furthermore, no enhanced cell death in brain was observed, just as no DNA
repair inhibition was obeerved in this tissue. Perhaps'the SSB rejoining which occnrs in the‘ presence of
nicotinamide is more error-p_rone andis therefore reep_onsible for the earlier apnearance of cells with heavily

fragmented -DNA. .

- The underlying meehanisn13 for the observedA damage by nicotinamide plue radiation are still.unclear, but -
are likely to be related to the effect of nicotinamide;on the metabolism of poly(ADP-ribose). Synthesis of
the poly(ADP-ribose) pelymer by PARP will deplete celiular NAD* pools and consequently Iowef ATP levels
due to the synthesis of new NAD* molecules. If the energy deprivation is severe, ceIIsrrnay not be able
to cope with the stress and die (Berger 1985). E;ut con‘flictin’g results have: been reported by different .
authors. Depending on the situation and ceII type nlcot|nam|de may inhibit (Manome et al 1993), promote
(Demsenko et al. 1989), or have no effect on apopt03|s (Watson et al. 1995) PARP is also known to be -
mactlvated as an early step in apoptOS|s in some ceII types (N|cholson et aI 1995)." In vlvo,;tlssue NAD*

level and ATP/Pi or ATP/ADP+AMP ratio were found to increase after nicotinamide lnjection‘, but this does
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not- seem to protect cells from damage since inhibition of PARP abrdgates ndrmal repair process.
Therefore, all one can conclude is that inhibition of repair of DNA damage is possibly lethal to some cells

although these cells do not necessarily die by apoptosis. -

Results also indicate that the degradation seen 24 hours. foIIowmg n|cotmam|de and radlatlon in vivo does

“not occur in vitro.- The same treatment of cultured V79 and EMT6 cells d|d not |nduce DNA degradatlon

24 hours after irradiation, although longer times were not examined. This suggests that during the first
24 hours after nicotinamide and irradiation, ‘cells in vivo faced different challenges than those in vitro.

Pharmacokinetic studies showed that the NAD* elevation in énima| tissues and tumours can Iaét as long

as 16 hours after a dose as low as 100 mg/kg nlcotlnam|de This S|tuat|on may not occur ln vitro since - ‘

nicotinamide was removed 1 hour after radiation to m|m|c the in wvo drug ha|f life. NAD+ molecules may '
take: part in cell metabolism via acting as a coenzyme for more than one hundred dehydrogenases.
Therefore, abnormél metabolism may ‘promote the toxié éffects of radiation prodﬁcing thé'earlier
appearance of degenerating cells. This .would not ekpléih, however, why no heavily damaged cells were |

observed 24 hours later in tissues: given nicotinamide after irradiation. Somehow, the-accelerated cell

-death muét be related to inhibition of SSB rejoining. In tumour cells, the 'degree of DNA degradation did

not appear to be as high as in other normal tissues (Fig. 25), possibly due to the rapid “normal” turnover
of cells bordering necrosis in solid tumours (cell loss rates.of up to 90% are not uncommon in'mény‘ solid
tumours). Consistent-with this hypothesis, éell’survival results indicate that it is the tumour cells in better

vascularized areas which are prif_harily sensitized by nic;otinamide'(Fig.}31_a). :
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5. CONCLUSIONS

The comet assay aliows measurement of DNA damage and repair at-the level of individuai cells. This
property can be very valuable in understanding the radiation respons'e of co_mpiex normal tiss.ues which

consist of several different cell types. In- this 'study, six normal tissues of C3H mice and S-CCV.II tumours
| were studied for their response to ionizing radiation as measured using the comet assay. To return to the
initial questions and hypotheses in Section. 1.1, some answ'ers_ can now be provided. In agreement with
previous studies, the number of SSB induced in cells from various tissues irradiated on ice was found to
- be independent of both cell type and state of oelidifferentiation.: The only exception was'_ elongated
spermatids which could not be adequately evaluated withthe comet assay. However, for tissues from mice
irradiated in Vivo, important differences in.the dose-response reIationships Were observed. Because of the
_ repair which- unavondably occurs durrng |rrad|at|on the level of DNA SSB per Gy produced in vivo was
always lower than SSB .produced in- v:tro Differences between the in vitro and in vivo dose response
curves were primarily the result of differences in tissue oxygenatlon and repalr capacity. While a separate
hypoxic fraction was not present in testls as it was in tumours, several results indicate that testis oells are
intermediate in oxygenation with the tetraploid cells of the testis appearing more hypoxic than other cell
types. The first two working hypothesis have therefore been,conﬁrmed by these results, since heterogeneity

in initial SSB induction was mainly found in tumour and testis and was the result of tissue hypoxia.

As oroposed in initial hypothesis #3, SSB rejoining capacity appeared to be influenced by the state of cell
differentiation, a conclusion which is consistent with previous studies. Terminally differentiated neurons
were siovirést to rejoin SSB, although reduced repair enzyme'activity in these cells cannot be exciuded as
a factor oontributing to slow repair. Con,versel'y, rapidly proliferating tumour cells rejoined breaks faster than
.most normal tissues. Radiation-induced apopt03|s may also be influenced to some extent by the state of
cell dlfferentlatlon since the occurrence of apopt03|s also’appeared to be conS|stent with differentiation
status, Furthermore, apoptosis appeared to occur{ to a maX|rnum extent at a time when most of the SSB
had‘been rejoined (e.g.', 4-8 hours after irradiation).Ceiis are destined to die if they can not repair radiation

damage, but they must also retain the sign‘alling pathways leading to apoptosis. ‘
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-Nicotinamide administration led to reoxygenation of ‘hypoxic cells of SC_CVII"mu‘rinetu'mdtJrs, even when

administered at relatively low drug doses. Nicotinamide also 'pro'moted reoxygenation of testis cells
confirming studies suggesting that blood ro'w‘ may be inadequate in -this tissue. An observation made
“previously using cultured cells was confirmed to occur in vivo: niéotin_amide at doses of 500‘mg/kg or

g‘reater significantly inhibited SSB rejoining in tumours and all normal tissues with the exception of brain.

In addition, administration of nicotinamide led to an apparent -accelerat_ion of radiation-induced DNA

degradation, an effect whichlwas dependent on dose of both X-rays and nicotinamide. . Interestingly,
nicotinamide given after irradiation did not promote' cell deatti suggesting a'tink betwéeti inhibition of SSB
rejoining and appearance of extensively damagtad cells. Histology, nick-trarislatio.n and gel electrophoresis
experiments support the conclusion that necrosis, not apoptdsis, is 6¢curring after 24 hours as a result of
radiation damage to these tissues. In spite of these dramatic étfects on DNA repair and degradation,
clonogenic studies in SCCVII tumours indicate that the ability of nicotinamide to promote reoxygenation of

tumours is still the dominant mechanism of radiosensitization by this drug.

Further studies are needed to clarify the‘.importanc.e of PARP in the effects of nicotinamide in vivo..'To

determine whether inhibition of SSB rejoining can actually promote cell killing, other inhibitor’s of different

N

repair enzymes should also be studied. It is clear from the clonogenicity results for SCCVIl' tumors that -

applying a functional assay of cell response is,critical since inhibition of SSB rejdininQ does not ne\cessarily
equate with an increaée in cell Killing.. EXpeiiménts similar to those ptariormed here, but‘u.sirig the PARP
‘knockout mice, could be most inforrriative. Moreover, while iohizing radiatiort has been shoWn in.this study
to produce a relatively homogeneous responée_in atll cells of complex tissues, both in te-rr.ns ot initial SSB
and rejoining of SSB, a similar pattern of damage is not likely to occur with other genotOxic agents where

questions of drug delivery, activation and detoxification become relevant.
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