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ABSTRACT

The introduction to this thesis consists of a review of
current concepts regarding the effects of ultravioclet radiation on
living cells. Emphasis is placed on near-ultraviolet radiation
properties and the marked influence of oxygen on its effects. In
particular, the possible generation of reactive oxygen species
together with their toxicity is discussed. This is followed by a
brief review of cellular antioxidant systems to defend the damage
and a detailed description of the properties and actions of vitamin
E. Actinic reticuloid, a disease condition for which a
near-ul traviolet radiation cellular sensitivity has been proposed as
an underlying cause, is described. !

Chapter 2 1lists the materials and methods basic to cell
cul ture procedures and the irradiation procedures used in succeeding
chapters.

The experimental work, the broad aim of which is to expand
existing knowledge of the effects of near-ultraviolet radiation that
may lead to cell lethality has centred upon the irradiation of a
normal human skin fibroblast strain, GM730, and a strain derived
from an actinic reticuloid patient, AR6LO. It is presented in five
parts.

Part 1 examines the effect of the irradiation temperature on
the normal human fibroblast sensitivity to specific ultraviolet
wavelengths. Part 2 describes the sensitivity of actinic reticuloid

fibroblasts to a range of ultraviolet wavelengths under controlled



conditions of irradiation. The next two sections include
observations on the protective effect of Trolox-C, a vitamin E
analogue and the sensitization resulting by the replacement of the
irradiation medium by a deuterated one, using both normal and
actinic reticuloid fibroblasts. The final part examines broad-band
near- and far-ultraviolet radiation-induced membrane damage by the
use of radiocactively labelled rubidium as a potassium anal ogue.

The data obtained in each section have been discussed in the
context of current published concepts regarding near-ultraviolet

radiation-induced mechanisms of lethality.
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1. ORIGINS OF PRESENT WORK

Living cells are exposed to numerous physical and chemical
stresses throughout their life and sunlight has lgng been recognized
as one of them. In order to retain their integrity, cells have
evolved methods of preventing or combating potentially damaging
effects occurring as a result of exposure to sunlight. These
include physical screening of the radiation by a cell wall or
membrane, quenching of deleterious photoproducts and means of
repairing essential cellular components such as DNA,

Initial studies to elucidate the damaging effects of sunlight
and the cellular protective mechanisms originally used artificial
sources emitting principally 254 mm wavelength and simple cells such
as bacteria. The choice of wavelength was due to the fact that it
produced marked biological effects and could be easily generated as
a strong emission line of low pressure mercury vapour lamps. The
choice of cell type studied was due to its uncomplicated structure
and the ease of its manipulation. Much was learnt about the nature
of damage clearly implicating DNA as the primary target. Enzymatiec
repair systems were identified which acted on ndn-replicating DNA,
such as photoreactivation and excision repair, or on replicafing
DNA, such as postreplication repair. The use of bacterial mutants
lacking in one or more repair processes greatly advanced the
elucidation of mechanisms leading to lethality and the

identification of lethal lesions formed by 254 mm-irradiation.



Later work expanded to include longer wavelengths (2§0-300 rm)
which are more relevant biologically since a layer of ozone in the
upper atmosphere shields the earth from wavelengths shorter than 290
m. It was realized that the mechanisms of damage initiated by
monochromatic or polychromatic bands of longer wavelengths were
different to those resulting from 254 m - irradiation. In
particular, the importance of oxygen became apparent and cellular
components in addition to DNA were examined as potential targets of
the radiation.

The uncertainties arising as a result of the new proposals
were more pronounced in the case of the more advanced cell types
studied, such as mammalian cells. Studies with mammalian cells
could benefit from the use of cell strains specifically sensitive to
irradiation in a manner analogous to the use of bacterial mutants.
Indeed, research into the genetic condition xeroderma pigmentosum,
characterized by a marked predisposition of patients to develop skin
cancers after exposure to sunlight, supported a 1link between an
increase in DNA 1lesions and tumourigenicity. The most effective
wavelength to bring about these particular DNA lesions was found to
be 254 mm.

An analogous model to serve as a probe in the damaging effects
of longer wavelength radiation would be of value, and this study was
designed to investigate near-ultraviolet-induced damage using a
mammal ian cell line with suspected sensitivity specifically at these
wavelengths, Before describing details of the origin of this cell
line, the nature of ultraviolet radiation and oxygen toxicity as two
major environmental stresses will be discussed. Their impact upon

the living cell and the cellular defense systems devised to protect
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against their damaging effects will be examined in detail, with
emphasis on the longer ultraviolet radiations which are present in
our envirorment. Since the cell type studied in the experimental
section will be the skin fibroblast, an effort will be made to view
it in relation to its function as part of the human physical screen
to ultraviolet radiation i.e. the human skin. . Finally, actinic
reticuloid, a disease condition characterized by skin sensitivity of
patients to solar-ultraviolet radiations, will be described, since
investigations into the sensitivity of skin fibroblasts from such a

patient will be presented in the experimental section.

2. UV RADIATION EFFECTS ON CELLS

2.1.1 Electromagnetic Spectrum

The radiant energy which originates from continuous
thermonuclear reactions in the sun's core is called electromagnetic
because. it is in the form of oscillating electric and magnetic
fields. It exhibits ©both wave-like (oscillating field) and
particle-like (discrete packet) properties. These discrete packets
or quanta of energy are called photons,

The relationship between the energy and the wavelength of
radiations is given by the following expression:

E=hxe
A

where E=zenergy of the quantum in Joules

h=Flanck's constant (6.624% x 107" Js)

10

c=velocity of light (3 x 10 cm 3-1)

):wavelength inocom



The energy of a quantum (or photon) is, therefore, inversely

proportional to the wavelength of the radiation.

2.1.2 Solar Spectrum

In discussing the properties and characteristics of the
ul traviolet (UV) spectrum which represents only a small.portion of
the whole electromagnetic spectrum, it is convenient to distinguish
between the regions which have distinet physical and biological
properties.

The following breakdown of the UV spectrum is widely accepted
and the nomenclature which will be used throughout this work is

Far UV - for radiations of wavelengths between 190 and 290 mm

which are the most energetic

Mid OV - for radiations of wavelengths between 290 and 320 rm

Near UV - for radiations of waveleﬁgths longer than 320 nm up

to the visible region (400rm)
An alternative nomenclature of UV-C, UV-B, and UV-A is also used in
the literature for the corresponding regions.

When considering the effects of sunlight in relation to
carcinogenesis or photosensitive conditions, it is important to
examine the effects of environmentally relevant wavelengths. Only
mid UV and near UV can be considered as such, since a layer of ozone
in the upper atmosphere shields the surface of the earth of all
radiations‘ below 290 mm. Figure 1 depicts the current solar
radiation at the earth's surface. The term solar UV is thus coined
to refer collectively to wavelengths longer than 290 nm up to the

visible region.
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Figure 1. Action spectrum (approximate) for the induction of erythema in human
skin, and average intensity of sunlight at the earth's surface. The figure also
depicts the ranges of various UV-regions (from Jagger, 1985).



"The distinction between mid UV and near UV is less clear.
Mid UV is a region of transition, consisting of wavelengths with
sufficient energy to interact directly with the DNA. Even though
the relative amount of sunlight in this region is low and the
absorption of DNA poor, mid-UV is responsible for most deleterious
effects of sunlight on humans such as sunburn (Fig. 1) and skin
cancer, It is not clear whether the mechanisms of action of mid-UV
radiation on biological systems are a mixture of far- and near-UV
effects or whether these wavelengths have properties of their own.

This work will be mainly concerned with near-UV light which has
relatively recently received attention as having properties distinct
from far-UV wavelengths. Near UV is a major component of solar UV
and results in multiple biological effeéts through interactions with

several cellular components, details of which remain enigmatic.

2.2 Photobiological Response of Cells to UV Radiation

Although solar-UV radiation effects on human cells are of most
interest when considering the potential enyironmental hazard
presented by sunlight to human beings, most of the research
originally centered on the biological effects of 254 mm wavelength
on bacterial cells. When some of the basic effects of far-UV
radiation on bacterial cells became elucidated and the interest
shifted to the effects of longer wavelengths, inevitably questions
regarding the similarity in the mechanisms of inactivation by
wavelengths in the two spectral regions, in terms of lethal target
and resultant lesions, arose. Simple comparisons between the
effects of far-UV and near-UV radiation formed the basis of further

investigations. Hollaender was the first to publish such
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comparisons on E. coli cells in 1943. He found that 10”-105 more

energy of near-UV radiation (primarily 365 mm) was required to

induce the same killing as the shorter wavelengths. This

has since been confirmed using
monochromatic wavelengths both in bacterial .(Webb, 1977) and in
human cells (Keyse et al., 1983). Hollaender also reported that
survival curves in the near-UV region exhibited much 1larger
shoulders, a finding also confirmed by monochromatic wavelength
irradiation of bacterial (Webb, 1977) and mammalian (Keyse et al.,
1983) cells. The sensitivity of near-UV irradiated cells to
physiological saline observed by Hollaender formed the basis of
investigations into the membrane effects of near-UV radiation (Moss
and Smith, 1981; Kelland et al., 1983a, b). Hollaender was also the
first to report a temperature dependence of near-UV-induced
lethality, an observation which forms part of this work.

Another feature specific to near-UV radiation biological
effects is a strong dependence on oxygen, studied both in relation
to cell killing in bacteria (Webb and Lorenz, 1970), mammalian cells
(Danpure and Tyrrell, 1976) and in relation to the induction of
possible lethal lesions, as will be discussed later,

Webb and Brown (1979) investigated oxygen dependence in an E.
coli strain lacking the ability to repair DNA by the excision
pathway and found that for wavelengths 1longer than 320 mm, cell
inactivation was more effective under aerobic than under anaerobic
conditions. Danpuré and Tyrrell (1976) in a similar study using
V=79 Chinese Hamster cells and HeLa cells, showed increased cell

sensitivity when the cell suspension was bubbled with air as opposed
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to nitrogen. They measured a ratio of doses (anaerobic/aerobice) to
give a surviving fraction of 0.8, as 3.5 for Chinese Hamster V-79
cells and 2.9 for HelLa cells. They concluded that although this
oxygen dependence could be a reflection of both damage to DNA repair
processes and the induction of an oxygen dependent class of lesions
in DNA, nothing precluded that instead of a genetic effect there

might be damage to the cellular oxidative metabolism.

2.2.1 Energy absorption considerations and eh:omoghorég

In order that any intracellular photochemical reaction can
take place, radiation must first be absorbed by a molecule or a
group of molecules called a chromophore.

The far UV represents a region in which proteins and nucleic
acids effectively absorb the incident radiation. Figure 2 shows the
absorption spectrum of E. coli DNA (Sutherland and Griffin, 1981)
which is due to the absorption of the individual nucleotides, such
as the thymidine absorbance depicted on the graph (Webb and Brown,
1979). Since DNA absorbs radiations up to 320 rm, DNA is considered
to be the major chromophore in the far- and mid-UV region for cell
killing.

Above 320 mm, as can be seen in Fig. 2, the nucleotides like
thymidine, show very little absorption. .Absorbance_of DNA measured
by procedures that subtract contributions due to light scattering
(Sutherland and Griffin, 1981), is observed out as far as 360 mm,
but is very low, and it is not clear how it can take place, It is,
therefore, doubtful whether DNA can absorb long wavelength radiation
directly. Furthermore, the strong oxygen dependence for near-UV

effects suggests that perhaps some other chromophore(s) absorbs the
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Figure 2. Action spectra for killing of stationary-phase E. colL
WP2s uvrA irradiated at 25°C in the presence (°*) and absence (O) of
oxygen (Webb and Brown, 1979)* Also shown are the absorption spectra

of thymidine in M) buffer at pH 7(+) (Webb and Brown, 1979) and of E.
coli DNA (Sutherland and Griffin, 1981).



radiation and in the presence of oxygen transfers its energy to DNA
(photodynamic action). This proposal is justified by looking at
action spectra such as that composed by Webb and Brown (1979) for E.
coli inactivation under aerobic and anaerobic conditions (Fig. 2).
There, apart from noting how aerobic killing deviates from that
under anaerobic conditions at wavelengths greater than 320 mm, it
can also be seen that the action spectrum for aerobic killing shows
much more detail and significant plateaux at 340, 365, 410 and 500
m,

Such evidence has led to the proposal that killing by near-UV
radiation is comprised of two modes (Jagger, 1985). These are (1)
anaerobic killing which may be due to direct DNA absorption and
shows 1little efficiency for the production of photoproducts
(Sutherland and Griffin, 1981) and (2) aerobic killing which is
probably due to the absorptidn of other molecules, bound to DNA,
that produce photoproducts through photodynamic action that requires
oxygen. However, absorption need not only take place in molecules
bound to the DNA. Several compounds with conjugated double bonds
present in the respiratory chain, in membranes and in vitamins, such
as porphyrins, flavins, quinones and cytochromes, absorb well in the
near-UV region and have been suggested as potential chromophores.

The group which belongs to the electron transport chains of
mitochondria and bacteria includes porphyrins, flavins and quinones.
The porphyrins absorb light strongly in the 350-430 mm range, but do
not seem to become inmactivated unless very high fluences are used.
Riboflavin absorbs at 375 and 450 mm and has been shown to cause
photosensitized oxidation of tryptophan and tyrosine as a result of

black-light irradiation of tissue-culture medium (Stoein and Wang,
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19714) a reaction which could also occur intracellularly. Amongst
the quinones, naphthoquinone vitamin K1 has an absorption maximum at
334 m and is extremely sensitive to near-UV light (Jagger, 1983) so
it is regarded as a potential chromophore. Bilirubin which 1is
related in structure to the porphyrins, absorbs maximally at 450 mm
and its presence has been shown to increase. single~strand break
production in human fibroblasts (Rosenstein et al., 1983).

Other molecules considered as possible chromophores of near-UV
light include compounds related to nucleic acids such as the base
J-thiouridine (uSrd) that extends the absorption of tRNA into the
near-UV region, with a peak at 340 mm. The presence of this base in
a solution of bacterial DNA in phosphate buffer resulted in a
ten—f&ld increase in the number of single-strand breaks produced by
334 m (Peak et al., 1984). Absorption at 360 mm by protein B2, a
non-heme iron-containing protein, present in the ribonucleoside
diphosphate reductase (RDP reductase) complex, is thought
responsible for the inactivation of the complex and the killing of
exponentially growing E. coli by near-UV radiation (Peters, 1977).
The coenzyme pyridoxal phosphate also absorbs strongly throughout
the near-UV region with peaks at 325 and 388 mm, but the biological
consequences of the absorption are not clear. Another co=factor
nicotinamide adenine dinucleoside in its reduced form (NADH), has an
absorption peak at 340 mm and has been implicated in the production
of the superoxide ion in an in vitro system (Cunningham et al.,
1985)

The conclusions that can be drawn from the above studies are
that the diverse actions and locations of the compounds mentioned

make it 1ikely that different chromophores are responsible for
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different biological effects of near-UV radiation in a particular
cell. Additionally different chromophores may be involved in
different cell types. For example, uSrd and protein B2 of
ribonucleoside diphosphate reductase might account for the 340 and
410 m plateau of the E. ggli action spectra whereas in the spectra
of mammal ian cells these plateaux do not existf Simil arly, action
spectra for effects such as single-strand break induction in
mammal ian cells show shoulders in the near-UV region that do not
exist in bacterial cells, suggesting chromophores unique to

mammal ian cells (riboflavin).

2.2.2 DNA as a Target of UV Radiation

DNA has a unique role in the cell carrying the genetic
information, and damage to DNA is expected to be of overwhelming
importance regarding cell lefhality. Evidence that DNA 1is the
molecular target for a particular effect is often sought in
comparisons between the action spectrum for the effect and the
absorption spectrum of DNA. Such a spectrum for cell lethality in
different cell types is shown in Fig. 3. Datalfor pyrimidine dimer
formation, a DNA lesion, is also included for later discussion.

It can be seen that up to 313 nm there is a relatively good
correlation between action spectra for 1lethality and the DNA
absorption spectrum, although two differences are apparent: For
wavelengths 270-290 mm there is enhanced sensitivity for killing of
mammal ian oumd %vcs- * cells relative to the absorption spectrum.
In contrast, above 300 mu the absorption spectrum has a relatively
higher value. Sutherland and Griffin (1981) suggested that the

heterogeneous nature of DNA and the fact that photons absorbed by
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different bases may have different probabilites of giving rise to
photoproducts could account for the differences observed betweenv
absorption and action spectra and should not establish the
significant involvement of other molecules as targets for cell
killing. For example, absorption above 300 mm is dominated by
regions of DNA rich in guanine-cytosine, and guanine is 1less likely
to give rise to photoproducts. It is important to note that action
speectra do not differentiate between the relative contribution of
DNA and RNA to effects such as lethality and dimer formation. Only
after consideration of its unique role, as a carrier of genetic
information, can DNA be regarded as more important and can be
assumed to be the major target for the induction of 1lethality by
radiations up to 320 mm.

For wavelengths greater than 320 rm where direct absorption by
DNA becomes minimal but still possible, different criteria serve as
evidence that damage to DNA continues to be important. Transforming
DNA has been inmactivated by wavelAengths up to 460 m (Cabrera-Juirez
et al., 1976; Peak et al., 1973) showing that it can be a target for
near-UV bilological effects. However, the protective effect of
histidine and the lack of photoreactivation at wavelengths greater
than 320 mm, (Cabrera-Juirez et al., 1976) indicate that the
mechanism of lethality and the lethal lesions produced are different
in the far-~ and near-UV regions. A number of studies have been done
on the modification of sensitivityvof transforming DNA by agents
such as glycerol, diazobicyclooctane (DABCO),
2-aminoethylisothiouronium bromide hydrobromide (AET) (Peak and
Peak, 1980; Peak et al., 1981; Peak and Peak, 1975). Their finding

has been that cell survival is also altered in a similar way and
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they regard DNA inactivation as important for the induction of
lethality. A similar conclusion is reached by Webb et al., 1976)
who found increased sensitivity to near-UV irradiation of a strain
completely deficient in dark repair (E. coli K-12 AB2480 _uvrA rech)
relative to the wild type. Additional evidence came from the
sensitization of wild-type E. coli to near-UV irradiation when
inhibitors of repair of far-UV damage in DNA, such as acriflavine,
were used (Peak, 1970; Webb and Brown, 1976).

The conclusion from the above studies is that DNA is the
primary 1lethal target in the far-UV region. 1In the near-UV region,
DNA damage may contribute to 1lethality but as a result of a
different type of damage than that produced by shorter wavelengths.
As further evidence will support, non-DNA damage may also contribute

to lethality in the near-UV region.

2.2.3 Lethal Lesions in the DNA

Pyrimidine dimers

It is quite well established by now that lethality from far-UV
radiations is due to damage in the DNA and in particular due to the
formation of pyrimidine dimers. These dimers are produced between
adjacent pyrimidines in the same strand of a DNA molecule, and they
involve the creation of new covalent bonds between the two
5-positions and the two 6-positions of these adjacent pyrimidines,
resulting in a cyclobutane ring. The pyrimidine dimer is a very
stable photoproduct but its formation can be reversed by a 1light
catalysed enzymatic process called photoreactivation. The

alteration of cell survival as a result of photoreactivation can be
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taken as indicative that pyrimidine dimers are a lesion that results
in lethality.

As shown in Fig. 3, action spectra for pyrimidine dimer
formation are in very good agreement with action spectra for
cellular inactivation in mammalian (Rothman and Setlow, 1979; Kantor
et al.,1980; Doniger et 2al., 1981) and frog cells (Rosenstein and
Setlow, 1980) as well as with the absorption spectrum of human DNA
(Sutherland and Griffin, 1981) for wavelengths up to 313 nm. This
finding has strongly implicated DNA as the critical target for this
spectral region and pyrimidine dimers as the lethal lesion formed.

Studies using wavelengths longer than 313 nm and in
particular, broad-band solar UV, have been more controversial
regarding the importance of pyrimidine dimer formation, especially
in mammalian cells. In Dbacterial cells, the use of
photoreactivation as a means of indicating the contribution of
pyrimidine dimers to cell lethality has ruled out the possibility
that these may be a lethal near-UV radiation lesion. Most bacterial
strains irradiated under normal conditions (1qw fluence rate, room
temperature, air) show 1lack of photoreactivability (Jagger, 1983).
Similarly, transforming DNA is not photoreactivated following
near-UV irradiation (Cabrera-Juérez et al., 1976). In mammal ian
cells, the use of this method to assess the importance of pyrimidine
dimers is not possible since most commonly used cell types have not
been shown to use photoreactivation repair effectively. A
different approach to this question has been to investigate whether
near-UV irradiation results in inactivation which follows kinetics
consistent with a dimer-caused mechanism, Al though the presence of

a constant dose modification factor obtained between 254 mm and
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near-UV monochromatic or broad-band wavelengths has been used as an
argument that the mechanism of near-UV killing is similar to that of
far-UV, i.e. through pyrimidine dimer formation, this is not
correct. On the contrary the absence of such a correlation suggests
the involvement of other mechanisms in the near-UV induced cell
killing.

Unfortunately, this comparison has been complicated by the use
of polychromatic sources such as fluorescent sun lamps (FSL) which
emit very significantly in the mid-UV region and in which
syrergistic effects between different wavelengths are possible.
Therefore, although a constant dose modification factor has been
reported for cultured goldfish cells (Shima and Setlow, 19814) and
human fibroblasts (Kantor+ Seile., 1980; Patton et al., 1984) when
the effects of 254 mm and FSL were compared, this could be due to
the contribution of shorter wavelengths present in the FSL. Support
far this suggestion comes from the studies of Shima and Setlow
(184) and Rosenstein (1984). Using goldfish cells which possess
photoreactivating enzyme, the first study showed that both 254 mm
and FSL-induced dimers were reversed, if photoreactivated, and dimer
reversal was paralleled by a reduction in cell killing. However, if
progressive filtering of the radiant energy to remove increasing
segments of the spectral region below 320 nm was done, as in the
second study, a progressive decline in the photoreactivable sector
was obtained. A similar conclusion was reached by Zelle et al.
(1980) who used filters to separate the effects of mid UV and near
UV at 320 mm and found lethality per dimer to be lowest after far-UV
irradiation and highest after near-UV irradiation in Chinese hamster

cells,
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These results show that while dimers are critical
photoproducts in cells exposed to far-UV radiation, at longer
wavelengths non-dimer photoproducts are also involved and their
contribution to cell killing becomes important.

Studies using monochromatic light also agree that the number
of pyrimidine dimers induced in cellular DNA by near-UV 1light of
wavelength greater than 320 mm is not sufficient to account for cell
killing, and a different lesion must be involved (Smith and
Paterson, 1982; Keyse et al., 1983; Wells and Han, 1984). Han et al.
(1984) estimated that, in Chinese Hamster cells, pyrimidine dimer
formation (measured as endonuclease sensitive sites) following 365

mm irradiation was 4.3 per 2 x 108 daltons compared to 30.3 sites

per 2 x 108 daltons formed by 254 mm, No detectable endonuclease

sites were induced following 405 mm irradiation.

e~-Stra reaks (ss

A DNA lesion which occurs with greater frequency relative to
pyrimidine dimers at 1longer wavelengths is single-strand break
formation (Tyrrell et al., 1974). In E. coli the number of dimers
induced for each ssb was measured as 800, 21, 1.8 and <0.1 following
irradiation wibth 254, 313, 365 and 405 mm, respectively (Webb,
1977). In mammalian cells, Han et al. (1984) noted a similar
increase in ssb frequency at longer wavelengths. They measured 1,
11.3, and 13.3 single-strand breaks per 2x108 daltons in Chinese
hamster cells following doses of 254, 365 and 405 mm which resulted
in approximately 10 per cent survival.

Action spectra for DNA single-strand break induction have been

obtained by Peak and Peak (1982) for B. subtilis in the 254-434 m
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range and by Rosenstein and Ducore (1983) for normal human
fibroblasts in the 240-546 nm range. Both action spectra are
similar to each other and to the normalized DNA absorption spectrum
(Fig. 4) in the far-UV region, but in the near-UV two significant
differences are apparent: Although both action spectra have a peak
at 265 mm, the bacterial action spectrum shows a. distinet break at
334 m producing a shoulder in the near UV whereas the human cell
action spectrum has a more subtle decrease in slope from 313 to 405
rm and a second peak; three orders of magnitude smaller, at 450 mm.
This part is similar to the normalized absorption spectrum for
riboflavin or bilirubin. Rosenstein et al., (1983) showed that
exogenously added bilirubin greatly enhanced near-UV-induced DNA
single-strand breaks in human fibroblasts. Irradiated bilirubin
also induced DNA single-strand breaks in the dark, and this effect
was eliminated if the irradiated bilirubin was first incubated with
catalase. Together with the action spectrum data (Fig. U4) this
suggests that the ssb formation at 400 mm is due to hydrogen
peroxide production by endogenous bilirubin. This effect is largely
eliminated by incubation of the cells in complete medium for 30 min
at 37°C (Rosenstein and Ducore, 1984).

In bacterial cells, ssb can also be eff‘eetively‘repaired by
the DNA polymerase function (Ley et al., 1978). Evidence for the
importance of unrepaired ssb as contributors to lethality comes from
comparisons of whether agents that modify ssb induction alter cell
survival in a similar way. Oxygen, which sensitizes both bacterial
and mammalian cells (Webb and Lorenz, 1970; Danpure and Tyrrell,
1976) and transforming DNA (Peak et al., 1981) to imactivation, also

increases ssb induction by 365 rm (Tyrrell et al., 1974; Peak and
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Peak, 1982). Glycerol, DABCO, AET and histidine which protect
against ssb induction by 365 mm (Peak and Peak, 1982; Tyrrell et
al., 1974) also reduce the inactivation of whole bacterial cells and
transforming DNA by near-UV irradiation (Peak and Peak, 1980 ; Peak
et al., 1973; Peak and Peak, 1975; Peak et al., 191) thus
implicating ssb as a lethal lesion.

Not all studies, however, agree with these conclusions. Roza
et a1, (1985) in a comparative study of the lethal effects of far-
and near-UV 1light on human skin fibroblasts and ssb induction,
reported that 90 per cent of the ssb were repaired within 15
minutes. They proposed that ssb induction by near-UV irradiation
was due to the formation of hydrogen peroxide which would be
converted to highly reactive hydroxyl radicals and damage the DNA.
In support of this idea, the presence of catalase during irradiation
was found to greatly reduce the amount of ssb formed by near-UV
irradiation but did not alter survival. This implies that ssb are
not a critical lesion, unless a very =small residual fraction of ssb,
still present after prolonged repair periods, is responsible for
cell death (both after irradiation in the presence and absence of
catalase). Han et al. (1984) also observed that ssb induced in
Chinese hamster cells by 365 and 405 mm were efficiently repaired.
When expressed‘relative to killing efficiency, the efficiency of
induction of ssb by these wavelengths is significantly lower than

that attributed to ionizing radiation, for which DNA breaks are

generally thought to be a biologically important lesion.
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Thymine glycols, monomeric ring-saturated products of the
5,6-dihydroxydihydrothymine type have been detected in the DNA of
human cells both in vitro and ip vivo following far-UV irradiation
(Hariharan and Cerutti, 1977). In HelLa S-3 cells, one thymine glycol
was formed for 8.4 pyrimidine dimers at 240 mm and then, one thymine
glycol for 20, 17, 1.4 pyrimidine dimers at 260, - 280 and 313 nm,
respectively. At 334 and 365 mm the thymine glycol yield was
considerably less than that of pyrimidine dimers. The biological

significance of thymine glycols has not yet been determined.

DNA-protein crosslinks

DNA-protein crosslinks caused by far-UV radiation were
reported as early as 1964 by Smith but interest in this lesion has
only recently revived. Han et al. (1984) reported the induction of
DNA-protein crosslinks in Chinese Hamster cells by monoehrqmatic
254, 365 and 405 mm irradiation, as measured by alkaline elution.
The crosslinks were detected even after relatively low fluences that
resulted in 60 per cent survival. An action spectrum for the
induction of DNA-protein crosslinks in human cellular DNA, measured
by the previous technique, was reported by Peak et al. (1985a, b)
(Fig. 5). It has a component that is similar to the DNA absorption
spectrum in the 254-313 nm region and a component with a second peak
three orders of magnitude lower at 405 mm. At 405 mm the induction
of the lesions depends upon the presence of oxygen whereas this is
not the case for far-UV induction. The reduced yield of crosslinks
under anaerobic conditions and the increased induction of crosslinks

in a deuterium oxide enviromment is evidence that the mechanism of
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action of 405 mm irradiation is via a reactive species of oxygen,
such as singlet oxygen, since deuterium oxide slows the decay time
of singlet oxygen by about one order of magnitude (Merkel et al.,
1972). The nature of the proteins that are crosslinked to DNA and

the sites on the DNA to which they are crosslinked, remain unclear.

2.2.4 Non-DNA lesions: Damage to repair systems
When examining the effects of solar UV both genetie and

non-genetic lesions must be considered. As well as the lesions
above, cellular systems that could be damaged with severe
consequences for the cell survival include DNA repair sysfcems. DNA
repair has been extensively studied in bacterial cells due to the
ease of their manipulation and the availability of mutants lacking
in one or more repair processes. This work has gone into great
biochemical detail but will only be discussed briefly since the
enzymatic details may not be applicable to mammalian cells.

There are three modes of repair which can be classified into
those which act on non-replicating DNA, e.g. photoreactivation and
excision repair, and those which involve the interaction of damage
and repair with replicating DNA, termed post-replication repair.
Photoreactivation

Photoreactivation involves the photoenzymatic repair of
pyrimidine dimers which starts by the formation of an enzyme-dimer
complex which, on subsequent absorption of near-UV or visible light,
cleaves the dimer with dissociation of the enzyme from DNA thus
repairing the damage. Photoreactivation is highly specific for
pyrimidine dimers (Setlow and Setlow, 1972). Photoreactivating

enzyme has been found in both bacterial and eukaryotic cells
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although its activity in mammalian cells is uncertain (for review
see Sutherland, 1977).
Excision repair

The process of excision repair involves the removal of a
damaged section of DNA and its replacement with undamaged
nucleotides thus restoring the normal function of DNA. The original
model of excision repair proposed by Setlow and Carrier (1964)
envisaged a four-step process. First, an incision step adjacent to
the damage made by an endonuclease, now known as the uvrABC product,
followed by a break in the phosphodiester backbone adjacent to the
dimer, and new synthesis by a DNA polymerase using the complementary
strand of DNA as a template. The process 1is completed by the
joining of the new patch of nucleotides to the pre-existing DNA by

DNA ligase. The net result is an error-free repair of the DNA, with

| no loss of genetic information, and the release of dimers into the
medium. This is an oversimplification of the process for which
considerable detail of the genetic and physiological controls is now
known for bacterial cells (Smith, 1978; Lehmann and Bridges, 1977;
Hanawalt et al., 1979).
Pogst-replication repair

Post-replication repair or dimer bypass mechanism is thought
to involve discontinuous synthesis of DNA with gaps at damaged
templates which are subsequently filled by recombinational events
between hocmologous DNA strands (Rupp et al., 1971). This may be an
error-prone pathway of DNA repair which results in mutations. The
mechanisms and genetic control of these pathways in bacteria have
been the subject of recent reviews (Hanawalt et al., 1979; Lehmann

and Karran, 1931).
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The above repair processes are very effective.
Photoreactivation can increase the fluence required for a given
effect by a factor of up to 10. Mutants of E. coli defective either
in excision or post-replication repair are about 30 fold more
sensitive to far-UV irradiation than the wild type, while the double
mutant is approximately 1000 times more sensitive than the wild
type. It can be expected that damage to these systems would have
important consequences for cell survival.

It has been suggested that repair of many types of DNA
lesions is disrupted by near-UV radiations within the same dose
range as lesion induction and that the combination of the reduced
repair ability together with the lethal potential of DNA lesions
could result in cell death. The évidence supporting this model
comes largely from bacterial work and is included in a review

(Tyrrell, 1979).

2.2.5 Damage to membranes

The question of whether membrane damage is important for
UV-induced cell inactivation has been re-addressed in the past few
years. Several possible damaging effects that have been investigated
include structurél changes of membranes, differences in surface
potential, changes in passive permeability or active transport,
lipid peroxidation products, or the release of other membrane
constituents.

The first study which suggested a membrane contribution to
near-UV radiation-induced lethality was that of Hollaender in 1943
who observed a sensitivity of near-UV irradiated E. coli to

physiological saline. There was no such effect following far-UV

-21 =



irradiation. This observation received no further notice until Moss
and Smith (1981) showed that the survival of a wild type E. coli
K-12 strain JG139 after irradiation with broad-band near-UV
radiation was significantly influenced by the concentration of
inorganic salts present in the minimal plating medium. They found
that an increase in the salt concentration or the addition of a low
concentration of commercial detergent to the minimal plating medium
caused an increase in cell lethality after near-UV but not far-UV
irradiation. In an action spectrum subsequently described, £his
effect was shown to occur only at wavelengths above 310 rm (Kelland

et al., 1983a). The same strain of E. coli was used to demonstrate

more direct UV-membrane interactions by examining the release of
86Rb+ fram UV-irradiated cells (Kelland et al., 198%). When
comparing the action spectrum for this effect with the action
spectrum for lethality (Fig. 6), it can be noted that leakage of
86Rb+ occurs at fluences equivalent to, or slightly less, than
fluences causing inactivation, at wavelengths longer than 305 mm.
Similar results that suggest an involvement of membrane damage
in near-UV-induced lethality come from a variety of other cell
types. Some studies report membrane-related effects such as

86

increased " Rb" leakage from rose cells (Murphy and Wilson, 1982) or

efflux of Né+, K and €1~ from Chara corallina cells (Doughty and

Hope, 1973) following 254 mm irradiation but do not comment that the
fluences required to produce such effects are quite 1large (1080,
2820 Jm2). Other studies, however, such as Bruce in 1958
demonstrated that far-UV irradiation required an approximate 16-fold
higher fluence to affect K retention of yeast cells than to affect

survival, whereas after near-U irradiation K' retention and
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survival were influenced by similar fluences. In a more recent
study, Ito and Ito (1983) observed an oxygen-dependent damaging
effect on exponential-phase yeast cell membranes manifested as a
disruption of the permeability barrier after brocad-band (300-400 m)
but not after 254 mm irradiation.

Studies with mammalian cells are much rarer and the majority
of these deal with the erythrocyte because it is uncomplicated
by intracellular membranes. UV-radiation-induced effects on the red
blood cell (RBC) membrane are apparent either as haemolysis or as
lipid peroxidation products. Both far- and near-UV wavelengths have
been shown to cause oxygen-dependent haemolysis related to 1ipid
peroxidation (Roshchupkin et al., 1975). Again, very large doses of
254 m (103 Jm'z) were utilized to induce 1ipid peroxidation in this
study, and it was later confirmed with erythrocyte membranes and
liposomes that 365 mm irradiation is more efficient in inducing
lipid peroxidation than 254 mm by a factor of 2 (Mandal et =al.,
1980).

Increased 1lipid peroxidation, measured as thiobarbituriec acid
reacting (TBA) materials has also been observed after broad-band
290-320 m irradiation of mouse melanoma cells at doses where 90 per
cent viability was retained (Sakanashi et al., 1986). However,
lipid peroxidation did not induce a significant alteration of
membrane fluidity immediately, but only after 6 hours, reflecting
perhaps a delayed membrane injury during the metabolism of lipid
peroxidation products or during repair processes.

Irradiation of mouse fibroblasts and human keratinocytes in
culture with primarily mid-UV wavelengths (290-320 mm) induces the

release of arachidonic acid from membrane phospholipids (DelLeo et
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al., 1984, 1985). The almost immediate release of arachidonic acid
(within 5 minutes of irradiation) suggests a direct action of UV
radiation on cell membranes.

Scattered evidence, therefore, points to a damaging effect of
mid- and near-UV wavelengths on the cellular membranes which under
some circumstances may contribute to cel; death. Proposed
mechanisms for the near-UV induced damage include peroxidation of
the membrane 1lipids initiated and propagated by active oxygen
species which are thought to be involved in near-UV induced

lethality.

3. BIOLOGICAL EFFECTS OF REACTIVE OXYGEN SPECIES

As previously discussed, oxygen is an important mediator of
the biological effects of near-UV radiation. It both sensitizes
cells to inactivation and increases the incidence of lesions such as
single-strand breaks and protein crosslinks. The observation that
oxygen alters specifically near-UV but not far-UV effects is taken
as strong evidence of the existence of different mechanisms of
action between the two spectral regions. However, the mechanisms by
which oxygen exerts its effects remain largely undefined and are
termed loosely as ‘'indirect photodynamic action by oxygen reactive
species using endogenous sensitizers!'. It 1s necessary to examine
such reactive species, their formation, limited existence, and

possible biological role as mediators of near-UV damage.
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3.1. Generation of reactive oxygen species

Oxygen in its gx'oun;i state contains two wunpaired electrons
with parallel spins. The parallel spins impose a restriction on
electron transfer which makes oxygen relatively non-feactive with
non-radicals. Therefore,v the majority of oxygen's photodynamic
effects are thought to arise through more reactive species generated
either by photosensitized reactions or during the wunivalent
reduction of oxygen to water which takes place in all respiring
cells (Fridovich, 1975).

In a photosensitized reaction , certain molecules absorb light
of a specific wavelength and the energy raises the molecule into an
'excited state!. The excitation energy can then be transferred to
an adjacent oxygen molecule, converting it to the singlet state

(Krinsky, 1984).

1

S+h —> s 354 30,05 5470,

(Type II Photosensitization)

Sensitizers which could produce singlet oxygen intracellularly
ineclude riboflavin and its derivatives, bilirubin and various
porphyrins (Halliwell and Gutteridge, 1985). Such an effect is
possible by energy absorption in the near-UV region and singlet
oxygen has been investigated as a possible mediator of near;-UV
effects (Peak et al., 1981; Peak et al., 1985b).

While singlet oxygen is the primary species generated through
photosensitized reactions, superoxide anion, hydrogen peroxide and
hydroxyl radical formation are all possible by other enzymatic

reactions depicted in Fig. 7. Scheme I shows the reduction of
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oxygen by acceptance of one electron to form the superoxide ion
(which is also a radical, 0;), hydrogen peroxide (H202) and the
hydroxyl radical (OH'), before being reduced to water.

The multiple reactions depicted in Scheme II are only some of
the reactions thought to occur amongst these species whereby one
leads to another. Hydrogen peroxide can also- be produced by the
dismutation reaction (see page 29) and the peroxide ion and hydrogen
peroxide together can result in hydroxyl radical formation through
the metal-catalysed Haber-Weiss reaction. There is some controversy
over the production of singlet oxygen from the same reaction. The
possible involvement of the superoxide ion, hydrogen peroxide, and
the hydroxyl radical in near-UV induced lethaiity has been
considered (Peak et al., 1985b; Hoffmann and Meneghini, 1979b; Ward
et al., 1985) but in doing so, two related factors are important and
should be properly evaluated for each species. One is the
reactivity of each species with the probable biological target, and
the other is its ability to diffuse from the site of its generation
to the site of damage. The reactivity determines in part the
diffusion distance since the hydroxyl radical which has a high and
indiscriminate reactivity is not likely to diffuse away from its
cellular site of production but will react nearby. Its half-life at

37°C is in the order of of 10" '°

sec (Pryor, 1984). The superoxide
ion, which is much less reactive than the hydroxyl radical, could
potentially diffuse further away but due to its charged nature it
cannot diffuse through non-polar regions unless it becomes
protonated. Hydrogen peroxide, even less reactive, has been shown

to diffuse across membranes and is able to exert toxic effects at a

distance from its site of generation.

- 26 -



Singlet oxygen can also be expected to diffuse for some distance in
the order of nanometers (Ito, 1978) and its half-life, which depends
very much on its enviromment, can vary from 2 psec to 1000 wsec

(Kearns, 1979).

3.2. Toxicity of reactive oxygen species
3.2.1. Singlet Oxvgen ('0,)

In singlet oxygen, which is an excited state of oxygen, the
spin restriction is removed and the oxidizing ability greatly
increased. It can therefore react with many biologically important
molecules such as nucleic acid components, mproteins and lipids
(Foote, 1976; Halliwell and Gutteridge, 1985). Its reactions with

1

lipids are of particular interest since 'O, has a longer lifetime in

2

a 1lipid enviromment and it has been shown that it can react
chemically with conjugated double bonds present in the fatty-acid
chains of membrane libids initiating 1ipid peroxidation reactions
(Halliwell and Gutteridge, 1985). Considerable evidence has been
accumulating indicating a role for 102 in photosensitized reactions,
i.e. where the exogenous sensitizer, commonly a dye such as acridine
orange or toluidine blue, is added to a biological system. Since at
least part of near-UV damage is thought to occur through endogenous
sensitization, the participation of 1O2 in near-UV induced lethality
has been extensively studied. Klamen and Tuveson (1982) proposed
that near-UV generated 102 may lead to generalized membrane
destruction, but this should only be treated as a speculation as no
evidence is presented in support of it. A variety of other

important molecules amongst which are protein residues such as

histidine, tryptophan and cysteine, and vitamin E (Halliwell and
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Gutteridge, 1985) also react with singlet oxygen. Therefore, one can
expect multiple biological actions as a result of singlet oxygen
production. Unfortunately, direct experimental evidence 1is
inadequate in the field and relies on two approaches which are not
entirely specific to singlet oxygen and could be an indication of
involvement of other active oxygen species as well.

One approach to determine the involvement of singlet oxygen in
a biological effect is by the wuse of scavengers. Peak et al. in
1981 showed protection of transforming DNA against near-UV
ipactivation when 0.1 M DABCO was present during irradiation. The
maximum dose modification factor obtained was 0.51 at 350 mm, while
no protection occurred with wavelengths shorter than 313 nmm.
Similar results have been obtained by the same workers using
histidine and AET as scavengers of singlet oxygen (Peak et al.,
1973; Peak and Peak, 1975). However, it should be pointed out that
all these compounds are capable of quenching other excited species
as well (Foote, 1979).

An alternative approach to the study of the bioclogical effects

1

of 02 is by the use of D,O. The decay time of 1O2 is about 10

2
times slower in a solution of D20 compared to H20 (Merkel et al.,

1972) and enhanced biological damage in the former solvent is taken
as evidence for the participation of active oxygen species in the
damage (Merkel et al., 1972; Ito, 1978; Kearns, 1979; Peak et al.,

1985b). In a 100 per cent D,0 enviromment, Peak et al. (1985)

2
showed increased DNA-protein crosslinks induced by 405 mm radiation,

measured in human cellular DNA by alkaline elution techniques.

However, no direct evidehce is available for the ability of 102 to



break DNA or cause crosslinks, and it could be that another oxygen

species might be responsible for the effect.

3.2.2 Superoxide ion (o;)
The superoxide ion is generated by many spontaneous and
enzymatic reactions during cellular metabolism, -and its production

is assumed in all respiring cells (Fridovich, 1975). Its steady

-11\~M

(Freeman, 1984). It does not diffuse through non-polar

state concentration in mitochondria is estimated to be about 10

microenvironments of a cell because of its charged nature and,
although it is stable in organic solutions, in aqueous solutions it
undergoes dismutation reactions to produce hydrogen peroxide and

- - oxygen: Rate constants of reactions

HO  + HO ===>H_0. + 0 7.6 x 10° M 1s™!

2 272 2

. T + T ,,~1_-
H02 + 02 + H --->H202 + 02 8.5x 10" M 's

represented overall by:

1

1 -1

03 + 03 + 2H --->H,0, + 0, < 100 M 's”
There is great controversy over the biological importance of
the superoxide ion since it is said to be too unreactive with the
probable biological targets (Midden, 1985). However, it is an
important mediator of toxicity through the production of hydroxyl
radicals in the ©presence of metal catalysts (iron-catalysed
Haber-Weiss reaction in Fig. 7) and possibly through the production
of singlet oxygen by dismutation or other reactions (Midden, 1985).
Recently, a pathway for 0'2‘ generation via a UV-type II
photosensitization by intracellular NADH and NADPH was suggested by

Cunningham et al. (1985), but even at the most energetic wavelength
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examined (290 mm) the molar quantity of O: produced was 1low,

-8

producing only 4 x 10 molecules of O per photon of incident

2
light.

3.2.3 Hydrogen peroxide (H202)

Considerable interest has recently been focused on the toxic
effects of hydrogen peroxide in relation to the mechanisms by which
near-UV radiation can induce 1lethality. The interest originmated
after it was shown that near-UV irradiation of tissue culture medium
leads to the formation of photoproducts toxic to mammalian cells
(Stoien and Wang, 1974). The photoactive components of the medium
responsible for this effect were identified as L-tryptophan,
riboflavin and L-tyrosine (Stoien and Wané. 1074) and the toxic
photoproduct formed was hydrogen peroxide (McCormick et al., 1976).
When solutions of L-tryptophan and riboflavin in buffer were exposed
to near-UV radiation in the presence of oxygen and subsequently
added to bacterial (Yoakum and Eisenstark, 1972) or mammalian
(Hoffmann and Meneghini, 1979a) cells, they resulted in cell
inactivation, indicating that the toxic photoproduct (hydrogen
peroxide) was stable and long-lived.

Although hydrogen peroxide is a normal metabolite in cells,
maintainred at a concentration of 107 1=10"2 M (Freeman, 1%84),
excess !~1202 has been shown to be toxic to a variety of mammalian
cell 1lines including human fibroblasts (Hoffmann and Meneghini,
1979b). In this study, 20pM H202 was able to kill more than 95 per
cent of the cells after a 30 minute incubation at 37 °c. Formation
of single-strand breaks in the DNA of the cells was shown, the

numbers increasing with increasing concentration of H202. However,
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it is doubtful whether these were the lesions leading to lethality
since effective repair of single-strand breakage was shown to take
place. The observation by the same woarkers that no single-strand

272

the conclusion that it was not H202 itself but another species,

generated intracellularly, that ultimately exerts the damage to the

breaks were formed when purified DNA was treated with H_O,. led to

DNA., Ward et al. (1985) suggested that highly reactive hydroxyl
radicals are formed as a result of treating mammalian cells with
H202 by impurity metal ion reduction of the H202 (Fenton reaction).

They noted that H202 and 0H°, produced by ionizing radiation, result
in a similar range of lesions in the DNA, To provide evidence for
their suggestion, they exposed V-79 cells for 10 minutes to H202 at
0-4°C and measured single-strand break formation in cellular DNA.
Based on the argument that H202 treatment could be related to
ionizing radiation damage via the number of single-strand breaks
each one induces, they claimed that the single-strand breaks
produced by 1-1202 were ineffective in causing cell death. In fact,

concentrations of !{202 three orders of magnitude higher had to be
used to cause significant cell killing. They concluded that the
mechanism by which higher concentrations of H202 kill cells at 0°C
is unknown and may not even include DNA as the target. However, it
should be noted that the concentration of H202 at which cell
lethality became apparent in their experiments was =~ 8 x 101l M,
5,400 times greater than that reported by Hoffmann and Meneghini,
but the authors believed this was due to the temperature of their 10
minute treatment at 0°C as opposed to 37°C for 30 minutes, which was
used in the other study. Bradley and Erickson (1981), also in

search of a common active species generated by H202 and X-rays,
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reported the efficient repair of the single-strand breaks formed in
the DNA of Chinese Hamster V-79 cells. Their survival showed that

an intermediary 500 M H was required to kill 90 per cent of the

2%
cells, but interestingly, they did not observe a shoulder in the
survival and suggested that lethality may occur through a non-DNA
lesion. They also did not specify thé details of their treatment
procedure so it is difficult to draw further conclusions about the
temperature dependency reported by Ward et al. (1985).
In summary, the above studies indicate that H202
intracellularly a more active species, possibly OH., which results in

generates

lethality. The " . lesion measurgd, i.e., single-strand break
formation, does not appear to effect lethality and is efficiently
repaired. Therefore, another DNA or non-DNA lesion appears to be
responsible for lethality.

The above conclusions are consistent with what is already
known about near-UV lethality, and it has been proposed that damage
by the two agents may occur through a similar pathway. Evidence for
this came when E. coli strains hypersensitive to }1202 (Demple et
al., 1983) were found to be sensitive to broad-spectrum near UV as
well (Sammartano and Tuveson, 1983). Pretreatment of E. coli with
sublethal doses of I!202 has been shown to induce resistance to
broad-spectrum near-UV damage (Sammartano and Tuveson, 1985), to
further H202 damage (Tyrrell, 1985) and to ionizing radiation
(Demple and Halbrook, 1983). It is thought that either a specific
pathway of repair of oxidative DNA damage is induced (Demple and
Halbrook, 183) or that transient enhancement of catalase induced by
one of the agents allows scavenging of the H202 formed subsequently

by the other agent (Tyrrell, 1985).
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3.2.4 Hydroxyl radicals (OH )

Hydroxyl radicals are extremely reactive with almost every
type of molecule found in 1living cells (sugar, amino acids,
phospholipids and nucleotides, amongst others) with rate constants

of the order of 108-10‘IO Mg

. If they are formed, therefore, in
living systems they react immediately with whatever bioclogical
molecule is in their vicinity and it has been proposed that they are
the ultimate oxygen species which forms lethal lesions in the DNA

after a variety of treatments.

3.3 Antioxidant defense mechanisms

Elaborate defense systems have evolved to avoid cellular
damage from highly reactive oxygen species. The concentration of
these species increases in response to envirommental stresses such
as exposure to ionizing and UV radiation, hyperoxia, or during drug
metabolism. There is a mutually supportive group of enzymes such as
superoxide dismutases (sop), catalases and glutathione
peroxidases/reductases which remove destructive oxygen species in
the following way:

Superoxide dismutases catalytically scavenge the superoxide
ion by enhancing the rate of the dismutation reaction:

- +
0> + 0> + 2H --->H202 + 02

2 2
The resul tant hydrogen peroxide is then either removed by catalases
which catalyse the reaction:
2 H202---> 2 HZO + 02
or by peroxidases which bring about the general reaction:
SH2 + H202---> S+ 2 H20

in which SH2 is a substance that becomes oxidized.
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Additionai protection is provided by conjugated diene systems
such as those found in melanins, carotenoids and tocopherols that
quench reactive species and stop destructive reactions. Finally,
there are individual reducing molecules such as sulphydryl
compounds, phenols, purines, selenium, ascorbic acid and others
which have an antioxidant role in the cell.

Although each of the antioxidant enzymes is considered to
perform vital protective reactions in the cell, when in a genetic
disorder one enzyme is completely missing such as in
glutathione-deficient patients or acatalasemic individuals, this is
not detrimental for the cell's, and consequently, the individual's
survival. It 1is considered that some compensatory induction of
another defense system occurs but attempts to find increased levels
of the remaining antioxidant enzymes have been unsuccessful
(Marklund et al., 1984a). Negative results have also been obtained
when trying to correlate enzymatic activities with responses of
human cells to environmental stresses ji.e. ionizing radiation
(Marklund et al. 1984b) which indicate that the mechanisms by which
the cell responds to oxidative damage are 1largely unknown at
present.

Exogenous addition of these enzymes has also yielded
contradictory results depending on what biological system is
investigated, what type of oxidative stress it 1is challenged with
and what endpoint is followed. Exogenous SOD has been shown to
protect mycoplasma cells from gamma- radiation-induced lethality
(Petkau and Chelack, 1974 ) and bacterial cells from photosensitized
UV- radiation (Lavelle et al., 1973) but endogenous induction of an

elevated enzyme level in E. coli, (Goskin and Fridovich, 1973) did
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not lead to enhanced survival against ionizing radiation.
Conflicting experimental evidence also exists for the effects of
exogenous catalase addition. In a bacterial system (Sammartano and
Tuveson, 1984), 10 yg/ml catalase in the post-irradiation medium
provided protection for E. coli cells to imnactivation by near-UV
irradiation. However, when catalase was present during broad-band
near-UV irradiation of human fibroblasts, it did not alter their
sensitivity, even though 1t reduced the number of single-strand

breaks detected in the DNA of the cells (Roza et al., 1985).

3.3.1 Vitamin E

A single molecule which has attracted considerable attention
in its antioxidant rple is vitamin E, or alpha-tocopherol. Due to
its lipophilicity, it partitions into membranes where it is in close
proximity to the unsaturated chains of 1lipids to exert both a
structural stabilizing action and inhibition of 1lipid peroxidation
(Figures 8,9).

Lipid peroxidation reactions may arise from both singlet
oxygen and hydroxyl radicals directly attacking polyunsaturated
fatty acids to give hydroperoxides or forming other free radicals
which may initiate a chain of reactions 1leading again to
hydroperoxides, as shown in Figure 9. Such changes are known to
lead to membrane damage and are under investigatién as a possible
pathway of near-UV radiation induced damage.

Termination of lipid peroxidation reactions is the primary
function ascribed to vitamin E, which does so, by reacting with the
afkyl peroxy radicals formed (see Fig. 9) itself forming a

tocopheryl radical. The rate constants of the reaction are of the
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Phospholipid molecules
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Possible interaction between vitamin E and membrane membrane
phospholipids through hydrophobic and hydrogen bondings
Figure 8. The structure of vitamin E, the structure of a phospholipid and their possible interaction

in membranes.
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Figure 9. Initiation and propagation reactions of 1ipid peroxidation resulting to hydroperoxide formation.
Vitamin E can stop the propagation step, by reacting with alkyl peroxyradicals, forming itself the tocopheryl
radical which can be regenerated by vitamin C. .



order of ‘1071‘4-15-1 (Bisby et al., 1984). The tocopheryl radical then
reacts with vitamin C according to the original Tappel (1968)
proposal and regenerates vitamin E. Direct evidence for this
radical interaction has been provided in organic solvents by pulse
radiolysis studies (Packer et al., 1979) and in model systems where
vitamin E. is in a lipid enviromment and vitamin C in an. aqueous one
(Scarpa et al., 1984; Doba et al., 1985).

Additional functions of vitamin E appear to be also the
scavenging of radicals involved in the initiation of lipid
peroxidation, such as singlet oxygen (Grams and Eskins, 1972; Foote,
et al., 1974) and superoxide anion (Yagi et al., 1978; Ozawa and
Hanaki, 1985) and the repair of free radical sites on membrane bound
proteins oxidized by cellular free radical processes (Bisby et al.,
184).

Such a multiplicity of functions is thought to be due to the
structure of >vitamin E which allows it to assume a particular
orientation within the membrane bilayer. Al pha-tocopherol would be
expected to align its alkyl chain with the fatty-acid chains of the
lipid molecules towards the hydrophobic bilayer interior keeping the
hydroxyl group at the membrane aqueous interface. This alignment,
assisted by specific interactions of alpha-tocopherol with the
lipids through hydrophobic binding (Diplock and Lucy, 1973) and
through hydrogen bonding (S rivastava et al., 1983) would result in
physicochemical stabilization of the membrane which has been
observed both in model (Ohyashiki et al., 1986) and natural
membranes (lysosomal, sarcoplasmic reticulum, erythrocyte), (Jain,
1983; Erin et al., 1984). Therefore, the ability of vitamin E to

alter the physical state of membranes, recently described as a
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decrease of membrane fluidity (Ohyashiki et al., 1986), can be
considered as an integral part of its antioxidant activity.

At the cellular level, vitamin E has been shown to allow cells
to survive better under several environmental stress conditions
which cause damage to the membrane 1lipids and disruption of the
membrane organization. Cultured cells are quite deficient in
vitamin E since their only source is an approximately 1ypg/ml present
in the foetal calf serum which supplements their growth medium i.e.
ten times 1less than the normal vitamin E plasma concentration of 10
pg&/ml. Due to this deficiency, when vitamin E was blended in the
growth medium of WI-38 human cells at a concentration of 10 and 100
pg/ml, it increased their in vitro life span by almost two-fold.
However, this effect proved to be associated with a particular batch
of serum since change of serum made cell division cease and the
observation could not be repeated with another batch of serum
(Packer and Smith, 1974). In the same study, vitamin E
supplementation in the medium was shown to effectively prevent the
oxidation of WI-38 cell 1lipids as measured by malondialdehyde
formation. When WI-38 cells were exposed to various oxygen
tensions, partial protection was afforded by the presence of 100
pg/nml dl-alpha-tocopherol in the medium for oxygen tensioﬁs up to 50
per cent (Packer, 1978).

Complete protection from ribolavin photosensitized damage was
obtained if 100 pg/ml of vitamin E was present during growth prior
to exposure of the WI-38 cells to a visible light dose sufficient to
kill about 50 per cent of the control cells (Pereira et al., 1976).

However, 1lipid peroxidation products could not be detected as
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thiobarbituric acid-reacting material, perhaps due to the short

lifetime of measurable species.
a. SOL AR-UY EFFECTS ON HUMAN SKIN

It has been well established that a number of skin conditions
(including skin cancer) are a consequence of exposure to the UV
portion of the solar spectrum reaching the earth (see reviews by
Blum, 1959; Black and Chan, 1977; Urbach et al., 1974). When trying
to view the subject as a whole, there are tremendous difficulties
related to the polychromatic nature of sunlight, the anatomical
complexity of the skin and the multiplicity of effects arising fram
the interaction.

Physical and biological interactions may occur between
different spectral regions of solar UV because light from one region
may augment or inhibit, either directly or through a biological
effect, an action from another region. Such wavelength interactions
have attracted considerable interest recently and studies with very
interesting results have emerged (Jagger, 1985).

When whole skin is considered as opposed to individual cells,
difficulties concerning the absorption of energy at a specific site
and the multiple enviromment of cells, arise. The skin is a very
metabolically active organ consisting of an epidermis of about
60-100 ‘aﬁ thickness where the principal cell types found are
keratinocytes and melanocytes, and an underlying dermis where the
main cell type is the fibroblast. In this layer which ranges from
0.3-3.0 mm in thickness, fibroblast cells lie in ground substance

composed of collagen and elastin, served by capillary blood supply.
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Depending on the incident wavelength, only a portion of the
radiation can penetrate to various depths through the epidermis to
exert its effects, the least energetic wavelengths being the most
penetrating. At the site of action, the absorbed photons may act on
the DNA of the cells producing lesions such as those described
previously. Wavelengths of 250-320 mm were shown to be effective
in inducing dimer formation in mammalian skin (Pathak et al., 1972)
and a recent action spectrum constructed by Freeman et al. (1986)
exhibited a maximum at 296 nm. The absorbed photons may also act on
different sites producing either direct damage to the target or
inducing the production of substances that are detrimental to the
cell. For example, some evidence suggested free-radical involvement
in UV-mediated cutaneous damage through the formation of cholesterol
epoxide which is UV-dose dependent (Black, 1986). DeLeo et al.
(1984) reported the release of arachidonic acid metabolites from
keratinocyte membranes in a dose-dependent fashion following
broad-band 270~360 mm irradiation with 60 per cent of the output
between 290 and 320 mm. The potential importance of lysosomes,
which are organelles containing a wide range of lytic enzymes, has
also been considered (Johnson and Daniels, 1969; Weissman and
Dingle, 1961; Daniels, 1963) and products of lipid peroxidation
(Malondialdehyde, Schiff's bases) have also been detected following
broad-band (250-400 mm) irradiation of whole skin (Meffert et al.,
1976) . However, evidence is still inconclusive, and it would be very
difficult to attempt to propose a singlg model for
ultraviolet-induced cutaneous damage.

One possible approach to elucidate such mechanisms of damage

might be to investigate a disease condition based on a cellular
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sensitivity to UV-radiation. Research into the genetic condition
xeroderma pigmentosum which shows extreme sensitivity to far-UV
wavelengths, led to new discoveries in the field of DNA repair.
Since the disease is characterized by a marked predisposition of
patients to develop skin cancers after exposure to sunlight, it
provided a 1ink between a particular enzymatic defect in DNA repair
and tumourigenicity (Cleaver and Bootsma, 1975). Considerable
effort has been made to identify an analagous model to serve as a

probe to near-UV mechanisms of damage.

4.1 Actinic Reticuloid (AR)

Actinic reticuloid is a photodermatosis, characterized by skin
sensitivity to solar UV, and part of the visible spectrum. It
principally affects exposed skin areas of middle aged or elderly men
which acquire erythemato-papulo-vesicular lesions, sometimes with
plaques resembling skin reticulosis (Ive et al., 1969).

Evidence for a cellular defect underlying the disease
condition came from the studies by Giannelli et al. (1983) and
Botcherby et al. (1984). They observed gross cytopathic changes and
abnormal DﬁA fragmentation when actinic reticuloid cells were
irradiated as a confluent monolayer with broad-band near-UV , at
room temperature, in full medium. Since a striking feature of the
histopathology of actinic reticuloid is an increased number of
leukocytic infiltrates at the site of _inflammation it was proposed
that the sensitivity of AR cells might be due to a defect in their
ability to deal with the action of radicals such as the superoxide

anion which would be present in the leukocytic infiltrates.
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5. SCOPE OF PRESENT WORK

This study was designed to investigate near~UV-induced damage
using actinic reticuloid cells as a possible sensitive model.
During studies to define this sensitivity to monochromatic 1light
under controlled conditions of irradiation, it was found that
temperature significantly alters the response of both normal and
actinic reticuloid cells to irradiation. The first chapter deals
with this effect on normal cells at specific monochromatic
wavelengths, The = second chapter then describes the actinic
reticuloid sensitivity while the third and fourth examine the
protective effect of a vitamin E analogue which acts as an
antioxidant and the sensitizing effect of deuterium oxide which
prolongs the lifetime of singlet oxygen and other oxygen species.
Finally, the 1last chapter is concerned with the possible membrane

damage induced by UV-radiation in both normal and AR cells.

41 -



MATERIALS AND METHODS



1. GRONTH OF HUMAN SKIR FIBROBLASTS IN CULTURE

1.1 Equipment
1.1.1 Laminar Flow Facilities

A 1.3 m, vertical displacement type, Class I biological safety
cabinet, Microflow Model No. 20229 (MDH Ltd., Andover) was used for
aseptic manipulations. All the surfaces of the hood were swabbed

with 70 per cent alcohol before use.

1.1.2 Incubators

LEEC PF2 anhydric incubators with forced air circulation
(Laboratory and Electrical Engineering Company, Nottingham) were
used. The thermostatic controls were adjusted to maintain a

temperature of 37°C.

1.1.4 Bench Centrifuge
Centrifugations were carried out in a MSE Minor, Model No.

S-61 (MSE Scientific Instruments, Crawley) bench centrifuge.

1.1.4 Freezing Unit

Freezing of cells took place in a Union Carbide BF-6
bioclogical freezer (Union Carbide UK Ltd., Cleveland), a plug type
device, designed for use with the LR-33-10 freezer. This unit is
capable of cooling up to eight 2 ml ampoules at between 0.5°C and

1

7°C min~' to below -70°C.
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1.1.5 Liguid Nitrogen Freezer
Stock cultures of cells were stored in 2 ml ampoules in a Union
Carbide model no. LR=-340 (Union Carbide UK Ltd.) shelved in the vapour

phase of the liquid N, at approximately -118°c.

1.1.6 Haemocytometer
Standard double grid improved Neubauer-type blood cell
haemocytometer, with coverslips (Fisons Ltd., Loughborough) were

used for cell counting.

1.1.7 Microscope

For the examination of growing cell cultures under phase
contrast and for haemocytometer counting an inverted biological
microscope Wild M40 (Wild Heerbrugg Ltd., Heerbrugg, Switzerland)
was employed. This instrument fitted with appropriate condensers

and X10 and X20 objectives gives magnifications of X187 and X375,

respectively.

1.1.8 Automatic Pipettes
Pipetman P50 1-50 wi
Pipetman P200 20-200 rl

Pipetman P1000  200-1000 pl

Pipetman P5000 1000-5000 ¢l

Pipetman pipettes with tips were obtained from Anachem Ltd.,
Luton. A1l pipettes were checked to ensure they were delivering
accurately and reproducibly. A gravimetric method was used in which
10 replicates of é set volume of water at 20°C were each weighed on

an ahalytieal bal ance. The coefficient of variation was less than
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one per cent and the deviation from the nominal value was less than
0.5 per cent.

An automatic Pipetus (Flow Laboratories Ltd.,Irvine, Scotland)
with a sterile air filter in line was used in conjunction with 10 ml

disposable pipettes (Sterilin, Ltd., Feltham) for quicker dispensing

of media.
1.1.9 Glassyare and Recycling of Glassware

125 m and 500 ml bottles for the storage of solutions and
media were obtained with caps, from Flow Laboratoriés Ltd. General
laboratory glassware was obtained from Fisons Ltd.

Immediately after use all glassware was rinsed with tap water,
and processed as follows:

(1) All articles were soaked in a hand-hot 2 per cent v/v
solution of RBS 25 detergent (Fisons Ltd.) for 30 min.

(ii ) Thoroughly cleaned, using a Chima brush on all surfaces
under running water.

(iii) Rinsed in three changes of tap water, being left for 30
min in the last rinse.

(iv) Finmally, ail articles were rinsed and left for at least
30 min in a large volume of freshly collected glass distilled water.

After drying in a hot air oven, all items were foil capped and

sterilized at 160° for a minimum of one hour.

1.1.10 Cell Cul ture asticware
Disposable 80 cm2 and 175 ,emz tissue culture flasks (Nunc,
Gibco Ltd., Paisley, Scotland) and 90 mm x 15 mm petri dishes with

triple vented 1ids (Sterilin Ltd.) were all of tissue culture grade
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polystyrene and obtained ready sterilized. Polystyrene universal
containers (30ml) with screw caps, plugged 10 ml pipettes and 2 ml
polypropylene ampoules with silicone rubber-lined screw tops were
also disposable and obtained ready sterilized from Sterilin Ltd.
Reusable centrifuge tubes (100 nm x 16 mm) with plastic screw
tops were obtained from Nunc, Gibco Ltd. These were washed following
the same procedures as the glassware, packed separately in D.H.S.S.
specification bags (J. Dickenson and Sons Ltd.) before sterilization
at 132°C for 5 minutes in a Drayton Castle high vacuum autoclave and
assembled in the laminar flow hoods before use. The same washing and
sterilizing procedures were used for the reusable pipette tips

(Anachem Ltd.).

1.1.11 Gases and Gassing Procedures

(i) Cylinders of 002 and 5 per cent 002 in air mixture (5% 002
and 20% 02 in N2) were both obtained from British Oxygen Company,
Bristol and were piped to each work station from a central holding
reservoir.

(i) Gas flowmeter, floating-needle type, 0.1-1.0 1 min |
(Rotameter Manufacturing Co. Ltd., Croydon), calibrated for use with
002.

(iii) Incubation boxes, rigid clear plastic boxes, 3.25 litre
volume (A. Gallenkamp and Co. Ltd., London)

(iv) Gas-tight tape, British standard vinyl tape, 2.5 cm wide
(Intech Tapes Ltd., Manchester).

All the cell euiture media used contained a bicarbonate pH

buffer system designed to equilibrate with 5 per cent CO2 in air.

To achieve this, all gas-tight culture bottles and flasks were
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qharged with such a mixture, introduced at a 1low flow rate through a
sterilized Pasteur pipette plugged with non-absorbent cotton wool.
Cell culture dishes were placed in incubator boxes which were
flushed with 150 ml of 002 from a metered supply, through a plugged

Pasteur pipette. The boxes were then sealed with gas-tight tape.

1.2. Cell Culture Materials
1.2.1 Hater

Double glass distilled water (DDH20) was used in the
preparation of all solutions and media. This was obtained from a

4-litre hr !

bi-distillation Fistream still, model 2903 (Fisons
Ltd.) fitted with a Fistream pre-deionizer (Fisons Ltd.) which was
changed at regular intervals. DDH20 was sterilized by autoclaving
at 121°C in 100 m and 500 ml quantities in glass bottles, for

appropriate times. Sterile DDH.O produced in this way had a pH 'of

2
4.5.

1.2.2 Media

Eagles Minimum Essential Medium with Earle's Salts, which was
routinely used, was obtained as sterile 10x 1iquid concentrate with
phenol red but without L-glutamine or sodium bicarbonate from Flow
Laboratories Ltd. and stored at 4°C until use.

The Dulbecco's modification of Eagle's medium which was used
in one set of experiments was obtained as a sterile 10x 1liquid
concentrate without L-glutamine or sodium bicarbonate from Gibeo

Ltd.
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1.2.3_Additives for Cell Culture Medium

(1) Antibiotic solution, penicillin (5,000 iu m1-1) and
streptomyein (5,000vg ml-1) sterile solution was obtained from Flow
Laboratories Ltd. in 100 ml unit quantities. This was subdivided
into 15 ml volumes and stored frozen in plastic universals at -20°C,
for a maximum of one year.

(ii) L-glutamine solution was obtained as a sterile 200 mM
solution in 100 ml unit quantities from Flow Laboratories Ltd. This
was subdivided into 15 ml volumes and stored frozen in plastic
universals at -20°C, for a maximum of one year.

(iii) Sodium bicarbonate was obtained as a sterile 7.5 per cent
w/v NaHCO3 solution in 100 ml quantities from Flow Laboratories Ltd.
This solution was stored at room temperature for a maximum of one

year,

1.2.4 Sera

Foetal calf serum and newborn calf serum were both obtained
from Flow Laboratories Ltd., the latter replacing, for reasons of
economy, foetal calf serum as a supplement 1n the large volumes of
medium used in plating experiments. Both sera types were tested
before purchase for their ability to support growth of the cell
lines and for their ability to form colonies after dilution plating.
Three batches of foetal calf serum and three batches of newborn calf
serum were utilized during the course of these studies. The batch
number of the serum used in each experiment was recorded so that any
possible effects of serum on the sensitivity of cells could be

detected., All the sera were stored at -20°C until use.
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1.2.5 Growth Media Preparation

The growth media used for the maintenance of the human
fibroblasts and the assessment of their colony forming ability had
the following formula, adopted from Flow Laboratories Catalogue.
Unless otherwise specified, growth medium will refer to EMEM
supplemented with the following additives and . 15 per cent foetal

calf serum.

10x liquid medium concentrate EMEM DMEM
(full formula in Appendix 1) 40.0 ml 40.0 ml
L-glutamine 200 mM 4.0 m 8.0 m

Penicillin 5000 iu/ml and
Streptomyecin 5000 g/ml 4.5 m 4.5 m

Sodium Bicarbonate

T7.5¢ Solution 12.8 ml 19.6 ml
Foetal or newborn calf serum 68.0 m 68.0 ml
Sterile double glass distilled water 340.0 ml 329.2 ml

First, media components were thawed where necessary in a water
bath at 30°C. Single strength medium was prepared by the aseptiec
additions of all media components to the appropriate volume of double
glass distilled water previously sterilized by autoclaving at 121%
for 30 minutes in 500 ml Flow bottles.

Media containing foetal calf serum were decanted aseptically
into sterile 125 ml Flow bottles.

All media thus prepared were stored in a darkened refrigerator

at u°c and used within one month of preparation.
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1.2.6 Balanced Salt Solution

Dulbecco's phosphate buffered saline was routinely used,
either with or without added calcium and magnesium ions, solutions

designated PBS and PBS(A), respectively.

Composition:

Component g1”'opR, 0
NaCl 8.0
KCl 0.2
NazHPOu 1.15
KHZPOII 0.2
CaClz' 2H20 0.132
MgClz’ 6H20 : 0.1

Sterile PBS(A) was prepared by dissolving one PBS(A) tablet
(Oxoid Ltd., London) in 100 ml of freshly collected DDH20 and
autoclaving for 15 min at 121°C. PBS was prepared by the aseptic
addition of 0.5 ml Dulbecco B solution (Oxoid Ltd.) to 100 ml of
sterile PBS(A). Both PBS and PBS(A) were stored at room temperature

for a maximum of one month.

1.2.7 Trypsin Solution
Trypsin (1:250) was obtained as a sterile 2.5 per cent w/v

solution in Hanks balanced salt solution without calcium, magnesium
and phenol red, in 100 ml unit quantities from Flow Laboratories
Ltd. This was aseptically diluted to 0.25 per cent with PBS(A),
stored as 15 ml volumes in plastic universals at -20°C and used

within four weeks.
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1.2.8 Chemicals
A list of chemical compounds used in this study is given
below:
1. _Trolox-C
6-hydroxy-2,5,7,8 ~tetramethyl-chroman-2-carboxyliec acid
(Trolox-C) was a gift from Hoffman-LaRoche Inc., New Jersey, U.S.A.
It was in powder form and kept in tightly capped glass bottles,
protected from light, at 4°c.
2, _Deuterium oxide
D20 of isotopic purity 99.8 per cent (Sigma Chemical Group
Ltd., Dorset) was obtained in sterile form in 25 ml quantities and
stored anhydrous, at room temperature, for a maximum of one month.
Hydrogen oxide
H202 (Fluka, W. Germany) was obtained as a 30 per cent
concentrate (8.82 M) and stored at room temperature.
Y4, Dimethylsulphoxide
DMSO, grade I (Sigma Ltd.) was obtained in 100 ml quantities
and stored in tightly capped glass bottles at room temperature.
5. Methylene blue
Methylene blue was obtained in powdered form (BDH Chemicals

Dorset) and stored at room temperature.
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1.3. Cell Culture Methods

1.3.1 Cell Lirnes
The diploid human skin fibroblast strains used in this study
were
GM730 - from a normal female donor (45-year old) kindly
provided by the MRC Cell Mutation Unit, University
of Sussex, Brighton. The cell 1line originated from
 the Human Genetic Mutant Cell Repository, Camden,
New Jersey, USA
AR6LO0 - from an actinic reticuloid patient,(55-year old
male, clinical details in Appendix 9) kindly
provided by Dr. F. Giannelli, Guys Medical School,
London
The maintenance of more than one cell 1line in the same
laboratory presents a problem of' cross contamination (Paul, 1975).
Great care was therefore taken to maintain the purity of cultures
throughout these studies. Simultaneous handling of different cell
lines was never undertaken and bottles of medium were designated for

use with only one particular cell line.

1.3.2 Malntenance of Cell Lines

The cell lines employed in these studies both grow as
monolayers, therefore, stock cultures were routinely maintained in
culture medium in 80 cm2 or 175 cm2 tissue culture flasks at 37°C.

Routine subculture protocols were designed to keep cells in a state

of active growth.
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1.3.3 Cell Storage

Cells were stored in the vapour state of a liquid nitrogen
refrigerator at approximatelj -148%.

Existing stocks of cells were built up from the ones received
in the following way:

First, the cells received were examined macroscopically and
microscopically and, if the culture appeared healthy, the medium was
decanted and the cells subcultured in the usual manner into one or
two 80 cm2 flasks. The cells were allowed to form a confluent layer
and then subcultured twice more with a 1:3 split ratio so that at
least eighteen 80 cm2 flasks were obtained after the last
subecul ture. Cells to be frozen were harvested in exponential
growth, Six flasks at a time were trypsinized, the cells
resuspended in whole medium and centrifuged. The cell pellets from
each flask were pooled and resuspended in 8 mnml of growth medium
containing five per cent DMSO, which had been freshly prepared by
the asepéic addition of 5 ml of filter sterilized DMSO (disposable
Millex-FG units [Millipore] fitted with Fluorophore hydrophobic
membrane filters of 0.2pm pore size were used to filter DMS0O) to 95
ml of growth medium. The cell suspensions were aspirated using a
sterile Pasteur pipette and one ml of suspension transferred into
each of eight sterile 2 ml ampoules. All ampoules were clearly
marked with the cell strain, the passage number, the date and a
batch code. Subsequently, these were placed in the BF-6 biological
freezer set to be cooled at a cooling rate of 1°C minut:e-1 and
frozen to below -70°C. The ampoules were then quickly transferred
to the shelves of the 1liquid nitrogen refrigerator for long term

storage at approximately -1489¢,
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1.3.4 Recovery of Cells from Storage

Cells were recovered from liquid nitrogen storage in the
following way:

Ampoules were removed from the refrigerator, thawed quickly in
a water bath at 37°C and their contents transferred using a sterile
Pasteur pipette to a 80 cm2 tissue culture flask containing 15 ml
grosth medium. Flasks were then overgassed with 5 per cent CO. in

2
air and incubated at 37°C.

1.3.5 Preparation of Cell Suspensions from Monolayer Cultures

The essential procedure in the maintenance of cells in cul ture
is subculture, which involves the transfer of cells from one
cul ture vessel to another. To effect this for monolayer cultures a
suspension of cells must fifst be obtained. Once in suspension;
cells can also be greatly diluted and plated so that colonies arise
from single cells, a procedure important in many experiments. Prior
Vto manipulation, the culture medium of the flask to be subcultured
was examined by eye for the absence of floating cellular debris and
to ensure it was not too acidic or basic, as indicated by the phenol
red component. This was followed by closer examination of the cell
cul tures, under phase contrast microscopy, to ensure that cells had
a normal appearance, with nonrefractile granules in their cytoplasm.
If a particular culture failed to fulfill these requirements, it was
discarded.

The medium was removed from the flask and the monolayer rinsed
with 5 ml of ice-cold 0.25 per cent trypsin solution. This was

discarded and replaced by another 5 ml of trypsin solution, which
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was also discarded and the cells were allowed a 5 minute period with
only a residual thin 1layer of‘ trypsin covering then. Low
temperature trypsinization was adopted as cells .are reported to be
more resistant to mechanical stresses (Wang et al., 1968), suffer
less intracellular penetration of trypsin (Hodges et al., 1973) and
show increased cell viability if all sfeps -of subecul turing are
performed at temperatures below 15°C (McKeehan et al., 1981). At
the end of the trypsinization period, single cells were released
from the surface of the flask, resuspended in cold growth medium and
transferred to a tissue culture centrifuge tube. After a 1 min
centrifugation step at 1000 rpm the supernatant was discarded and
the cells resuspended in a further 5 ml of EMEM. The suspension was
then aspirated with a Pasteur pipette to obtain a suspension of
single cells and the cell density determined using a haemocytometer.

Routinely, 8 x 10°

cells were added to 15 ml of EMEM containing 15
per cent foetal calf serum in 80 em2 tissue culture flasks. Flasks
were then overgassed with a 5 per cent CO2 in air mixture delivered
at a low flow rate through a sterile Pasteur pipette plugged with
non- absorbent cotton wool. All cel:_l cultures were clearly marked
with the cell strain, the passage number and the date and incubated
at 37°C in the dark, as photoproducts toxic to mammal ian cells are
known to be formed from certain media components (Wang et al., 1974)

when cultures are incubated in the light.

1.3.6 Determination of Cell Density

This was achieved by haemocytometer counting, a method which
also allows visual examination of the cells prior to experiments.

The haemocytometer was first prepared as follows: The surface of the
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slide was cleaned with 70 per cent alcohol, taking care not to
scratch the semi-silvered surface. The coverslip was also cleaned
and, aftef' wetting the edges slightly, it was pressed down over the
grooves and semi-silvered counting area. The appearance of
interference patterns (*Newton's rings') indicated that the
coverslip was properly attached, thereby determining the depth of
the eount:l..ng chamber (0.1mm). Cells were throroﬁghly mixed before a
small voimne was withdrawn from just below the surface 'of the
suspension, and introduced into the haemocytometer chamber. A total
cell count was performed oh eight large squares (1mm2 each) of the
haemocytometer grid under  phase contrast microscopy. If cell
clumping was observed, the count was discarded, and the suspension
aspirated to break up the clumps before a new sample was taken. If
the cell density was greater than 150 cells per large square, at
which point counting became impeded by crowding, the suspension was
further diluted and sampl ing repeated.

Cell count per m™!

1

is given by:
cell ml~ ' = 10un, where n 1is the average number of cells per

large square,

1.3.7 Preparation of Cell Suspensions for Experimental Use

Cells to be irradiated in suspension were harvested in
exponential growth according to the following set procedure. In
order to standardize as far as possible the culture conditions, all
cell strains were subcultured by inoculation of 8 x 105 cells into

each of two 80 cm2 tissue culture flasks containing 15 mlk of growth

medium and incubated at 37°c for 48 hours, by which time cells had

begun to grow. At the end of this period one of these flasks was
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harvested to provide the cell suspension for irradiation while the
other, after incubation for a further five days was subcul tured
again to provide the cells for the next experiment as described
above. With each strain in use, a cycle was thus established such
that cells were only subcultured once weekly and not subjected to a
loss of division potential by routine subculturing. Cells to be
irradiated were trypsinized in the usual manner but after cell
detachment they were reéuspended in 10 ml of complete phosphate
buffered saline with calcium and magnesium. This served both to
inhibit further tryptic action and to minimise the carry over of
organic media components into the irradiation suspension. The cell
suspension was then centrifuged at 1000 rpm for 1 minute, the
supernatant liquid decanted and the cell pellet resuspended in 5 ml
of complete PBS. The suspension was then aspirated using a sterile
Pasteur pipette, the cell density determined by haemocytometer

1

counting and adjusted to 105 cellsml~' by further dilution in

complete FBS.

1.3.8 Assessment of Viability

Cell survival was determined by relative colony forming
ability using adaptations of the single cell plating techniques
first developed by Puck et al. (1956), specifically the homologous
feeder layer technique of plating human skin fibroblasts (Cox and

2 culture flask of cells to be used in a

Masson, 19T4). Each 80 cm
UV-irradiation experiment was coupled with a 175 cm2 cul ture flask
of hamologous cells. On the day prior to irradiation this cul ture
was trypsinized and the cells resuspended in 20 ml of EMEM with 15

per cent foetal calf serum. The cell density was then determined by
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haemocytometer count and sufficient medium then added to the

suspension in the flask to give a cell concentration of 6.4 x 10”

cells m1'1. A quantity of this cell suspension, sufficient, when
subsequently diluted 10-fold, to pour the number of plates required
to conduet the experiment, was aseptically transferred into a
sterile 125 ml Flow bottle and given an imactivating dose of 50 Gy
of gamma radiation in a éOOO curie Caesium137 gamma source (Gravatom
Industries Ltd.). After irradiation the cell suspension was
diluted 10-fold to a final concentration of 6.4 x 103 cells ml'1 in
EMEM supplemented with 15 per cent newborn calf serum. Ten ml of
this suspension were then dispensed onto the appropriate number of
90 mm tissue culture dishes using an automatic Pipetus (Flow Labs.,
Ltd.) giving a cell density on each petri dish of 103 cells per cmz,
which had been found to be the optimal density for colony forming
efficiency of human skin fibroblasts (Cox and Masson, 1974). Plates
were then placed in clear polystyrene boxes previously swabbed with
70 per cent ethanol for disinfection and air dried, each box holding
18 plates. The boxes were then gassed with 150 ml of 002 delivered
from a metered supply, sealed with gas tight tape and incubated
overnight at 37°C.

Control and irradiated cell samples were diluted in whole
medium at room temperature. The dilution employed depended on both
the cloning efficiency of the cell strain and its expected
sensitivity to the ultraviolet radiation treatment. Final colony
counts of between 20 and 150 were considered desirable. The cells

were added as 1 ml aliquots to each of three feeder layer plates per

" fluence point and spread by gentle agitation of the plates. Plates
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were then replaced in the boxes, gassed, sealed and reincubated for
14 - 21 days at 37°C in the dark to allow colony formation.

At the end of the growth period plates were removed from the
incubator, the medium was poured off and approximately 2 ml of 0.5
per cent methylene blue in 50 per cent methanol was added to each
plate. After a 15 minute period to allow for fixing and staining of
colonies this was poured off and the plates rinsed in tap water,

and dried. Plates were coded and randomised before counting.

1.3.9 Preparation of Attached Cells for Experimental Use

Certain experiments required irradiation or other treatment of
cells attached to plates, A modification of the methods described
above was therefore used, in which the feeder layer was prepared
first and plates containing gamma-inactivated 6.4 x 103 cells ml"l
in EMEM supplemented with 15 per cent newborn calf serum were
incubated overnight at 37°C.

The following day, a 105 cell suspension of the cells to be
irradiated or otherwise treated was prepared and appropriate
dilutions were plated depending on the cloning efficiency of the
Qell line and the expected sensitivity to the treatment. Cells were
irradiated 48 hours later so that the stage of growth of the cells
in either way (suspension or attached) was similar. After

irradiation, assessment of viability by colony formation counting

was done as described previously.



2. IRRADIATION OF HUMAN SKIN FIBROBLASTS 1IN CULTURE

Human fibroblasts were irradiated in suspension with
monochromatic wavelengths in the far-, mid- and near-UV regions for
the purpose of determining their survival characteristies. For
assessment of membrane damage irradiation of cells attached on
plates was carried out, for reasons that will be discussed later.
Monochromatic irradiation of attached cells was not feasible with
the apparatus available so irradiations were restricted to
broad-band far and near UV, Finally, determination of the
gamma-radiation sensitivity of human fibroblasts and routine
preparation of a feeder layer for UV experiments required the use of

the 137Cs-gamma-radiation source.

2.1. Equipment
2.1.1 Dark Room

A1l experiments involving irradiation with ultraviolet light
or gamma-rays were carried out in a 'dark room' under illumination
from red fluorescent tubes (Atlas Ltd. 80W), which emit only light

of wavelengths longer than 500 mm.

2.1.2 Monochromatic Radiation Sources

enray lLamp (Ultraviolet Product I

A5 cm low pressure mercury lamp fitted with an integral
filter (G-275) was used. This was designed to isolate the 253.7 nm
line of the mercury spectrum and about 92-97 per cent of lamp output
is at this wavelength. The lamp was used in a vertical position on

an optical bench as described 1later.
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a and Lomb SP amp (Bausch and Lomb, Rochester, N

This w?.s a 200W super pressure mercury vapour lamp with a
fused silica envelope and an appropriate fused silica condensing
lens system. Newly fitted lamps were allowed to burn off at least 2
hours before being used for irradiation and were replaced after 100
hours use. This light source was used in conjunction with a Bausch
and Lomb high intensity grating monochromator, which was fitted with
a UV-visible diffraction grating of 1350.0 lines per mm blazed for
maximum efficiency at 300 rm. Operation was over a wavelength of
200 mm-800 mm with a stated reciprocal dispersion of 6.4 rm/mm.
Matched fixed slit discs were used, the entrance and exit slits
being 2.68 mm and 1.5 mm, respectively.

Arrangement of Optical Bench

The general arrangement of the apparatus for irradiafion of
cell suspensions is shown in Fig. 10. All optical components were
arranged in a horizontal plane on an Ealing Beck optical bench and
associated supports, allowing vertical and horizontal adjustment.
The simt;ex:

This was an iris camera shutter (G. B. Kernshaw 630) with a 2
cm aperture, fitted with a cable release. Exposures were timed
using a stopwatch.

The focusing lens

This was used only in conjunction with the Bausch and Lomb SP
200 source and was a 40 mm diameter Spectrosil biconvex lens having
a focal length of 55 mm, This produced an inverted magnified image
of the exit slit of the monochromator 3 cm high x 1 cm wide allowing

full illumination of the irradiation cuvette.
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Figure 10, Diagram of apparatus for UV irradiation of cells in suspension.

1. Mercury UV Source (SP200) 5. Focusing Lens

2. Quartz Collective Lens 6. Stray Light Filter
3. Monochromator 7. Irradiation Cuvette (See Fig. 12)
8. Stirrer

4, Shutter



Stray light filters

During irradiation with wavelengths longer than 254 mm
selected using a monochromator, it is essential that any stray light
of shorter wavelength be removed from the radiation beam to prevent
its contribution to inactivation and the introduction of a
corresponding error in determination of the biological sensitivity.
An appropriate UOV-absorbing filter was thus positioned between the
monochromator and the irradiation cuvette., Details of these filters
are given in Table 1 énd Figure 11. On receipt from the supplier all
glass UV-absorbing filters were checked against specification by the
determination of the UV-transmission spectrum relative to air using
a Pye-Unicam SP1800 scanning spectrophotometer.

For irradiation at 313 nm a film of Mylar C 2.5 pm (DuPont
Ltd.) was employed as a stray light filter. This material required
a period of about 2 hours exposure to the 313 nm radiation befare
use to "age™ it. During this time the transmission of the filter at
313 nm fell initially and then remained stable. The absorbance of
Mylar C was typically 0.27 at 313 nm and 3.0 at 300 mm indicating
that effective filtration of 300 mn and below was achieved.
The irradiation cuvette

A jacketed 10 mm internal width, 10 mm pathlength quartz
cuvette was used (Thermal Syndicate, Ltd.). This is illustrated
diagramatically in Fig. 12. Control of the temperature of the cell
suspensions was achieved by circulation of water from a water bath
through lagged rubber tubing by a peristaltic pump (Watson Marlow
Ltd.).

Two water baths were routinely used. One, for irradiation at
0°C, contained a 50 per cent ethylene glycol solution which was

cooled by a U-cool refrigeration unit (Neslab Instruments, Inc.).
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TABLE 1

DETAILS OF STRAY LIGHT FILTERS, BAND WIDTHS AND FLUENCE

RATES USED IN IRRADIATION EXPERIMENTS

WAVELENG TH $TR ANSMISSION BAND WIDTH
STRAY LIGHT 19 TRANSMISSION AT DESIGNATED AT 50% FLUENCE RATE
WAV EL ENG TH FILTER ON LOW SIDE mm WAV EL ENG THS MAXTMUM rm In s
#2514 m 6275 - — — 5.2 = 7.3 x10~2
*313 m Mylar C 2.5ym 301 m 63 7.0 m 5.8 - 9.3 x10°
325 m Corning 0-54 298 rm 84 12.5 m 3.6 - 6.5 x10°
#334 m Oriel WG-335 311 m 7 7.25 m 3.6 - 8.2 x10°
#365 mm Corning 0-52 332 mm 85 7 nm 1.9 - 4.2 x101

(1/2 thickness)

#¥Mercury resonance lines.
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Figure 12. Diagram of the irradiation cuvette

1. Irradiation cuvette
a. Entrance and exit ports for circulating fluid

b. Position of suspension for irradiation
2. Perspex holder



The other, reserved for the other temperatures, contained distilled
water and thermostatic regulation was by a heating coil pump (Grant
Instruments Ltd.). Periodic monitoring of the cuvette temperature
was achieved by a probe thermometer (Comark Ltd.). Before the start
of each experiment, the water bath temperature which would allow the
cuvette temperature to be at the desired level would be determined
and maintained constant throughout the experiment. 1In this way, a
+/~ 0.5°C of thé desired temperature was always ﬁaintained.

The stirrer

Cell suspensions were stirred during irradiation by means of
rotation of a quartz paddle in a 1laboratory stirrer (Stanhope Sera
Ltd.) at approximately 600 r.p.m.

Fluence Rate Determination for Ultraviolet Radiations

The fluence rates of UV radiations received by cell
suspensions were measured using an Oriel 7102 thermopile (Oriel
Corp. of America) in conjunction wth chemical actinometry. The
thermopile was mounted in a sliding bench saddle beside the cuvette
such that the detector was coincident with the inside front face of
the cuvette when moved across into the radiation beam. Output
voltages were measured on a microvoltameter (Keithley Instruments
Model 150B).

Normally, conversion of the incident energy from microvolts to
Joules m 2s”| are made with reference to the calibration factor of
the thermopile obtained by chemical actinometry (Hatchard and
Parker, 1956). However, this assumes a uniform fluence rate
received on the whole area of the cuvette (observed as a uniform
timage'!) which could not always be obtained with the Bausch and Lomb
monochromator. Furthermore, this image changed for different lamps

or as a particular lamp aged. Regarding the 254 mm irradiation using
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the penray lamps, the thermopile reading was so low that it was very
difficult to obtain an accurate reading. The situation was rendered
more complicated due to the radiant heat detected by the thermopile.
Therefore, chemical actinometry was very much relied upon and always
performed at the beginning of every experiment. The thermopile
readings served to check whether the fluence had remained constant
throughout an experiment.

Potassium ferrioxalate actinometry relies on the 1light

catalysed production of Fe2+

ions in a solution of K3Fe(0203)3. The
solution absorbs light completely in the UV region, the quantum
yield of the reaction is practically constant throughout the UV
region and the yield is independent of the fluence rate.
Actinometry was performed under red light according to the method of
Jagger (1967), as described in Appendix 2. A calibration curve of
optical density at 510 mm against amount of ferrous ion (as
determined by Kelland, 1984, Fig. A1) was used to ascertain the
amount of ferrous ion formed by the radiation. From this, a fluence
rate was calculéted by application of the constants pertaining to
the wavelength chosen. A number of fluences were obtained for
different time exposures at a particular monochromatic wavelength

and an average fluence rate for a particular experiment was

calculated.

2.1.1 Broad-band Radiation Sources

For broad-band irradiation, the apparatus shown
diagrammatically in Fig. 13, consisting of two 18" lamps mounted
horizontally in a metal box, was used. For broad-band near-UV
irradiation two F15T8 'Black-Light Blue' lamps (15W, General

Electric, Ultraviolet Prodﬁcts) and for broad-band far-UV
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Figure 13. Diagram of the housing used for broad-band irradiation.

1. Position of lamps
2. Front opening
3. Support for plates



2.0% 103

150 200 250 300 350 400
WAVELENGTH (NM)

\\ ol

200 400 600 800
WAVELENGTH (NM)

1000

Figure 14. Emission spectra for (A) short wave GIST8 (15W)

(B) longwave FIST8 (15W) lamps.
(Instrumentation wuncalibrated for wavelengths less than .00 mm
or greater than ,..nm).



irradiation two G151 (15W, Coast Wave, Ultraviolet Products) lamps
were used. The emission spectra for both lamps as obtained from the
manufacturers are shown in Fig. 14. |

Plates were irradiated either at a distance of 8 cm from the
lamps (near-UV) through their lids or at a distance of 16 cm from
the lamps without lids (far-UV).

The fluence rate obtained by chemical actinometry assuming
1

that 365 mm and 254 mm were mostly delivered was 30 Jm 2s~ | for
broad-band near-UV irradiation and 18 an.zs"1 for far-UV

irradiation, However, these fluences are only approximations, due to
the assumptions made, and in the experimental section both membrane
damage and lethality resulting fram broad-band irradiations will be
expressed relative to the duration of irradiation rather than the

fluence received.

2.1.3 Gamma-Radiation Source

For routine preparation of feeder 1layers prior to experiments
and for one set of survival experiments, a 13703 source (Gravatom
Industries Ltd, England) of about 2000 Ci was used. This isotope
has a physical half-life of 30 years and emits gamma rays of gbout
0.662 MeV. A schematic diagram of this source is shown in Fig. 15.

The irradiation unit had a vertical radiation beam with
exposure chamber built from locking lead bricks. A lead door with a
safety lock provided access to the chamber. The 13703 source was
mounted such that it could be drawn horizontally into the exposure
position by means of an electric drive. Exposure times could be
controlled automatically using the preset time counter, or manually

by using the 'exposure-return' buttons on the control panel.
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Figure 15. Vertical section of Gravatom 13'7Cs source

1. 137Cs source s . Irradiation chamber

2. Control panel ;. Lead shield

3. Drive unit s . Source lock

4. Failsafe weight 9. Lab Jack

5. Position of irradiation vessel (see Fig. 16)



The irradiation vessel used for assessment of cell survival
(shown in Fig. 16) consisted of a pyrex glass vessel of diameter 50
mm and depth 35 mm, fitted with a glass tubing for sampling. It was
mounted on top of a metal cylinder at a distance of 23 cm from the
bottom of the source. For the preparation of feeder layers, cells
were irradiated in 125 ml Flow bottles mounted on top of the metal
cylinder and elevated to the nearest point of the.source by means of
a lab jack as shown in Fig. 15.

Dosimetry

The 13703 dose rate was measured using the Fricke dosimetry
system (see Appendix 3). In this method, the oxidation of ferrous
ions to ferric ions in the presence of oxygen, determined by direct
spectrophotometry of the dosimeter solution, provides a direct
measure of the energy absorbed due to ionizing radiation.

At the position where irradiations in the vessel were carried
out, the gamma dose rate was calculated as 103 rads minf1, whereas
at the nearest point to the source, the dose rate was calculated as
500 rads minf’; therefore a standard time of 10 minutes was always
used for the irradiation of cell suspensions to be used as a feeder

layer.

2.2\ Irradiation Procedures

2.2.1 Procedure for UV Irradiation of Cells in Suspension

The radiation sources were always allowed time to 'warm up', in
the case of the penray lamp for 20 minutes and in the case of the
super pressure mercury vapour lamp for at least 30-60 minutes. The
irradiation cuvette was then positioned on the optical bench at a
height and distance from the source such that the front face of the

cuvette was within the field of illumination. The thermopile was
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Figure 16. Diagram of irradiation vessel

1. Gassing tube
2. Position of suspension for irradiation

3. Outlet for sampling 1



temporarily moved into the radiation beam and a number of microvolt
readings was taken to serve as a reference far the stability of the
lamp throughout the experiment. With the irradiation cuvette moved
into position again, chemical actinometry was performed on four
different samples. The average of calculated fluences were used to
calculate the incident fluence rate. After this determination, the
cuvette was repeatedly rinsed with sterile distilled water, whiie
sterile PBS was used for the 1last rinse. At this stage,
determination of the temperature inside the cuvette was made and any
adjustments, if needed, on the temperature of the water bath or the
rate of circulation through the jacketed cuvette made. The stirring
paddle was then moved into position and switched on. Sterilization
of the cuvette was achieved by exposure to the 254 mm output of a
penray lamp, mounted a few centimeters in front of the cuvette, for
20 minutes.

At the end of this period a 3 ml volume of the cell suspension
was transferred to the sterile irradiation cuvette and allowed 5
minutes to equilibrate at the correct temperature. The cell
suspension was then exposed to graded fluences of UV radiation and a
sample removed from the cuvette both as a control and after each
fluence for assessment of viability.
Correction of Fluence Due to Cell Concentration

In experimental work involving the irradiation of cells in
suspension with UV radiation of wavelengths below 380 mm, part of
the radiation becomes absorbed or scattered by the cells which
results in cells near the.rear surface of the cuvette receiving a
smaller UV fluence than 'those at the front. Rapid stirring of the
cells eliminates this non-uniformity but overall, the dose received

by the cells is less than the one calculated by dosimetry.
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Therefore, the fluence reduction resulting from 105 cells/ml, which
was the concentration at which cells were irradiated in these
studies was determined and a fluence correction applied.

The correction was based on an accurate determinmation of the
optical densities of different cell concentrations (Morowitz, 1950).
This corrects for the simple absorption of a photon by a cell, the
passage of a photon through the cell suspension without encountering
a cell (sieve effect) and the screening of cells at the rear of the
sample by other cells (shielding effect). Normally determination of
the optical density of the cell suspension is made wusing a

spectrophotometer, but as Jagger et al.,(1975) pointed out, if the

light is scattered appreciably by the sample, then a photon which
has traversed most or all of the sample may be scattered
sufficiently to miss the detector, due to the large sample-detector
distance. This was shown experimentally by Keyse (1983).
Therefore, determination of the optical density was made utilizing
the Oriel 7201 thermopile positioned directly against the back of
the cuvette, which reduced the sample-detector distance to about 3
mn, Using this arrangement, the optical densities of cell
concentrations between 5 x 101' and 106 cells/ml were determined,
using PBS alone as a blank, for the 3 different wavelengths used faor
cell irradiation (see Table A3 and Fig. A3 in Appendix 4). The
reduction in transmission relative to the blank , could be related
to a correction factor, by using the linear portion of the curve in
Fig. A4 inwhich the data of Morowitz (1950) for rapidly stirred
cells is depicted. The correction factors obtained at 254 mm, 313 mm
and 365 mm were 0.945, 0.983, and 0.989, respectively. A larger
reduction in transmission due to a larger cell absorption is

observed at 254 mm since the nucleic acids and proteins in the cells
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absorb the incident radiation more effectively. The correction
factors obtained were used to calculate the appropriate time
exposures to give the fluences required at a particular wavelength

before each experiment,

2.2.2 Procedure for UV Irradiation of Cells Attached on Plates

Plates containing the appropriate number of cells which had
~been allowed to attach for 48 hours prior to irradiation were
removed from the incubator. Their medium was collected and the
plates washed twice with 5 ml sterile PBS. Then 10 ml of PBS was
added and irradiation was carried out with the appropriate fluences.
At the end of each irradiation, the PBS was replaced by 10 ml of
‘conditioned' medium, i.e., the medium in which the cells were
grown. Plates were gassed and returned in their boxes to the
incubator at 37°C where they were allowed 2-3 weeks for colony

formation.

2.2.3 Procedure for Gamma Irradiation of Cells in Suspension

5 cells m~! concentration was pipetted

A 10 ml volume of a 10
into the sterile irradiation vessel. Oxygen, filtered through a
series of cotton plugs was blown over the suspension in order to
ensure mixing of the suspension throughout the experiment so that
the cells received the same dose and provide fully oxygenated
conditions which might affect sensitivity. As the experiments
lasted only 8 minutes at the most, additional means of keeping the
cells in suspension were not considered necessary. The suspension
was exposed to graded doses of gamma rays and after each exposure

time a sample was removed for the assessment of viability. These

samples were transferred, covered in aluminium foil, to the laminar
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flow cabinet where dilutions and plating were carried out in the
normal way.
A1l manipulative procedures were carried out at room

temperature under red light from Atlas fluorescent tubes.

3. TREATMENT OF DATA

The survival of irradiated human fibrobl'asts was expressed
graphically by plotting the surviving fraction (N/No), on a
logarithmic scale, against the amount of radiation received
expressed as the fluence.

In most cases, the survival curves obtained consisted of an
initial shoulder followed by an exponential portion and could be
described by the expression
N/N) = o™
where N/NO is the surviving fraction

D dis the UV fluence

k 1is a measure of the =slope of the linear portion of the

survivor curve

n 1is a measure of the extrapolation of the curve with the

y-axis

Visual inspection of the curves showed that the basic shape,
i.e. the width and extent of the shoulder varied with experimental
conditions such as the wavelength of irradiation, the temperature
during irradiation or the presence of other agents before, during or
after irradiation. For each group of experiments, all the data

points were plotted together and the width of the shoulder was

estimated by eye, a subjective procedure. The remaining data points
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were subjected to least squares linear regression analysis, each
individual experiment being analysed separately.

In the tables constructed, each survival curve is represented
by its slope and y-axis intercept with their associated errors.
From these, three parameters were calculated and used to describe
each curve, DO’ Dq and D10’ The D0 value is the fluence required to
reduce survival to 37 per cent in the exponential portion of the
curve and is equivalent to the inverse of the slope of the
straight-line portion of the curve multiplied by 2.303. The Dq
value, determined by extrapolating the 1linear portion of the curve
to 100 per cent survival is a measure of the width of the shoulder.
The D10 value, the fluence required to reduce survival to 10 per
cent, is a useful parameter since it reflects both the size of the
shoulder and the slope of the exponential decline. These parameters
were chosen so as to facilitate comparison with most published work.
The statistical analyses applied to the survival parameters obtained
are given in Appendix 5 and the surviving fractions for the

experiments in the text are listed by experiment number in Appendix

8.
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RESULTS AND DISCUSSION

PART 1



THE EFFECT OF THE IRRADIATION TEMPERATURE ON THE SENSITIVITY OF THE
NORMAL SKIN FIBROBLAST STRAIR GM730 TO SPECIFIC MONOCHROMATIC

WAVELENGTHS

A major concern throughout these studies, which are
principally directed towards investigating the response of human
fibroblasts to near-UV inactivating fluences, has been to identify
and control factors which modify this response. The influence of
any such factors was compared with the corresponding effect at
shorter wavelengths, in particular 254 mm, since more is known
about the mechanisms of inactivation by this wavelength.

A review of the literature concerning the UV sensitivity of
human cells reveals that the temperature during the irradiation
period has not always been strictly controlled, especially in
studies where irradiation of attached cells was carried out. With
the experimental facilities available for this study, irradiation of
the cell suspension in a jacketed cuvette allowed control of the
temperature to <+ 0.5°C. In the past, irradiations were routinely
carried out at 0°C to avoid concomitant repair during the
irradiation period. However, this deviates from the in yivo
‘situation where the cell would respond to UV damage while being at a
temperature close to 37°C. With this concern, and following the
initial observation of Keyse (1983) that the survival response of
1BR fibroblasts to 365 mm at 25°C shows increased resistance to
inactivation, the effect of temperature during the irradiation of

the normal GM730 cell line was studied.
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The Effect of the Irradiation Temperature on the Near-UV (365 mm)

Sensitivity of GM730 Cells

The response of GM730 cells following 365 mm irradiation at
-0, 25°C and 37°C is shown in Figures 17, 18 and 19, respectively,
where the data for all the individual experiments are presented.
The survival parameters which describe the individual experiments at
each temperature are listed in Table 2 while the data for these
experiments and all experiments referred to in this work, are
included in Appendix 8.

The results of seven experiments, covering a three year
period, which show the imactivation of GM730 cells by 365 m
radiation at 0°C, are shown in Fig. 17. The survivor curves are
characterized by an initial shoulder, followed by an exponential
portion through two log cycles of inactivation. Throughout the“
experimental period, no effect of serum batch on the survival |
characteristics of GM730 was detected, although there was a
difference in the plating efficiency of the cell line which ranged
from 8 per cent to 33 per cent. Similarly, no effect of the cell
passage number which was always between 10 and 20 could be seen.

Figure 18 shows the response of the same cell 1line under
similar growth and irradiation conditions (stirring, fluence rates)
but at the temperature of 25°C. It can be noted that there was a
decrease of the shoulder region relative to the result obtained at
0°C and a significant decrease in the rate of inactivation. The
wider range of response obtained may reflect a very delicate balance
of cellular activities at this temperature, as will be discussed

later.
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Figure 17. The inactivation of GM730 normal skin fibroblasts by
365m, irradiated at 0 C. The different sets of symbols
represent the results of replicate experiments.
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Figure 18. The inactivation of GM730 normal skin fibroblasts by
365nm, irradiated at 25°C. The different sets of symbols
represent the results of replicate experiments.



SURVIVING FRACTION

0.01
0 100 200 300 400 500 600

UV FLUENCE KJm-2

Figure 1Q. The inactivation of GM730 normal skin fibroblasts by
365nm, irradiated at 37°C. The different sets of symbols
represent the results of replicate experiments.
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Figure 20. The comparative response of GM730 cells to 365nn
irradiation at 0C (V , ——-m1--), 25C (o0 , )
and 37°C (*f- , ————o- ).
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The inactivation of GM730 cells by 365 mm radiation at 37°C is
shown in Fig. 19. An absence of shoulder and a further decrease in
the inactivation rate can be noted.

In Fig. 20, the comparison of the inactivation curves obtained
at each temperature is shown. The points on the graph represent the
mean values obtained at eéch fluence for a particular set of
experiments and the parameters of the lines are calculated as the
mean of the individually regressed experiments. This 1is the
procedure which will be usually followed throughout this work for
presenting the data. Comparison of the survivor curves at the three
temperatures reveals a difference in the shape of the curves since
the value of the shoulder present at 0°C quOo =82.9kJm'2)
diminished at the higher temperatures of 25° and 37°c (Dq25°=<1.
Dq37°=38.5 kJm-z). In parallel, there was a marked increase in the
resistance of the cells to inmactivation as the irradiation
temperature was increased. This is reflected by the D0 values which
are 96, 426 and 521 kim 2 at 0°, 25° and 37°, respectively. These
values represent approximate 4-fold and 5-fold increases of cellular
resistance to 365 mm inactivation at 25° and 37°C, compared to o°c,
which are statistically significant (x2 of 471.32 and 495.17

respectively, p < 0.001).

The Effect of the Irradiation Temperature on the Far-UV (253 rm)
Sensitivity of GM730 Cells

Having observed a significant increase in the resistance of

GM730 cells to 365 mm irradiation as the irradiation temperature was
increased, the response to 254 mm irradiation was examined in a

simil ar manner.
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The inactivation curves obtained at the three different
temperatures of 0°, 25° and 37°C are shown in Figures 21, 22, 23 and
the parameters describing the individual experiments are included in
Table 3. Fig. 24 is the comparison of the mean response obtained at
each temperature, each response being represented by the mean
survival points at each fluénce and by the mean line calculated from
the individually regressed slopes.

When irradiation was carried out at 0°C, the response was
characterized by an initial shoulder, followed by exponential
inactivation with values of Dq=14.7 Jn? and Dy=17.7 Jmfz,
respectively. When the irradiation temperature was increased to 25°
and 37°C the following changes in the survival response could be
observed: At 25°c there was a small increase in the rate of

2

inactivation as seen by comparison of the D. values of 17.7 Jm - at

2

0
0°C and 14.9 Jm < at 25°C. This difference was not observed at 37°C
(Dy=18.4 Jm-z), but at this temperature there was a decrease in the
extent of the shoulder as seen by comparison of the Dq values of

2 at o°c and 4.51 Jm.'2 at 37°C. These differences are small

14.7 Jm-
but show that in contrast to the result at 365 mm, there was no
increase in the resistance of the cells with increase in
irradiation temperature. On the contrary, there was a small but
significant decrease in the resistance of the cells as the
irradiation temperature was increased, observed either as an
increased rate of inmactivation (at 25°C) or as a decreased shoulder
(at 37°C) relative to the response at OOC. Both these differences
were found to be statistically significant at the 5% probability

level with an x2(1) equal to 5.73 and 16.56, respectively.
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Figure 21. The inactivation of GM730 normal skin fibroblasts by
25Hnm, irradiated at 0°C. The different sets of symbols
represent the results of replicate experiments.
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Figure 22. The inactivation of GM730 normal skin fibroblasts by
25Mnm, irradiated at 25°C. The different sets of symbols
represent the results of replicate experiments.
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Figure 23. The inactivation of GM730 normal skin fibroblasts by
25"nm, irradiated at 37°C. The different sets of symbols
represent the results of replicate experiments.
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TABLE 3

SURVIVAL PARAMETERS FOR THE INACTIVATION OF GM730 CELLS BY 254 NM
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The Effect of the Irradiation Temperature on the Mid-UV (313 nm)

Sensitivity of GM730 Cells
Further investigations involved 313 mm irradiation of GM730

fibroblasts at 0°, 25° and 37°C. The inactivation curves obtained
at the three different temperatures are shown in Figures 25, 26 and
27 while the parameters describing the individual experiments are
included in Table 4. Fig. 28 depicts the comparative responses
calculated from the individual experiments.

The responses obtained at the three different temperatures in
response to 313 nm irradiation again followed the reverse pattern of
that observed at 365 mm, in that the sensitivity of the cells was
progressively increased as the irradiation temperature was
increased. This 1is reflected clearly in the comparison of the

2

parameters D, qq and D,. in Table 4. The D, values, 14.2 kJm - and

10 0
2

14.4 kin < at 0° and 25°C, respectively, decrease to 9.3 Kim™2 at

37° whereas the Dq value, shows the diminution of the shoulder at

2

both 25° and 37°C (0, at 0% 14.2 kIm 2, at 25%4.2 kIm > and at

37%c=3.3 kJm.z). The D, values which reflect both the rate of
‘inactivation and the extent of the shoulder show a clear drop from

46.9 to 37.4 to 24.7 kim 2 at 0°, 25° and 37°, respectively.
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Figure 25. The inactivation of GM730 normal skin fibroblasts by
313nm, irradiated at 0°C. The different sets of symbols
represent the results of replicate experiments.
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Figure 26. The inactivation of GM730 normal skin fibroblasts by
313nm, irradiated at 25°C. The different sets of symbols
represent the results of replicate experiments.
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Figure 27. The inactivation of GM730 normal skin fibroblasts by
313nm, irradiated at 37°C .The different sets of symbols
represent the results of replicate experiments.
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SURVIVAL PARAMETERS FOR THE INACTIVATION OF GM730 CELLS BY 313 NM
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The Effect of the Irradiation Temperature on the Sensitivity of
GM730 Cells to 325 and 334 mnm Radiation

The effect of the temperature during the irradiation period on

two additional wavelengths was studied in order to determine whether
the response of cells to wavelengths between 313-and 365 mm followed
one or the other pattern. The inactivation curves at 0° and 25°C
following 325 and 334 mm irradiation are shown in Figs. 29A and B
and the calculated parameters for the individual experiments are
found in Table 5. It can be seen that the response to both
wavelengths is similar in pattern to the response obtained using 365
m since cells showed increased resistance at 25°C relative to 0°C
by a factor of 4.7 at 325 and 6.7 at 334 when comparing the D0

values,
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TABLE 5

SURVIVAL PARAMETERS FOR THE INACTIVATION OF GM730 CELLS BY 325 NM AND 334 NM
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Temperature No.
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Discussion
Comparison of the above survival data at the five
monochromatic wavelengths studied, with other published data, is

only possible at 0°C. Table 6 includes published D D and D

0’ "q 10
values for normal human fibroblasts irradiated in suspension. It
can be seen that if we exclude the results for 1MR-91 which are very
different and perhaps specific to that strain (it is a lung
fibroblast instead of a skin fibroblast), there is relatively good
agreement with other results. Previous comparisons of GM730 cell
response to short and long wavelength radiation with other normal
human skin fibroblast strains 1BR and U48BR (Keyse et 2al.,1985) found
no difference, so GM730 strain was considered as a typical normal
strain. At 254 mm, comparison to Keyse et al. (1985) shows an
appérent two-fold difference in the sensitivity of GM730 cells.
Since there is better agreement between the corresponding results at
313 and 365 mm, the discrepancy could be attributed to the
determination of the fluence rate, which was performed in a
different manner. In the first study the fluence rate was calculated
by thermopile measurement | with allowance for the heat ommitted
(Keyse et al., 1985) whereas in this study fluence determination was
based on chemical actinometry readings which were repeated several
times. Other published values of D0 for human fibroblasts irradiated
by 254 mm are between 2.5-9 Jm.g (Smith and Paterson, 1982; Kraemer
et al., 1976; Zamansky et al., 1985; Fujiwara and Tatsumi, 1976;
Wells and Han, 1985) but refer to fibroblasts irradiated by
broad-band far-UV sources while attached on plates (see Table 29).

The increased sensitivity of attached cells is expected since cells

are flattened and the distance of the cell surface to the nucleus
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and to the centre of the nucleus is much smaller. As an example,
measurements for African green monkey kidney cells (CV-1) as

obtained by Coohill et al. (1979) are shown below:

bV

- 1.04
3.6 ——/ [ ) CYTOPLASM

SUBSTRATUM

spherical cell attached cell

In Table 6 it can also be seenr that amongst the three
fibroblast strains used in this establishment, each strain has its
inherent sensitivity. 1BR cells are more sensitive than GM730 which
in turn are more sensitive than 48BR in response to any wavelength
used. This makes comparisons between different normal cells from
different laboratories very difficult even before starting to
consider other important factors such as purity of wavelength,
fluence rate, growth conditions and irradiation conditions which may
differ.

The effect of the temperature during irradiation was studied
in detail and results showed that, following 254 and 313 mm
irradiation, cells exhibited a decreased resistance when irradiated
at higher temperature, whereas following 325, 334 and 365 mm
irradiation, the opposite effect was observed.

The interpretation of these results in relation to the actions
of UV radiation on human cells can only be speculative since the
mechanisms of imactivation, especially at the longer wavelengths,

remain unclear.
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TABLE 6

SURVIVAL PARAMETERS OBTAINED FOR HUMAN FIBROBLASTS IRRADIATED

IN SUSPENSION AT 0°C

Wavelength Cell Line D In~2 D, Jm2 Dyg Jm2

25Y% nm GM730§ 17.7+ 0.3 14.7¢ 6.1 55.5¢ 7.1
GMT30. 13.0 16.5 - 57.0
GM7303 8.8+ 1.7 9.6+ 1.8 29.7+ 4.0
1BR"? 8.1¢ 0.7 10.4+ 2.5  28.9:x 1.5
48 BR 9.6% 0.7 7.9¢ 4.0 31.12 3.5

D, kJm 2 D, km2 D, kIm 2

313 mm GM73o: 14.2+ 0.3 14.2¢ 3.0 46 .9+ 5.2
GMT30 14.7+ 2.9 13.9: 2.6 47 .8+ 6.0
1BR o 12.4+ 0.2 0.8+ 1.8 37.3¢ 3.5
48BR® 16.6x 3.7 11.4¢ 4.7 55.5+14.0
1MR-91 3.2 4.8 -
GM38° 13 1 - 4 £ 2
GMjo8® 15+ 1 -— 32+ 2
CRL11419 13+ 1 33 2

325 m GM'zaoa 16.0 11.3 48.1
1ER 9.49: 0.45 12.2+ 2.26  34.1x 3.46

334 m Gynéoa 18.1 & 2.3 29.2: 0.6 70.8% 4.9
1BR° 14.7 & 0.4 19.1z 2.5 53.0+ 1.4
1MR-91 126 160 _—

365 mm GM730: 96.3£22.14 82.9:32.3 305 & 23
GM730, 83 100 295
GM730% 84.9x11.6 101.2+ 8.9 297 z 23
1BR 83.5+14.1 97.5¢ 12.6 289 + 28
48 BR e ‘150 <31 63.0+ 46.4 408 % 38
1MR-Q1 325 16140 -_—
GM38 200 20 210 30 —

a

b this thesis e

McAleer et al., 1987 £ Wells and Han, 1985
© Keyse et al., 1985 Smith and Paterson, 1982
d Keyse, 1983 (thesis) Smith and Paterson, 1981




Lethality following 254 nm radiation is generally considered
to be due to pyrimidine dimer formation which is a photochemical
event and as such not dependent upon temperature. Observations in
the past with bacterial célls have confirmed little difference in
response between irradiation at 0°C and 37°C (Jagger, 1967). The
repair of the damage, being due to enzymatic processes, is dependent
upon temperature but during a short time of irradiation (K15
minutes), in the dark, the amount is insignificant and does not
modify the response. It is not known what causes the small decrease
in the resistance of the cells if the induction of the lesion as
such is not dependent upon temperature. An altered DNA conformation
could be put forward as a cause for further investigations. However,
the observation that the cellular response to 254 and 365 mn
irradiation is influenced by temperature in a different way,
suggests that 1lethal mechanisms are not common to both treatments.

The response of GM730 cells to 313 nm irradiation shows a more
definite increase in sensitivity as the irradiation temperature is
increased which suggests that the production of the lethal lesion is
more pronounced at higher temperatures and is not repaired during
the irradiation period of 3 hours. Amongst possible lethal lesions
induced by 313 nm irradiation are pyrimidine dimers, thymine glycols
and single-strand breaks. An observation by Niggli and Cerutti
(1983) that induction of thymine-eontaining pyrimidine dimers in
human fibroblasts is more efficient at 37° than at 0° is consistent
with our results and supports a role for pyrimidine dimers being the
lethal 1lesion following 313 nm irradiation. This was the first
report of a dependence of pyrimidine dimer formation upon

temperature. The role of temperature in pyrimidine dimer formation
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is not known, nor is it known to what extent 254mm-induced
pyrimidine dimers are influenced by temperature, if at all.
Single-strand ©break formation has been shown to be
temperature-independent since 313 mm~irradiated human fibroblasts
showed a very small increase in single-strand breakage frequency at

37°C relative to 0°C. In the four human skin fibroblast strains

10 o

tested the number of breaks/10 "daltons was 1.3-1.9 at 0~ and
1.7-2.0 at 37°C (Hirschi et al.,1981).

In response to irradiation by wavelengths greater than 325mm
there is a clear increase of cellular resistance as the irradiation
temperature 1is increased. Several suggestions regarding alterations
in the production of lesions or their repair can be put forward. It
is Sécoming accepted that near-UV radiation effects are mediated by
oxygen reactive specles. Increased production of any of these
species following near-UV radiation in a biological system has not
been conclusively shown as yet but experimental evidence from
chemical systems suggests that this is possible. Singlet oxygen can
be formed by endogenous type II photosensitization reactions
(Krinsky,1984) but the nature of the sensitizer still remains
unknown. The production of superoxide ion has also been recently
demonstrated following mid- and near-UV irradiation of NADH and
NADPH coenzymes via a similar type II photosensitization reaction
(Cunningham et al., 19855. In addition, near-UV irradiation of
L-tryptophan in buffer has been shown to result in I-I202 formation
(McCormick et al., 1976). Once the concentration of one particular
species becomes elevated as a result of near-UV irradiation, further

reactions allow the formation of other oxygen species as well and it

becomes difficult to distinguish between their effects. Therefore,
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unless experimental évidence favours the involvement of one
particular species, these will be referred to collectively as
'reactive oxygen species,!

Theoretically, it can be suggested that the production of
reactive oxygen species will be reduced at higher temperatures
because of the decreased solubility of 02 in aqueous media, but no
studies as yet have investigated the temperature dependence of the
production of active oxygen species. On the contrary, it is well
established that enzymatic action is very dependent upon
temperature. Therefore, increased temperature during irradiation
should allow better enzymatic scavenging of the surplus reactive
species formed as a result of near-UV irradiation. Antioxidant
defense enzymes such as superoxide dismutase, catalase and
glutathione peroxidase would remove excess superoxide ions and
hydrogen peroxide, thereby preventing lesion formation in the DNA
and/or other cellular targets and result in increased resistance of
the cells to 41inactivation. Experimental evidence to support this
idea has been difficult to obtain since exogenous addition of the
above enzymes does not result in increased intracellular levels
because they do not cross the plasma membrane. However, their
selective inhibition by diethyldithiocarbamate or
3-amino-1,2,4-triazole or buthionine sul phoximine which are known to
respectively reduce superoxide dismutase, catalase and glutathione
activities, in mammalian cells (Lesko et al., 1985) would perhaps
clarify the importance of these enzymatic systems in near-UV induced
lethality. Such studies in conjunction with different irradiation
temperatures might also clarify the mechanisms underlying the

increased resistance human fibroblasts exhibit as the temperature
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during irradiation is increased. 1Indeed, a recent study by Tyrrell
and Pidoux (1986), in which inhibition of de novo synthesis of
glutathione by buthionine sul phoximine resulted in increased
cellular sensitivity to 313, 334, 365 and 405 mm irradiation but no
alteration of the response to 254 m irradiation, indicates a role
for endogenous glutathione in the protection of' human fibroblasts
from solar-UV wavelengths, The importance of the other enzymes
remains to be examined.

The possibility thaﬁ the target itself also changes at
different temperatures should also be considered. DNA conformation
is known to be dependent on several conditions, one of which is
temperature (Niggli and Cerutti, 1983) but if this is important in
relation to cell 1lethality we would expect its effect to be more
pronounced following far-UV-induced lethality, which is believed to
depend primarily upon a DNA lesion. However experimental data showed
that cell sensitivity to far-UV radiation is influenced by the
irradiation temperature to a 1lesser degree and in the opposite way
to cell sensitivity to near-UV radiation.

Membrane composition and fluidity are also known to vary at
different environmental temperatures, although it is not clear how
quickly cells are expected to adapt to new conditions. Higher
environmental gronth temperatures produce a lower content of
unsaturatedi fatty acids in mouse and human fibroblasts (Konings and
Ruifrok, 1985; McAleer et al., 1987) and decreased membrane
fluidity. Neither the unsaturated fatty-acid content of cells nor
their membrane fluidity have clearly been correlated with the
cellular response to near-UV inactivation but are under

investigation.
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Klamen and Tuveson (1982) used a strain of E. coli (K1060)
which can neither synthesize nor degrade unsaturated fatty acids to
test whether the degree of fatty-acid unsaturation can influence
sensitivity to near-UV inaetivafion. They reported that the higher
the unsaturation of the fatty acids incorporated in the membrane
phospholipids, the more sensitive 1log-phase cells were to near-UV

1

radiation., They explained this as a result of 'O, attack on double

2

bonds leading to increased production of 1lipid peroxidation.
Chamberlain and Moss (1987) extended this work using the same strain
of E. coli by showing that near-UV induced membrane damage, measured
as 86Rb+ leakage, was also increased in cells containing fatty acids
with a higher degree of unsaturation and was paralleled by increased
lipid peroxidation products. Both l1ipid peroxidation products and
86, .+ '

Rb" leakage from the cells were increased when irradiation was

carried out in the presence of D
1

20 which again supports a role for

O2 in the damaging process. However a study using photosensitized
cells exposed to near-UV radiation reported the opposite effect,
l.e., increased resistance to inactivation as the unsaturation of
the fatty acids incorporated in E. coli K1060 was increased (Wagner
et al., 1980). The authors suggested that a higher degree of
unsaturation in- the lipids resulted in increased membrane fluidity
which would be less susceptible to disruption.

In mammalian cells, alAteration of the 1lipid content is more
complex and involves inner membranes such as nucleic, mitochondrial
and lysosomal, as well as the outer cell membrane. To date studies
have not indicated any correlation between the unsaturated

fatty-acid content of the cells and their response to either UV or

gamma irradiation (McAleer et al., 1987; Wolters and Konings, 1984).
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Another group of enzymes whose activity woulq'also increase as
the temperature during irradiation increases are DNA repair enzymes.
Concomitant repair of any DNA 1lesions during the irradiation period
of 4 hours could be expected to result in increased cellular
resistance to irfadiation. Results showed that irradiation with 313
nm at 37°C which lasted for about 3 hours did not result in
increased cellular resistance, but this could be a result of the
rate of 1lesion formation exceeding the rate of repair at that
particular wavelength. This might not be the case during 365 mm
irradiation, so this point warrants more extensive investigation. An
obvious method to carry out this investigation, such as to increase
or decrease the irradiation fluence rate and follow its effect on
survival, was not feasible iﬁ this study, since the fluence rate
used was the maximum emitted by the monochromatic source and the
irradiation time of 4-4.5 hours was also near the maximum time cells
could be stirred in buffer without a decrease of viability (Keyse

1983, see also Table 8).
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RESULTS AND DISCUSSION

PART 2



THE SENSITIVITY OF AN ACTINIC RETICULOID STRAIN, AR6LO, TO ULTRAVIOLET
RADIATION, GAMMA RADIATION ARD HYDROGEN PEROXIDE AND ITS COMPARISON

TO THE RESPONSE OF NORMAL GM730 FIBROBLASTS

Investigations into the cellular responses of actinic
reticuloid (AR) cells to near-UV light were prompted by reports that
AR cells exhibited an abnormal response to broad-band near-UV
radiation characterized by/changes in the morphological appearance
to the cells, decrease in RNA synthesis and increase in the
incidence of DNA single-strand breaks (Giannelli et al., 1983;
Botcherby et al., 1984). The initial objective of this work relating
to AR cellular response was to determine the sensitivity of AR cells
to specific monochromatic wavelengths under controlled conditions of
irradiation. Inactivation studies of AR cells by gamma radiation
and H202 are also included in this chapter since the responses
obtained should be taken into account when formulating a hypothesis

for the underlying cause of AR sensitivity.
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Growth Characteristies of AR Fibroblasts

Cells were grown in EMEM medium supplemented with 15 per cent
foetal calf serum as previously described for normal human
fibroblast strains.

Growth curves for both cell 1lines were constructed
(experimental details in Appendix 6) and sho§n .in Fig. 30. There
was a similarity of shape in the growth curves which were
characterized by a 1lag-phase, an exponential or log-phase and a
plateau phase. 1In this and other growth curves constructed in this
study (Fig. 42), the lag-phase could be more accurately described as
a drop from the number of cells initially inoculated on the plates
due to their inability to attach and divide. The proportion of AR
cells unable to multiply, as shown in this growth curve, was greater
than phat of normal GM730 cells. AR cells grew more slowly than
GM730 cells (doubling time of 39 hrs compared to 26 hrs) and did
not grow to as high numbers as normal cells did, under identical
conditions. This could be (1) due to a smaller densing capacity of
the AR cell line, (2) due to more rapid depletion of nutrients from
the growth medium or (3) due to some other inhibitory factor. AR
cells were often more ragged in appearance, as seen under the
microscope after trypsinization, especially when older in passage
(17-20) or when more than 5-6 days had passed since previous
subculture. Their plating efficiency was also lower and ranged from
4 - 21 per cent throughout this work whereas for GM730 cells these
values were 5 - 43 per cent. As mentioned previously, plating
efficiencies depended partly on the serum used and were not

correlated in any way to cellular sensitivity.
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Figure 30. Growth curves for (A) AR6LO and (B) GM730 cells in EMEM supplemented

with 15$ foetal calf serum.



Sensitivity of AR Fibroblasts to Near-UV (365 mm) Radiation

The response of AR cells following irradiation with 365 mm
wavelength was determined at 25°C since previously published results
concerned irradiations performed at room temperature. Fig. 31 A
includes the results of six replicate experiments and Table 7 the
calculated parameters for each experiment. In Fig. 31 B the
comparison of the mean response of AR and normal GM730 cells can be
seen.

Al though there was a variability in the response of AR cells
to 365 nm at 25°b, the mean response of AR cells was found to be
approximately 4 times more sensitive than the mean response of GM730

.cells. The factors which influenced the sensitivity of both cell
lines could not be detected but seemed to be related to the exact
conditions of irradiation or medium in which cells were grown or
irradiated, since, when matched experiments were performed on the
same day, the same influence on sensitivity was apparent, ji.e. a
'resistant' GM730 cell response was matched with a 'resistant' AR
cell response. Therefore the difference in sensitivity remained
around 4. When both sets of data were treated as a population, the
difference between the two populations was found to be significant
by statistical tests with an x2 value of 10.33 for the intercept and
239 for the slope (p<0.001).

In order to exclude the possibility that some other factor
related to the length of the irradiation time was responsible for
the observed sensitivity, both normal and AR cells were kept stirred
in the cuvette, at 25°C without receiving any irradiation, and their

survival determined at 30 minute intervals. The results in Table 8
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Figure 31. (A) The inactivation of AR6LO cells by 365nm irradiation at 25°cf in PBS. Different
sets of symbols represent the results of replicate experiments.

(B) The inactivation of AR6LO (=, ------—--- ) and GM730 ( O , ---—----—-- ) cells by 365nm irradiation
at 25 C. Mean experimental points at each fluence and calculated mean lines depicted.



TABLE 7

SURVIVAL PARAMETERS FOR THE INACTIVATION OF AR6LO CELLS BY 365 NM

P :

Irradiation Expt. Slopg -1
Medium No. (Jdm ™)
PBS 45 3.86x107¢
46  3.24x10_¢
47 2.34x10_¢
48 4.09x10_¢
49 3.39x10_¢
50 3.31x10
Mean 3.37x10
EMEM 51 3.20x10:g
52 2.49x10
Mean 2.85:1()'6
DMEM 53 3.66x107°

Standard

Deviation

2.62x10
1.68x10
2.10x10
4.01x10_7
2.10x10_7
2.33x10

=7
-T
-7
-7
2.50x1o'7

1.00x10"7

2.34x10"7

Data in Appendix 8 (Tables A15, A16)

-2.13x10

-1 -73x10

Intercept
y-axis

1.51x10

-1
-1
-2
7.21x1075
3.66x107
1.39x10

2.81x10™2

2

1.20x10 5

3.30x10"

2.25x10™2

7.80x10~2

Standard
Deviatio

8.12x10_
4.24x10_
6.52x10_
7.17x10_
3.26x10_
4.06x10

6.31x10_
2.53x10

4.71x10"

n

2
2
2
2
2
2

2
2

2

IRRADIATED AT 25°C IN DIFFERENT MEDIA

DO Dq D1
Jm 2 Jo 2 Jm-g
1.12x1og 5.h9x103 2.oux1og
1.34x107 4.66x10; 3.55x10;
1.86x102 -7.41x10; 1.20x107
1.06x102 1.76x10, 2.62x107
1.28x107 1.08x10, 3.06x10
1.31x10 4.19x10 3.44x10
1.33x10° 2.7hx10" 3.15x10°
1.36x10§ 3.76x103 3.16x10§
1.78x10° 1.32x10" 4.15x10
1.55x10° 8.48x10° 3.66x10°
1.19x10° 2.14x10% .2.95x10°



show that for up to 5 hours of stirring there was no significant

decrease in the viability of either cell line.

TABLE 8
SURVIVING FRACTION OF %RGLO AND GM730 CELLS WITH TIME HELD
IN BUFFER AT 25°C STIRRED AT 600 RPM

Holding time Surviving fracfion
(mins) AR6LO GMT730
60 8.89x10"" 1.04x10 °
90 9.67x10"" 8.66x10"
135 1.15x10 ° 9.26x10™"
165 9.02x10"" 1.01x10 °
195 9.02x10™" 8.66x10™"
2140 8.63x10" 9.17x10™"
300 8.17x10"" 9.26x10™

Since published results on AR sensitivity concerned
irradiations performed in full medium (Dulbecco's Modification of
Eagle's Medium), it was decided to assess AR survival after
irradiation in EMEM and DMEM supplemented with 15 per cent foetal
calf serum as compared with irradiation in PBS. Figures 32 A, B
show the response obtained when AR cells were irradiated with 365 mm
at 25°C in EMEM and DMEM growth media. No further sensitization was
observed relative to the response obtained when irradiation took
place in PBS (Fig. 31). This result is perhaps surprising taking
into acco;nt reports such as those of Wang et al. (1974) and Stoien
and Wang (1974) who have shown the formation of toxic photoproducts

in tissue culture medium by blacklight but perhaps AR cells are

- 88 -



g o\ 4
5
= E
0.1 3 0.1
o) o\ Z
>
: ¢
«n (04}
0.01- 0.01
100 200 300 400 600 600 0 100 200 300 400 600
UV FLUENCE KJm-2 UV FLUENCE KJm-2

Figure 32. The inactivation of AR6LO cells by 365nm irradiation at 25°C in (A) EMEM (B) DVEM

medium. The different sets of symbols represent the results of replicate experiments. The
dashed line represents the response obtained in PBS (see Fig.31)



already maximally sensitized to irradiation under the stated
conditions.

The inactivation of AR cells by 365 mm was also determined at
the temperatures of 0o and 37°C in order to form further comparisons
with normal cell strain GM730. The inactivation curves obtained are
shown in Figs. 33 A, B and 34 A, B while the calculated parameters
for the individual experiments are included in Table 9. No
difference in the sensitivity of AR and normal cells could be seen
when irradiation took place at those temperatures, and the same
factoré which increased the resistance of normal cells when the
irradiation temperature was raised to 37°C seemed to increase the
resistance of AR cells as well. However, at the intermediate
temperature of 25°c, as seen in Fig. 31 B, a difference in
sensitivity was apparent. One interpretation of this observation
at 25°C could be that there is a partial enzymatic defect in AR
cells. This could be either in the scavenging enzymes which would
‘ reduce the load of reactive oxygen species and prevent lesion
formation or in the repair enzymes which would operate to repair
lesions formed. From these initial experiments it is not possible to
draw any further deductions as to which group of enzymes would most
likely be affected. An alternative explanation could again be that
the target(s) of near-UV radiation is altered in a different manner

in the two cell lines as the temperature is increased.

Sensitivity of AR Fibroblasts to Far-UV (25} rm) Radiation

o )
The inactivation of AR cells by 254 mm irradiation at 0, 25

and 37°C is shown in Panel A of Figures 35, 36, 37 and compared to

the normal GM730 cell response in panel B of the same figure.
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Figure 33. (A) The inactivation

of AR6GLO cells by 365 rm irradiation at 0°C. Different sets of
symbols represent the results of replicate experiments.

(B) The inactivation of AR6LO ( ¢ , --——-- ) and GM730 ( O , ) cells by 365 nm irradiation at
0 C. Mean experimental points at each fluence and calculated mean lines depicted, non-irradiated)
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Figure 34. (A) The inactivation of AR6LO cells by 365nm irradiation at 37°C. Different sets of
symbols represent the results of replicate experiments.

(B) The inactivation of AR6LO ( ¢ , -----—-—--- ) and GM730 ( O , —-—--—---mmmmm- )cells by 365nm irradiation
at 37 C. Mean experimental points at each fluence and calculated meanlines depicted.



Temperature

0%

371°¢C

Data in Appendix 8 (Table A17)

Mean T7.33x10

TABLE

9

IRRADIATED AT 0°c AND 37°C

Expt. Slo

No. (ngﬁ)'1
54 3.48x10:g
55 5.06x10_6
56 5.1&1x10_6
57 5.28x10_6
58 6.50x10
Mean 5.15:10"6
59 7.79x1077
60 6.87Tx10

-7

Standard
Deviation

8.60x10
4.27x10
2.53x10_7
8.77x10__7
3.11x10

-7
=7
-7

2.27x107]
1.34x10

Interce
y-axis

3.11x10
3.72x10
6.22x10
6.23x10
5.33x10

5.92x10

=4.16x10_
-2.29x10

-3.23x10"

pt
-1
-1
-1
-1
-1

-1

2
2

2

SURVIVAL PARAMETERS FOR THE INACTIVATION OF ARG6LO

Standard

Deviatio

1.99x10
1.47x10
8.01x10
2.7T7x10
9.83x10

6.43x10_
4.14x10

n

1
1
2
1
2

2
2

CELLS BY 365 KM

DO Dq
Jm 2 Jm 2

1.25x10
8.58x10
8.03x10
8.22x10
6.68x10

8.95x10
7.35x10
1.15x10
1.18x10
8.20x10

L )|
WD

D1
Jm-g

3.77x10
2.71x10
3.00x10
3.07x10
2.36x10

(L EGRG RN RS

5 ]

8.80x10° 9.56x10

y

-3.33x10

5.57x102

6.32x10

W

2.98:105

6
1.23x106

1.42x10

n

(Y]

1.33x10°



Calculated parameters for the individual experiments are found in
Table 10. The survivor curves obtained for AR cells at the three
temperatures did not show any significant differences from the
normal GM730 response. They also followed the same pattern of
response as-the normal cells to an alteration of the irradiation
temperature in that the resistance of AR cells was progressively
decreased as the irradiation temperature was increased. This result
confirms that AR sensitivity to far-UV radiation is normal and
determined by similar mechanisms of lethality to those of normal

GM730 cells.

Sensitivity of AR Fibroblasts to Mid-UV (313 nm) Radiation
The response of AR cells to 313 nm irradiation at 0° and 25°C

was determined (Figs. 38 A, 39 A) and compared to normal GM730
response in Fig. 38 B, 39 B. Again, as seen in the graphs and by
comparing the calculated parameters of Table 11 and Table 4 for AR
and GM730 cells, respectively, there was no difference in the

response of the two cell lines to this wavelength.

Normal and AR Human Fibroblast Response to Gamma Radiation
The question of whether there is any cross-sensitivity between

’cells showing increased sensitivity to gamma-irradiation and cells
showing increased sensitivity to a specific section of UV light is a
possibility that has been the subject of a number of investigations.
It has been suggested that an AT strain (AT4BI) abnormally
sensitive to gamma radiation is also sensitive to 313nm radiation,
(Smith and Paterson, 1981; Keyse et al.,1985) but the most typical

representative of far-UV sensitivity i.e. XP cell strains fall into
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Figure R5. (A) The inactivation of AR6LO cells by 254nm irradiation at 0°C. Different sets of
symbols represent the results of replicate experiments.

(B) The inactivation of AR6LO ( ¢ , -—-—--—- ) and GM730 ( O , ) cells by 25" nm irradiation
at 0 C. Mean experimental points at each fluence and calculated meanlinesdepicted.
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Figure T7. (A) The inactivation of AR6LO cells by 254nm irradiation at 3 7 One experiment shown.

(B) The inactivation of AR6LO ( °, ) and GM730 cells (O, ) cells by 25*nm irradiation
at 37 C. Single experiment for AR6LO and mean response of GM730 cells depicted.



TABLE 10

SURVIVAL PARAMETERS FOR THE INACTIVATION OF AR6LO CELLS BY 254 NM

IRRADIATED AT 0°C, 25%, amDp 37°C

Expt. Slogg -1 Standard
Temperature No. (Jm ) Deviation
0% 61 2.3ux1075 4.11x1073
62 3.26x10_2 2.Ollx10_3
63 2.86x10 1.43x10
-2
Mean 2.82x10
25° 64 3.16x1075 3.42x1073
65 3.17x10 1.02x10
-2
Mean 3.17x10
37°C 66 3.35x10™2 4.15x1073

Data in Appendix 8 (Table A18)

Intercept

y-axis
2.94x10°
5.45x10_
5.16x10
4,52x10"
5.47x1o:
5.07x10
5.27x10"

2.61x10"

1
1
1
1
1
1
1

1

Standard
Deviation

1
2
2

1.62x10_
8.02x10_
5.81x10

1

1.25x10 >

4,31x10°

1.67x10™2

DO Dq D1
Jm 2 Jm 2 Jm'g
1.86x1o} 1.26x1o} 5.53x10:
1.33x107  1.67x107 h.74x10
1.52x10" 1.81x10' 5.30x10
1 1 1
1.57x10' 1.58x10' 5.19x10
1.37x10: 1.73x10: 4.90x10:
1.37x10" 1.60x10' 4.75x10
1 1 1
1.37x10' 1.67x10' 14.83x10
1.30x107 7.81x10° 3.76x10"
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Figure 38. (A) The inactivation of AR6LO cells by 313nm irradiation at 0°c# Different sets of

symbols represent the results of replicate experiments.

(B) The inactivation of AR6LO ( ¢, ---—--- ) and GM730 (O ,-— ) cells by 313nm irradiation at
0 C. Mean experimental points at each fluence and calculated mean lines depicted.
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TABLE 11
SURVIVAL PARAMETERS FOR THE INACTIVATION OF AR6LO CELLS BY 313 NM

IRRADIATED AT 0° AND 25°C

Expt. Slogg -1 Standard Intercept Standard DQ2 D92 Dlg
Temperature No. (Jm ™) Deviation y-axis Deviation Jm Jm Jm
0’ 67 3.82x10:§ 3.71x10:g 6.81x10:: 1.49x10:: 1.1ux1oﬂ 1.78x1oﬁ u.u0x1oﬁ
68  4.24x10°2 6.72x10_¢ 7.70x10_, 2.70x10_, 1.02x10, 1.81x10, 4.17x10,
69 2.60x10°° 1.10x10°  2.53x10° 4.31x10 - 1.67x10° 9.73x10° 4.82x10
Mean 3.55x10™° 5.68x10™" 1.28x10" 1.52x10" 4.16x10"
25°%C 70 2.38x10:g 1.98x10:6 -5.56x1o:§ 7.38x1o:f 1.82x1oﬁ 2.33x102 4.44x10,
71  2.67x107° 2.T4x10"° -4.30x10°- 1.02x10"  1.63x10 -1.61x10° 3.58x10
Mean 2.53x107° -1.93x1072 1.73x10" 1.00x103 14.01x10"

Data in Appendix 8 (Table A19)



the normal range of radiosensitivity (Arlett and Harcourt, 1980;
Dritschilo et al., 1984).

Gamma-irradiation experiments were performed with cells in
suspension, bubbled with oxygen, at room temperature (20°C), as
described in the Materials and Methods section. The dose rate was
103 rads min~'. The results of 4 experiments with AR cells and 2
with GM730 cells are shown in panels A, B of Fig. 40, respectively.
The mean responses obtained, which were calculated from the
individual parameters for each experiment shown in Table 12, showed
that the two cell lines did not exhibit a significant difference in
their response to gamma radiation, although GM730 cells showed a
small shoulder followed by a slightly steeper slope (Do of 95.7 rads
- for GM730 compared to 121 rads for AR). The steeper slope of GM730
was not reflected in the D, values which were 369 rads for GM730

10
and 283 rads for AR, i.e. by comparison of D values AR cells were

10
more sensitive. Comparison to other published values on the
radiosensitivity of human fibroblasts shows both responses to be
within the normal range since in a survey of radiosensitivity by
Arlett and Harcourt (1980) where 54 human cell strains were assayed,

the normal sensitivity was described by D, values of 97 to 180 rads.

0
It should be noted that there is good agreement between the two
experimental methods used since in the above study, log-phase cells
were irradiated in suspension, in air, at ambient temperature.
However, the dose-rate used by Arlett and Harcourt was 1.8-3.2 rads
min71, approximately 30-60 times lower than the dose-rate used in
the experiments presented above and, according to Dritschilo et al.

(1984), human fibroblasts respond with an enhancement in survival

when the dose rate is reduced. In their study they reported a D0
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Figure 40. The inactivation of (A) AR6LO and (B) GM730 cells by gamma irradiation at room

temperature (20 C).

The different sets of symbols represent the results of replicate experiments.



TABLE 12
SURVIVAL PARAMETERS FOR THE INACTIVATION OF AR6LO and GM730 CELLS

BY GAMMA-IRRADIATION

Expt. Slope -1 Standard 1Intercept Standard DO Dq D10
Cell Line No. (Rads) Deviation y-axis Deviation Rads Rads Rads
AR6LO 72 3.28x1073 2.81x107) -1.16x107) 9.33x1072 1.32x103 -3.53x10] 2.70x105
AR6LO 73 3.61x1073 3.86x107) -3.70x107F 1.29x107) 1.20x10; -1.02x10; 2.67x10;
AR6LO 7%  3.77x1073 8.82x100; 1.16x107) A4.46x107, 1.15x10; 3.07x10; 2.96x10;
AR6LO 75  3.69x1073 1.08x10™" 1.01x10”' 5.46x10"° 1.18x10° 2.74x10" 2.98x10

Mean 3.59x1073 1.60x10™2 1.21x10° 3.15x10° 2.83x102
GM730 76 5.40x1073 3.0x107} 9.85x107) 1.69x107) 8.0bx10, 1.82x105 3.68x102
GM730 7T 3.91x1073 2.42x10”0 h.ubx10”! 1.33x1077 1.11x102 1.14x102 3.69x10

Mean X.66x1073 7.15210"" 9.57x10"  1.48x10% 3.69x102

Data in Appendix 8 (Tables A20, A21)



value of 160 rads when the dose rate was 160 rads/min and a D0 value
of 270 rads when the dose rate. was 3 rads/min. These values were
obtained for gamma 4irradiation of prepared dilutions of human
fibroblasts attached on a flask, at room temperature. The
discrepancy between their results and those of Arlett and Harcourt
(1980) remains to be explained but is perhaps related to the stage

of growth of cells and to their physical state during irradiation.

Normal and AR Human Fibroblast Response to Hydrogen Peroxide

Since it has been suggested that the AR sensitivity is related
to an increased load of reactive oxygen species, the AR cellular
response to H202 was determined.

The experiments were designed so that the appropriate
concentrations of H202 were added to attached cells, prepared as
described previously, 48 hrs after plating. B202 was added in the
full growth medium of the cells in the dark. The plates were placed
in boxes, gassed and kept in the dark at room temperature for a 24
hr period at the end of which the medium was discarded and fresh
medium added. Boxes were regassed and incubated as normal.

The mean result of 2 replicate experments for each cell line
is shown in Fig. 41. Both curves were characterized by a shoulder
followed by exponential inactivation which proceeded at
approximately double the rate in AR cells (D0 for AR=3.7T pY, D0 for
GM=6.65 pM). These results can be compared with other published
data such as that of Hoffmann and Meneghini (1979b) who found the
average H202 concentration that corresponds to 37 per cent survival
to be 9.6 + 2.5 plf for an SV40 transformed WI-38 cell line, VA13.

Our corresponding values would be 15.4 pM for AR cells and 21.1‘¢M
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TABLE 13

SURVIVAL PARAMETERS FOR THE INACTIVATION OF AR6LO AND GM730 CELLS BY H202

Expt. Slog? Standard Intercept Standard DO Dq D10

Cell Line M Deviation y-axis Deviation wM pM M
AR6LO 78 1.11x10:: 3.06x10:§ 1.46x10 8 7.H0x10:: 3.91x108 1.31x10: 2.22x10]
79  1.20x10° 3.90x10° - 1.43x10 - 1.00x10"  3.62x10° 1.19x10 2.03x10
~1 0 0 1 1
Mean 1.16x10 1.35x10 3.77x10° 1.25x10° 2.13x10
GM730 80  5.50x1072 7.98x107 9.06x107] 2.30x107) T7.77x100 1.62x10) 3.41x10,
81 T7.86x107° 1.92x10°° 9.98x10° 5.52x10" 5.52x10° 1.27x10 2.54x10
-2 -1 0 1 1
Mean 6.73x10 9.52x10 6.65x10°  1.35x10° 2.98x10

Data in Appendix 8 (Table A22)



for GM730 cells. This difference is not very large, considering the
differences in methodology, their cells being incubated with H202
for 30 minuﬁes at 37°c. Ward et al. (1985) claim that cells are
more resistant at 0° than at 37°C, which is consistent with our
results, obtained at 20°C, which -showed an increased cellular
resistance relative to that reported by Hoffmann and Meneghini
(1979b).

The mechanism of damage by H,0, has not yet been elucidated.

272
has been shown to produce single-strand breaks in cellular DNA

H202
of V-T9 cells and human fibroblasts (Ward et al., 1985; Hoffmann and
Meneghini, 1979b) but not in purified DNA (Hoffmann and Meneghini,
1979b). This has led to the —conclusion that another,
intracellularly generated, species exerts thié damage and OH is the
most probable candidate. However, the importance of these
single-strand breaks in inducing lethality is not known since they
are effectively repaired, 90 per cent of the original single-strand
breaks induced by 0.1 mM H202 in human fibroblasts being repaired
within 10 hours (Hoffmann and Meneghini, 1979b). A similar
conclusion is reached by Ward et al. (1985) who suggest that
single-strand breaks are ineffectual in causing cell death.
Therefore, another DNA or possibly non-DNA 1lesion could lead
to lethality but there have been no speculations regarding its
identity. The AR cells show a sensitivity to this agent which is
consistent with the previous proposal that they may bhave an
inability to scavenge reactive oxygen species. H202 addition to a
biological system can be considered to increase the load of several

other oxygen species. The generation of OH at a particular site

would be possible via a metal-catalyzed Haber-Weiss reaction, and
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could be expected to have important consequences for cell survival.
If this site happened to be a membrane site, as OH is known to be a
very good hydrogen abstractor, it would be able to start a chain of
lipid peroxidation reactions. In vitro sudies have shown hydrogen
peroxide and superoxide anions to be able to cause peroxidation of
fatty acids via the generation of hydroxyl radicals and singlet
oxygen which directly oxidize the unsaturated fatty acids (Kellogg
and Fridovich, 1975). It is not clear whether lipid peroxidation
can lead to cell lethality directly but it would severely damage
membranes. Alternatively, letﬁal damage may occur in cellular DNA
where OH.is thought to cause single-strand breaks. Botcherby et al.
(1984) have already reported an increased incidence of single-strand
breaks in actinic reticuloid (relative to normal) cellular DNA
following broad-band near-UV irradiation, at room temperature, in
DMEM growth medium. Under these irradiation conditions toxie
photoproducts such as hydrogen peroxide and at particular sites, OH:
would be expected to be formed. Whether near-0UV induced
single-strand breaks are more effective in Qausing cell death in AR
cells than normal cells is a point that needs further examination.
It might be postulated that normal cells do not suffer damage
to the same extent since they might be more able to remove both H202
and other resulting species before lesion formation. An alternative
proposal would be that lesion formation takes place in both cell
lines but, whereas normal cells are able to repair it to a certain

extent, AR cells may have a defect in a repair process and hence

show an increased sensitivity.
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RESULTS AND DISCUSSION

PART 3



THE EFFECT OF A VITAMIR E ANALOGUE, TROLOX-C, ON THE SENSITIVITY OF

NORMAL AND ACTINIC RETICULOID FIBROBLASTS TO NEAR-UV RADIATION

In order to test the hypothesis that AR cells have a reduced
ability . to cope with an excess of reactive oxygen species and
possible other free radicals formed during near-UV irradiation, the
effect of an antioxidant on the inactivation of AR cells by UV-light
was examined. The choice of vitamin E was made due to its 1lipid
soluble character which allows it to concentrate in cellular
membranes, a possible target for near-UV-induced lethality.
Embedded in the membranes, it is thought both to scavenge singlet

oxygen (Grams and Eskins, 1972; Foote et al., 1974) and superoxide

radicals (Yagi et al., 1978; Ozawa and Hanaki, 1985) and also to
terminate lipid peroxidation reactions (Witting, 1980).
Additionally, it can provide structural support to membranes by
interacting with the fatty acids of membrane phospholipids (Diplock
and Luecy, 1973; Srivastava et al., 1983).

Practical problems of handling l1ipid soluble forms of vitamin
E made the use of the water-soluble analogue, Trolox-C, in which the
long hydrocarbon chain is substituted by a ~COOH group, preferable.
Al though this hydrocarbon chain was originally thought to assist in
the interaction of vitamin E and the fatty acids of membrane lipids
it has recently been shown that the interaction takes place via the
methyl and hydroxyl groups of the chromanol nucleus (Erin et al.,

1985) which are retained in the Trolox-C analogue as seen below. The
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structure of alpha-tocopherol acetate is also included for future

reference.
Cl13
R,
H.,C R1
6}13
R1 R2
CH
3
-CHZ(CHZCHZCHCHZ)BH -0H Vitamin E
C Al pha-tocopherol
H3 4}) P! p
-CH2(0H20H20HCH2)3H -OCCH3 acetate
-COOH -CH Trol ox-C
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The Use of Trolox-C in the Pre- or Post Irradiat.{og Medium

For use in the experiments described, 1 mg/ml solutions of
Trolox-C were prepared by the aseptic addition of the powdered form
in sterile double distilled water. Since vitamin E can become
oxidized, the solutions were only kept for use during the same day.
Photooxidation of vitamin E alsoc precluded its wuse during
irradiation, so it was only used before and after irradiation.

When Trolox-C was incorporated in the post-irradiation medium
0.6 ;1 of the 1 mg/ml solution was added to the plates with the
equivalent volume of double distillied water added to the controls.
For this set of experiments the plates were prepared with 9 ml of
medium to which 1 ml of cells were added so that approximately 60
pg/ml Trolox-C was present in the post-irradiation medium, during
the incubation period. This concentration was chosen from a
preliminary plating experiment in which out of the 1, 5, 10, 30 and
60 pg/ml Trolox-C concentrations used, 60 pg/ml was shown to
increase the plating efficiency most.

An alternative method for using Trolox-C was to include it in
the growth medium of the cells during the last subculture, 48 hours
before the experiment. A 1.5 ml volume of the 1 mg/ml solution was
added to 13.5 ml of the growth medium to give a 100 wg/ml
concentration of Trolox-C. Trypsinization and washing of cells took
place as normal before the experiment, so any effect seen could be
attributed to the vitamin being actively taken up during the growth

of the cells.
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The Effect of Trolox-C on the Growth Characteristies of Normal and
AR Fibroblasts |
The effect of Trolox~C on the growth characteristics of the
cells was determined in order to exclude the possibility of any
adverse toxicity. Growth curves in the presence and absence of 30
p-g/ml Trolox-C in the medium were constructed and are shown in Fig.
42 for AR (Panel A) and GM730 cells (Panel B). Experimental details
afe included in Appendix 6. It can be seen that at the concentration
used, . Trolox~C did not significantly alter the growth
characteristics of either cell line but it markedly reduced the
initial fall in cell number observed during the first 48 hours
following subculture. Therefore this loss of cells, which was more
pronounced for AR cells, may be due to some damage which can be

partially alleviated by Trolox-C.

The Effect of Trolox-C and Alpha-Tocopherol Acetate on the

Near-Uv mm) Inactivation of Normal and AR Fibroblast

The effect of the vitamin E analogue, Trolox-C, on the
sensitivity of AR cells to 365 mm, at 25°C, was 1investigated. These
irradiation conditions were chosen as they show a difference in
sensitivity between AR and normal cells. The Trolox-C was ineluded
' in the post-irradiation medium, at a concentration of 60 \A-g/ml, as
in this way a direct comparison could be made with the same cell
suspension plated in medium with and without Trolox-C.

The results obtained are shown in Fig. 43. The points
represent the mean of 3 matched experiments for AR cells (Panel A)

and of 2 experiments for GM730 cells (Panel B). The calculated
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Cell Trolox Expt. Slogg -1
Line c No. (Jdm ™)
AR6LO  + 82 '2.68x1o:2
+ 83 1.1l'7x10-_6
+ 84  1.80x10
Mean 1.98:10-6
AR6LO - 48 4.09x1o:g
- 49 3.39x10_,
- 50 3.31x10
Mean 3.60110"6
GMT30 + 85 1.30x1o:$
+ 86 7.96x10
Mean ‘l.05x10-6
GM730 - 10 1.43x10:$
- 11 8.42x10
Mean 1.1&:10_6

Data in Appendix 8 (Table A23)

TABLE 14

SURVIVAL PARAMETERS FOR THE INACTIVATION OF AR6LO AND GM730 CELLS BY 365 NM

AT 2500, IN THE PRESENCE AND ABSENCE OF 60 t\g/ml TROLOX-C IN THE PLATING MEDIUM

Standard
Deviation

2.7ux1o:;
2.46x10_,
1.34x10

-3

4.01x1077
2.10x107
2.33x10

1.60x10_7
1.66x10

T

1.6ux1o"7

1.62x10"

Intercept

y-axis
8.40x10”
5.51x10_
4.60x10
4.52x10
7.21x10°

3.66x10_
1.39x10

3.45x10"

~2.35x10_
4.65x10

-9.43x10"

-5.21x10

-3.50x10"

2

3
2

-2

2
2
1

2

2
3

3
2

2

2

Standard

Deviatio

5.10x10_
4.59x10_
2.26x10

T.17x10_
3.26x10_
4.06x10

3.31x10_
3.24x10

3.30x10_
3.35x10

n

2
2
2

2
2
2

2
2

2
2

DO
Jm2

1.62x10
2.96x10

5
5
2.42x10°

Dq
In 2

3.13x10g
3'7SX104
2.56x10

D1
Jm-g

u.oux1og
6.814x105
5.81x10

2.33x10°

1.06x10
1.28x10

5
5
1.31x10°

2.02110"

1.76x1oﬁ
1'OBX1OM
4.19x10

5.56x10°

2.62x10
3.06x10

5
5
3.44%10°

1.22!105

3.34x105
5.45x10

2.34x10

-1.81x10§
5.84x10

B

~7.51x106

3.04x10°

5
1.26x10

3.50x10°
5

3.04x105

5.16x10

-6.13x103

4
-1°11X104

-6019x10

1.01!106

6.88x102
1.13%10

.10x10°

-3.65x10"

9.09!105



parameters for the individual experiments are included in Table 14.
The results clearly showed that the presence of Trolox-C protected
the AR but not the normal cells. The protection of the AR cells by
Trolox-C was such that their resistance was increased two-fold
(Do=233 kJm"'2 or 122 kJm.-2 in the presence and absence of Trolox-C
irn the plating medium, respectively). An attempt was made to
determine whether delay of addition of Trolox-C for different time
periods would still result in measurable protection. The conclusion
from two experiments, the results of which are shown in Table 15,
was that Trolox-C added up to several hours after irradiation could
still protect AR cells. This 1is consistent with the idea that
Trolox-C may stop lipid peroxidation reactions which would be
expected to be a slow process, but more experimental data are needed
to clarify the length of this post-irradiation time period during
which Trolox-C addition in the plating medium continues to be
effective.

An alternative approach to the incorporation of Trolox-C was
to include it in the pre-irradiation growth medium. Figure 44 A
shows the results of two replicate experiments of AR cells grown in
the presence of 100 Vg/ml Trolox-C and irradiated with monochromatic
365 mm at 25°C. It can be seen that Trolox-C supplemented cells
showed increased resistance to inactivation relative to the response
in the absence of Trolox-C, shown as a dotted line, taken from the
data in Fig. 31 A. As seen in Table 16 a fluence of 1300 Kim 2 was
required to kill 90 per cent of the cells compared to 315 kim >
required for normally grown AR cells (Table 7).

In order to investigate whether a 1lipid-soluble form of

vitamin E might afford greater protection to AR cells,
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TABLE 15
SURVIVING FRACTION OF AR6LO CELLS TO A DOSE OF 365 NM RADIATION, IN THE PRESENCE OF 60 pwg/ml TROLOX-C
ADDED TO THE PLATING MEDIUM AT DIFFERENT TIMES FOLLOWING IRRADIATIOR

Post-Irradiation Time Elapsed Surviving Fractiog2 Surviving Fractiog2
Before Trolox~C Addition (OV Fluence:125 kdJm ) (UV Fluence:350 kdm )
(Hours)
Experiment 1 0 8.21x107] 6.67x107 ]
2 8.25x10_1 6.791:10‘_.1
y 8.17x10_1 6.113x10_1
8 7.1llx10_1 6.01x10_1
16 7.58x10_1 5.87x10_1
30 8.45x10_1 6.91¥x10_1
no Trolox-C 5.49x10 3.22x10
Experiment 2 0 7.09x107] 5.03x107 ]
T 6.82x10_.1 5.23x10_1
21 6.70x10_, 4.57x10_,
31 7.75x10_1 1!.70x10_.1
15 7.29x10_, 4.27x10_,
54 ' 6.89x10_1 3.8llx10_1
70 5.70x10 3.72x10

no Trol ox-C 5.11x10~1 3.751.:‘!0'1
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TABLE 16

SURVIVAL PARAMETERS FOR THE INACTIVATION OF AR6LO CELLS GROWN IN THE PRESENCE

OF 100 pg/ml TROLOX-C ARD 100pg/ml ALPHA-TOCOPHEROL ACETATE BY 365 NM, AT 25°C

Grown Expt. Slo
in No. (Jm.gs)'1
Trol ox-C 87 7.05x10:;
88 8.62x10
Mean 7.8#110‘7
alpha- -7
Toc-acet. 89 1.50x10

Data in Appendix 8 (Table A2l4)

Stanaard
Deviation

Intercept Standard
y-axis Deviation

2.29x10"2

1.03x1077 -3.55x1072 2
3.34x10

1.42x107" 11.89::10"2

6.70x103

2.11x1077 9.10x1o'2 6.55x10"

D% P31,
m

J Jm

6.16x10°2 —5.04x10

M
5.04%10° 5.68x10"

D1
Jm-8
6

1.37x106
1.22x10

5 3.20x103

y

5.60x10

2.90x10° 14.37x10

1.30!106

7.10x10°



alpha-tocopherol acetate was included in the growth medium of the
cells, Fig. 44 B shows the survivor curve obtained for AR cells
grown in the presence of 100 vg/ml alpha-tocopherol acetate and
irradiated with 365 m at 25°C. The increase in resistance afforded
by this form of vitamin E was less than that afforded by Trolox-C
(D10=710 kJm-z) but it was still more than a two-fold increase. The
reason for the acetate form providing only a partial protection
could be either due to unsatisfactory blending of the vitamin in the
medium, resulting in decreased availability to the cells, or due to
a decreased interaction with lipids as a consequence of the presence
of an acetate group instead of a hydroxyl group. This could prevent
hydrogen bond formation between vitamin E and one of the oxygen
atoms of the lipid. Such a difference between alpha-tocopherol and
the corresponding acetate in binding with 1ipids has been shown by

magnetic resonance studies (Srivastava et al., 1983).

The Effect of Trolox~-C on the Far-U¥ (254 mm) Sensitivity of

Rormal and AR Fibroblasts

The effect of incorporating Trolox-C in the post-irradiation
medium was also examined after 254 mm irradiation at 25°C. Fig. 45
shows the survivor curves obtained for AR (Panel A) and normal
(Panel B) cells in which meaned results of two matched experiments
are presented. The individual parameters for these experiments are
included in Table 17. AR cells showed a small increase in D0 when
Trolox-C was present (17.5 compared to 13.7 Jnrz) but this
result should be treated with caution until a larger number of

experiments is performed. The response of normal cells was not

altered by the presence of Trolox-C in the plating medium.
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Figure 45. The inactivation of (A) AR6LO and (B) GM730 cells by 254 mnm irradiation at 25°C, in the
absence ( * , O , dashed line) and in the presence ( A, A , solid line) of 60 Vg/ml Trolox-C in
the plating medium. Mean experimental points at each fluence and calculated mean lines depicted.



TABLE 17
SURVIVAL PARAMETERS FOR THE IKACTIVATION OF AR6LO AND GM730 CELLS BY 254 NM AT 2500 IN THE

PRESENCE AND ABSENCE OF 60 pg/ML TROLOX-C IN THE PLATING MEDIUM

Cell Trolox Expe.. 81025 -1 Stanaard Intercept Stanaard D92 Dgz Dlg
Line c No. (Jdm ™) Deviativon y-axis Deviation Jm Jm Jm
MRELO + 90 2.44x1075 2.45x1073 4.11x107) 8.94x1075 1.78x10; 1.68x10; 5.78x10;
+ 91 2.54x1072 1.58x107> 14.01x107' 6.71x107> 1.71x10' 1.58x10' 5.52x10
-2 -1 1 1 1
Mean 2.39x10 4.06x10 _ 1.75x10° 1.63x10 5.65x10
AR6LO - 64 3.16x1075 3.42x1073 5.47x107; 1.25x1071 1.37x10] 1.73x10; 4.90x10]
- 65 3.17x1072 1.02x107> 5.07x10"' 4.31x107 1.37x10' 1.60x10' 4.75x10
-2 -1 1 1 1
Mean 3.17x10 5.27x10 1.37x10 1.67x10" 4.83x10
-2 -3 -1 -1 1 1 1
G730 + 92 2.85x1075 7.01x1073 6.05x107) 2.66x107; 1.52x10; 2.12x10; 5.63x10,
+ 93 3.19x10"2 3.08x1073 5.34x107' 1.27x107' 1.36x10' 1.67x10' 4.81x10
-2 -1 1 1 1
Mean  3.02x10 5.70x10 1.88x10" 1.90x10' 5.22x10
oMr30 - 22 2.50x1073 2.17x1073 3.72x107) 9.3ux1077 1.68x10; 1.44x10; 5.30x10;
- 21 3.35x1072 4.33x107> 5.99x107' 1.52x10"" 1.30x10' 1.79x10" K.7Tx10
2 -1 1 1 1
Mean 2.97x10 4.86x10 1.49x10° 1.62x10 5.04x10

Data in Appendix 8 (Table A25)



Discussion

The results obtained when Trolox-C was used before and after
the irradiation period show a clear protection of AR cells to
inactivation by 365 mn wavelength. Possible lesion formation by
near-UV wavelengths might be expected to be affected by the presence
of Trolox-C in a multiplicity of ways.

At least part of near-UV damage 1is thougﬁt to occur through
the formation of reactive oxygen species, the production of which as
a consequence of near-UV radiation has been discussed previously.
Trolox-C would be able to reduce the locad of species such as 102 and
superoxide radical. To achieve this effect, the presence of
Trolox-C would be necessary during the irradiation period as these
species are short lived. Vitamin E is an excellent 102 scavenger,
one molecule of alpha-tocopherol has been shown to scavenge
approximately 120 molecules of 102 before itself becoming oxidized
(Fahrenholtz et al., 1974). It 1is also the major lipid soluble
scavenger of the superoxide radical. By this action, Trolox-C would
prevent formation of lesions by these species and also prevent the

formation of more reactive species such as OH. Both L

02 and OH are
known to react with unsaturated double bonds of fatty acids to start
peroxidation of 1lipids which may 1lead to general disruption of
membranes and cell death (Kellogg and Fridovich, 1975, 1977). The
two separate issues of whether 1lipid peroxidation is a near-UV
effect and whether 1lipid peroxidation leads to lethality, are yet to
be resolved.

Trolox-C is able to terminate such reactions and this action

could probably take place even if added in the plating medium, since

lipid peroxidation reactions proceed slowly.
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A physicochemical stability could also be provided by Trolox-C
if present during the growth of cells and may contribute to an
increased resistance of cells to near-UV irradiation, if membrane
stability is an important factor.

This multiplicity of possible protective actions by Trolox-C
makes the experimental observations more difficult to interpret.
Some part of its action seems to be beneficial to all cells, whether
irradiated or not, since its presence in the plating medium
increases the plating efficiency of AR and to a lesser extent,
GM730, as seen in Table 18 which summarizes the plating efficiencies
of the matched experiments shown in Tables 14 and 17. A protective
action to both cell 1lines, but more pronounced for AR cells, was
also observed during the first two days following subculture (see

Fig. 42).

TABLE 18
PLATING EFFICIENRCIES OF AR AND GM730 CELLS IN THE PRESENCE ARD
ABSENCE OF 60 wg/ml TROLOX-C IN THE POST-IRRADIATION MEDIUM

PLATING EFFICIENCY (%)

AR6LO : GM730
+Trolox-C ~Trol ox-C +Trolox-C ~Trolox-C
365 m 25 21 48 41
18 1 40 38
33 20
254 m 21 15 27 24
14 _ 9 37 38
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In summary, although part of the protective action by Trolox-C
requires its presence intracellularly during irradiation, there is
also some protective effect if Trolox-C is added after irradiation.
If the AR sensitivity to 365 mm irradiation at 25°C is due to an
enzymatic defect to deal with reactive oxygen species, then
Trolox-C could be envisaged to exert a beneficial action by reducing
the load of these reactive species. The presence of increased
levels of reactive species in AR fibroblasts could possibly initiate
lipid peroxidation reactions in cellular membranes and Trolox-C, by
stopping these reactions, could provide cellular protection; Normal
cells either do not suffer such damage due to efficient enzymatie
mechanisms that keep the 1levels of reactive oxygen species under
control with the result that addition of Trolox-C is of no further
benefit, or altermatively normal cells are able to efficiently

repair lesions produced both in the DNA of cells and in membranes.
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RESULTS ARD DISCUSSION

PART 3



THE EFFECT OF A PARTIALLY DEUTERATED IRRADIATION MEDIUM ON THE
SENSITIVITY OF NORMAL AND ACTINIC RETICULOID FIBROBLASTS TO NEAR-UV

RADIATIOR

The use of a deuterated solvent system during the irradiation
procedure was designed to investigate the participation of reactive
oxygen species in near-UV-induced lethality and in particular , the
sensitivity of AR cells. 1In D20 the lifetime of singlet oxygen is
enhanced by up to a factor of 10 (Merkel et al., 1972) and this
provides a diagnostic tool for the involvement of singlet oxygen in
a variety of photochemical and photobiological processes (Kearns,
1979). More specifically, absence of potentiation of a reaction in
D20 implies non-involvement of singlet oxygen but potentiation does
not necessarily prove a role for singlet oxygen since the
concentration of other reactive species might also be increased in
D20 (Foote, 1979).

However, great care should be taken in interpreting results in
a biological system since there is a multiplicity of other effects
occurring when using D20. Deuterium is a stable isotope of
hydrogen with an extra proton. It is represented by 2H2 and can be
exchanged with hydrogen in a molecule. This has important
consequences on the reactivity of that molecule as deuterium bonds
to carbon, nitrogen, oxygen, etc. are more stable than hydrogen
bonds (primary isotope effect). Additionally, the presence of

deuterium in a molecule may affect the reactivity even if the

deuterium bond is not broken (secondary isotope effect). The
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isotope effects coupled with the solvent effects of D20, d.e.
differences in iiseosity, conductivity, pH, solubility of gases,
etc., can be expected to alter biological systems in a very complex
way. In particular, a solvent effect that may be of considerable
importance is its influence on the configuration of proteins in
solution which can change from a helix to a random-coil form and
vice yversa (Thompson, 1963). Another aspect of the solvent effect
of D20 is its relationship to cellular and intracellular interfaces
such as mitochondrial and nuclear membranes. Water at such
interfaces is considered to resemble the structure of ice and this
ice structure is thought to persist at a higher temperature in D20
than in H20 since there is a difference of 7°C between their
temperatures of maximum density (Thompson, 1963). Therefore,
although the extension of the 1lifetime of singlet oxygen in D20
medium is straightforward in a chemical system, it may not be the
sole effect of such a change in the medium of living cells. Bearing

in mind its limitations, the use of D_0O has been successfully

2
employed in studies of photosensitization. Examples of such studies
include the photosensitization of DNA by acridine in yeast cells
(Kobayashi and Ito, 1976, 1977; Ito and Kobayashi, 1977) and the
photosensitization of excitable cell membranes by various
sensitizers (Pooler and Valenzeno, 1979).

Regarding near-UV-induced damage without exogenous addition of
photosensitizers, by the use of D20, Peak et al. (1985b) have

implicated 102 involvement in the induction of DNA-protein
crosslinks in human P3 teratocarcinoma cells in response to near-UV

wavelengths (see Introduction, pages 18, 28 and Fig. 5).
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The use of D20 has also been studied in relation to its short
and long term effects in the culture of bacterial and mammalian
cells (Rothsteln et al., 1960; DeGiovanni, 1960; Pollard, 1961;
Joénje, et al., 1983). In this study it was decided to use D20
during the irradiation period in order to investigate its effect on
the sensitivity of human fibroblasts to specific monochromatic

wavelengths under controlled conditions of irradiation.

The Use of Deuterium Oxide in the Irradiation Medium

PBS containing 3 parts double-distilled water and 7 parts D20
was prepared as described in Materials and Methods (page 49). This
solution, referred to as '70 per cent D20', was prepared in 10 ml
quantities, in glass bottles, and kept for a maximum of 1 week at
1%,

For use 1in an experiment, a 48 hour grown flask was
trypsinized as normal and the cells were resuspended in2 ml of 70
per cent D_O. Following a 1 min centrifugation step as described

2
previously, the cell pellet was resuspended in 70 per cent D20 and
diluted to 105 cells/ml. The cell suspension was then kept for 1
hour before irradiation so that equilibration in D20 could take
place. The samples which were removed during irradiation for the
assessment of viability, remained undiluted for a further 20 min
period, to allow any further effects to develop. Dilution in normal
PBS and plating for the assessment of viability, followed as

normal.
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Toxicity of 70 per cent Deuterium Oxide to Normal and AR Fibroblasts

Toxic effects of D20 are well documented depending on the
concentration of D20, the cell type studied and the duration of the
exposure (DeGiovanni, 1960; Ben-Hur and Riklis, 1980; Joenje et al.,
1983). Investigations on the toxicity of a 70 per cent and a 45 per
cent concentrapion of D20 on both GM730 and AR cells under normal
experimental conditions, i.e. stirring in the cuvette at 25°C, were
first carried out. The results of the experiments included in Table
19 show that there was no significant loss of cell viability for up
to 5 hours in either concentration of D20, so the  higher

concentration of D20 was used in the following experiments.

TABLE 19 °
SURVIVING FRACTION OF AR6LO CELLS, STIRRED AT 25 C IN PBS
CONTAINING 45% AND 70% D20

Time Surviving Fraction
(min) IJS%Dao 70% DZO-
30 1.01x10 ° 8.51x10""
60 ~ 7.60x107" 8.24x10""
90 9.05x10"" 8.65x10""
120 9.52x10"" 8.92x10""
150 1.06x10 ° 8.65x10"
180 1.05x10 ° 9.32x10™"
210 8.15x10" 7.30x10""
210 1.02x10 ° 7.16x10""
270 8.05x107" 6.49x10""
300 7.45%10" " 7.03x107
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>

Near-UV Inactivation of Normal and AR _Fibroblasts in the Presence

of 70 per cent Deuterium Oxide in the Irradiation Medium
The inactivation of AR and GM730 cells by 365 mn irradiation

at 25°C in PBS containing 70 per cent D_O was determined and the

2
results are shown in Figures 46 and 47. The calculated parameters
for the individual experiments are ineluded in Table 20.

The sensitization observed in the presence of D20 was large

for both cell lines. Comparison of D,. values showed AR cells to be

10

2.4 times more sensitive in the presence of D.0 and GM730 cells to

2
be 2.3 times more sensitive. However, it should be noted that the
sensitization of GM730 cells became apparent only at doses greater
than 200 kJurz and that the survivor curve depicted a large shoulder
(D, = 114 kiu2).

The same experiment was repeated at 0°C since there have been
reports showing no effect of D20 in the UV-sensitivity of mammalian
cells (Ben-Hur and Riklis, 1980; Tyrrell, 1986). Indeed, as shown
in Fig. 48 there was no alteration in the sensitivity of either

cell line to 365 mm when irradiation was carried out at 0°c.

The Effect of the Incorporation of Trolox-C in the t-Irradiatio
Medium

Trolox-C was incorporated in the plating medium to examine
whether it would have a protective action following 365 mn
irradiation as observed in the absence of D20 (see Fig. 43). Fig. 49
shows that in two replicate experiments there was no protection
offered by the presence of Trolox-C in the post-irradiation medium.
This suggests that the presence of D20 during the irradiation

influences a mechanism of lethality that is completed quickly and
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Figure 46. (A) The inactivation of AR6LO cells by 365 ran irradiation at 25°C in the presence of
0% D20 in the irradiation medium. Different sets of symbols represent the results of replicate
experiments.

(B) The inactivation of AR6LO cells by 365 ran irradiation at 25°C in the absence (°¢,----—-- ) and the
presence (m,---—-—-- ) of 708 D O in the irradiation medium. Mean experimental points at each fluence
and calculated mean lines from individual experiments are shown.
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Figure 47. (A) The inactivation of GM730 cells by 365 nm irradiation at 25 Cin the presence of
708 D O in the irradiation medium. Different sets of symbols represent the results of replicate
experiments.

(B) The inactivation of GM730 cells by 365 nm irradiation at 25°C in the absence (O ,---—---- ) and
the presence (O ,----—--—-- ) of 708 D20 in the irradiation medium. Mean experimental points at each
fluence and calculated mean lines from individual experiments are shown.



TABLE 20

SURVIVAL PARAMETERS FOR THE INACTIVATION OF AR6LO AND GM730 CELLS BY 365 NM AT 2500 IN THE

Cell
Line DO

N

AR6LO

+ + 4

AR6LO =
(Table T7)

AR6LO +

(+Trolox
60 pg/ml)

GM730 +

GM730 -
(Table 2)

Data in Appendix 8 (Tables A26,

Expt.
No.

94
95
96
Mean
Mean
97
98
Mean
99
100
101
102

Mean

Mean

PRESENCE OF T70% D20 IN THE IRRADIATION MEDIUM

Slo
(ngﬁ)-1

9.56x10:g
9.48x10_
6.16x10

8.50x10~0

3.37X10°°

6

8.26x10 6

9.45x10"

8.86x10~°

2.81x10:g
15.91x10_6
3.12x10_¢
2.69x10

3.38x10°°

1.19x1o'6

Standard
Deviation

6.31x10_
5.10x10_7
4.02x10

~=

7

7.13x1o'7

3.82x10°

7.56x1077
5.30x107F
1.68x107)

8.63x10"

A27)

Intercept
y-axis

-5.32x1077
1.07x107)
9.43x10

u.9ux1o‘2

2.81x10"2

1

1.99x1o'1
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2.90x10::
6.08x10_,
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y
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Figure 48. The inactivation of (A) AR6LO and (B) GM730 cells by 365 nm irradiation at 0°C, in the
absence ( ¢ , O, dashed line) and the presence ( m , o , solid line) of 70% D?0 in the irradiation
medium. Mean experimental points at each fluence and calculated mean lines from duplicate
experiments shown.



TABLE 21

SURVIVAL PARAMETERS FOR THE INACTIVATION OF AR6LO AND GM730 CELLS BY 365 NM AT 0°

Cell
Line D20

AR6LO +

ARGLO =
(Table 9)
GM730 +

GM730 -
(Table 2)

Data in Appendix 8 (Table A28)

Expt.
No.

103
104
Mean
Mean
105
106
Mean

Mean

IN THE PRESENCE OF T0% D20 IN THE IRRADIATION MEDIUM

Slope_2

(dm <)~

o O

3.49x10_
4.38x10

3.9#110‘6

5.15110-6

-6
3.62x10_6

3.18x10
3.40:10'5

5.71x1070

Standard

Deviation

4.8 0x10:;
6.33x10

7

5.42x1o'7

3.71x10°

Intercept
y-axis

2.31x10”
3.T4x10

3.03x10"
4.92x10"
2.41x10°
6.21x10

1.23x10

5.15x10"

1
1
1
1

1

3

1

1

Standard DO _ Dq -2 D10__2
Deviation Jm Jm Jm
1.25x107} 1.24x107 6.60x10, 3.53x107
1.63x10"1 9.91x10" 8.54x10" 3.14x%10
1.12x10° 7.57x10" 3.34x10°
8.80x10" 9.56x10" 2.98x10°
-1 5 4 5
1.54x1071 1.20x10 6.66x105 3.43x107
1.07x10~" 1.37x10° 1.96x105 3.16x10
1.20x10° 3.13x10" 3.30x10°
9.63x10" 8.29x10" 3.05x10°
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Figure MQ. The inactivation of AR6LO cells by 365 nm irradiation at
25 ¢, in the the presence of 708 D O and the presence of 60 v-g/ml
Trolox-C in the plating medium. The different sets of symbols
represent the results of replicate experiments. The dotted line
represents the response in the absence of Trolox-C (Fig. 46A) and the

dashed line represents the standard response of ARG6LO to 365 nm, at
25°C (Fig. 31A)



cannot be reversed during post-irradiation incubation. It would be
interesting to examine whether cells grown in Trolox-C would be

better protected.

Far-UV Inactivation of Normal and AR Fibroblasts in the Presence

of 70 per cent Deuterium Oxide in the Irradiation Medium

As with other results, examination of the cellular response to
far-UV irradiation was essential before formulating any ideas as to
the mechanisms underlying the observed effects. The response of AR
and GM730 cells to 254 mm irradiation at 25°C, in the presence and
absence of T0 per cent D20 in the irradiation medium, was obtained
and the results are shown in Fig. 50. Comparison of the calculated
parameters for the individual experiments, included in Table 22,
shows no alteration of the sensitivity of the cells by D20. This
result indicates that there is no significant alteration in the DNA
molecule by the use of the deuterated solvent, otherwise pyrimidine
dimer formation would be expected to be altered and lead to an

altered survival response as well.
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Figure SO. The inactivation of (A) AR6LO and (B) GM730 cells by 254 rm irradiation at 25°C, in the
absence ( ¢ , O, dashed line) and the presence ( m , o, solid line) of 708 DO in the irradiation
medium. Mean experimental points at each fluence and calculated mean Ilines from duplicate
experiments shown.



TABLE 22

SURVIVAL PARAMETERS FOR THE INACTIVATION OF AR6LO AND GM730 CELLS BY 254 KM AT 25°¢

Cell

Line D,0 No. (Jm2)~!
ARELO + 107  2.4Tx1075
108 2.80x10
-2
Mean 2.64x10
ARGLO - Mean 3.17x1072
(Table 10)
GMT30 + 109  2.37x1005
110  3.02x10
_2‘
Mean 2.70x10
GM730 -  Mean 2.95x10™2
(Table 3)

‘Data in Appendix 8 (Table A29)

Expt. Slope

IN THE PRESENCE OF 70% DZO IN THE IRRADIATION MEDIUM

Stanaard
Devaiati

3

2.97x1o'3

1.19x10"

1.22x10:g
2.78x10

Intercep
on

4.30x10_
4.51x10

4.31x10”
5.27x10"

9.51x10_
4.89x10

2.92x10"

§.44x10"

T

y-axis

1
1

1

1

2
1

1

1

Stanaard Do _2 Dq -2 D10_2
Deviatiun Jm Jm Jm

1.26x10:; 1.76x10: 1.74x101 5.79x10:
5.71x10™> 1.55x10' 1.61x10' 5.18x10
1 1 1
1.66x10° 1.68x10 5.39x10
1.37x10' 1.67x10' 14.83x10"
5.18x1072 1.83x10] 4.01x10] 14.62x10]
1.34x10 1.44%x10 1.62x10 4.93x10
1 1 1
1.64x10'  1.01x10" 4.78x10
1.89x10'  1.89x10" 5.92x10"



Diseussion'

The presence of 70 per cent D20 in the irradiation medium
resulted in sensitization of both normal and AR cells to 365 but not
254 mm irradiation. The sensitization became apparent, for both cell
lines, when irradiation took place at 25°C but not 0°C.  Several
explanations could be put forward for this effect.

It is known that singlet oxygen can lead to the formation of
other reactive oxygen species through various enzymatic reactions as
discussed in the introduction (page 25, Fig. T). So if the
production of the lethal lesion by 365 mm does not depend upon
singlet oxygen itself, but on another species formed in the presence
of =singlet oxygen, then one interpretation of the observed
sensitivity could be that it becomes apparent only at temperatures
which allow an enzymatically controlled reaction, to convert singlet
oxygen to another reactive species to take place, such as 25°C. An
increased load of reactive oxygen species formed in this way could
result in increased lesion formation and increased lethality for
both céll lines.

Another aspect that should be examined is whether the D20
solvent induces an alteration in the target of the radiation, either
cellular DNA or membranes. D.0 would be expected to change the DNA

2
conformation and short term exposure to DO has been shown to induce

2
chromosomal aberrations in human lymphocyte cultures (Joenje et al.,
1983). However, such a change would also be expected to alter
far-UV sensitivity, which was not found to be the case. Solvent

effects could also result in altered membrane interphases. Again,

such an alteration might be expected to take place at 0°C and thus
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affect the sensitivity of cells at that temperature. However, this
is not supported by the above results.

DNA repair enzymes are thought to offer concomitant repair of
lesions during irradiation. D20 has been suggested to inhibit
repair of gamma-irradiated mammalian cells (Ben-Hur and Riklis,

1980; Ben-Hur et al., 1980; Ueno et al., 1984; Furuno-Fukushi and

Matsudaira, 1985). This conclusion was reached because D20 iphibits
the fluence-rate effect of gamma rays (when the fluence rate is
lowered and the exposure time extended, the biological effect of a
given fluence is reduced) which is considered to involve among other
events the repair of sublethal damage taking place during the
irfadiation of L5178Y cells at 37°C (Ueno et al., 1984). In another
study, split dose experiments of Ben-Hur and Riklis (1980) showed a
reduced capacity of Chinese Hamster cells to repair gamma
radiation-induced sublethal damage in the present of 90 per cent
DZO’ They also showed that the enhancement of the sensitivity in
the presence of D20 in the medium after irradiation, depended on the
cells being metabolically active i.e., it was smaller when
incubation was in buffer instead of growth mediuﬁ and was reduced as
the temperature was lowered from 37°C. Whether an analogy from the

above gamma-irradiation studies can be drawn regarding the repair of

DNA from UV-induced damage, is not known.
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RESULTS AND DISCUSSION

PART 5



LEAKAGE STUDIES AFTER BROAD-BAND NEAR-UV IRRADIATION OF KORMAL AND

ACTINIC RETICULOID FIBROBLASTS

One method of assessing membrane damage following stress
conditions such as hyperthermia, gamma and UV irradiation, is by
examining changes in the permeability of the cytoplasmic membrane.
Under normal conditions, ions such as Na© and K+, amino acids,
sugars and other small molecules are continuously going in or out of
the cell either by active processes such as the Na"'/K+ pump or by
passive diffusion. Any disturbance to these mechanisms can be
considered to have important consequences for the cell.

Radiocactive 1labelling of one of the above mentioned
electrolytes or molecules allows the study of a specific membrane
function which could be affected by radiation. Rb" is often used as

a ¥ amalogue since its radicactive isotope °ORb'

has a relatively
short half-life (18.7 days) and is easier to handle than a K

isotope.
86

Rb" leakage

A previous study in E. coli cells showed
following broad-band near-UV radiation at doses comparable to those
inducing lethality (Kelland et al., 1984). The initial objective of
this section of experimental work was to repeat similar
investigations using human skin fibroblasts and to examine the
effect of Trolox-C on the leakage process.

Initial experiments involved monochromatic wavelength
irradiation of «cells in suspension, using an adaptation of the

method of Kelland (1984). Results showed that the 863b+ from both
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control and irradiated cells leaked within the first 30 minutes

after the collection of cells by trypsinization and centrifuging.

It was presumed that prelabelled cells with 86Rb(!l were suffering

significant damage caused by the trypsinization step to make all the
86Rb"'lealc out of the cell whether irradiated or not. Therefore, a
method by which cells would be irradiated as a monolayer had to be
used. Since irradiation of a monolayer was not possible with the
available monochromator system, it was decided that broad-band

near-UV irradiation would be performed using the housing described

in the Materials and Methods section (page 63, Fig. 13).

Radicactive Labelling of Fibroblasts

5

Three x 10 oeils were inoculated into 90 nun2 plates

containing 9 ml of EMEM supplemented with 15 per cent foetal calf
serum. The plates were placed in boxes, gassed so that 5 per cent

CO2 in air was present and incubated at 37°C. After 6 days of
growth, the appropriate quantity of 86RbCl, diluted in 1 ml of
growth medium, was added to each plate aseptically, so that a final

86

concentration of 1 wCi/ml Rb' was present. 86RbCl was obtained as

a sterile aqueous solution of concentration 1 mCi/ml, specific

activity 108 mCi/mg, from Amersham International ple, Amersham.

Since 86

86

RbCl has a radicactivity half-1ife of 18.7 days, the volume
of RbCl added was adjusted by calculating the amount of decay from
the date when the activity was determined so that approximately 1

pCi/ml was always added.
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Irradiation Procedures

Twenty-four hours after labelling the cells with 86

RbCl, each
plate was rinsed twice with 5 ml ice-cold PBS so that any 86Rb+ in
the extracellular medium was removed. The use of low temperature
PBS minimized 1leakage of Rb*° from the cell interior during
manipulations., Fifteen ml of PBS at room temperature were then
added to each plate and both plates to be irradiated and controls
were placed in the irradiation box, the control plates being covered
in black tape and aluminium foil. This was to avoid any temperature
difference between irradiated and non-irradiated plates which might
affect the leakage process. The temperature of the PBS in the plates
was found to rise to 25-29°C during the irradiation. Cells to be
near-UV irradiated were placed at a distance of 8 cm from the lamps

1

where they received 30 Jo2s” through their plastic 1lids while

cells for far-UV irradiation were placed at a distance of 16 cm from

25~1 without 1ids (see page 64

the lamps and irradiated with 18 Jm “s”
for assumptions underlying fluence determinmations). Only the two
central positions under the horizontal lamps, which were found to
receive the same fluence, were used for irradiation, while the

covered control plates were set at either side.

Measurement of lLeakage

Samples of 0.3 ml were removed from each plate immediately
after the addition of the 15 ml PBS and at specific time intervals
for assessing the leakage of 86Rb+ from the interior of the cells to
the surrounding medium. Each sample was added to 4 ml of a

xylene-based 1liquid scintillant, Optiphase 'Safe' (LKB, Liquid
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Scintillation Products) in plastic scintillation vials and shaken
well.

The amount of radiocactive isotope in the medium was then
determined using the 1215 Rackbeta 1liquid scintillation counter
(LKB Wallac, Turku, Finland). This counter is able to count beta
emissions and some gamma-emissions over the energy range of 1 KeV to
2.8 MeV. From the specifications given for Rackbeta 1215 counter,
counting window settings of 110-212 were used. Counting of the
samples was for 1 minute.. Liquid scintillation counting involves
placing the radiocactive sample in an appropriate medium which
converts radiocactive energy into a pulse of 1light energy. This
pulse of 1light energy is detected by means of a synchronized
photocathode and is converted to an electrical pulse by a
photomul tiplier. During liquid scintillation counting the following
energy steps occur between the radioactive sample (Rs) and the
constituents of the scintillation cocktail:

1 2 3
Rs====>solventeeeec-- >solute—me—eea- >photocathode.
At each of the three energy transfer steps there is a probability
that an incomplete energy transfer will occur due to the mature of
the scintillation cocktail. ~Interference may arise from photon
quenching, chemical quenching and colour quenching. Therefore, the
quantification of any radiocactive sample depends upon the extent of
this interference, termed 'quenching', and the ablity of the
photocathode to detect the 1light pul ses. The resultant
quantification is expressed in counts per minute (cpm) which is a
characteristic of a particular liquid secintillation counter and

scintillation cocktail. Jdentical quantities of radicactive
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material may produce different cpms in the same liquid scintillation
counter and secintillation cocktail due to the presence of quenching
agents. To convert cpm to an absolute quantity of radiocactivity, a
quench curve must be constructed so that the efficiency of the
counting process may be estimated, hence taking into account
interferences in energy transfer. From the efficiency measurement
the absolute value of disintegrations per minute (dpm) may be
determined. Therefore, dpm=cpm x efficiency.

Four methods exist for quench curve construction, those being
internal standard, external standard, channels ratio and external
standard channels ratio. Quench curves were constructed by the
external standard channels ratio method which involved adding 4 ml
of Optiphase to a series of 7 plastic mini-vials each containing a
capsule of known radioactivity. To each sample, 0.3 ml of distilled
water was added to simulate the emulsion system found in the
experimental conditions. Increasing amounts from 0 to 40 pl of
carbon tetrachloride were then added to provide quenching. The
samples were then loaded into the counter, which had been programmed
to count the samples and automatically construct a quench curve.

86py* is shown in Appendix 7. This

The resul tant quench curve for
curve was then stored in the counter's memory so that dpms for all

subsequent samples were calculated automatically.

Treatment of Results

The disintegrations per minute which were calculated by the
scintillation counter represented the radicactivity present in the
0.3 ml sample. This value was then be multiplied with the total

volume of PBS present in the plate at the time the measurement was
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taken, so as to represent the total radiocactivity present in the
medium above the monolayer of cells. In order that comparisons
between different experiments could be made, this value was then
divided by the total number of cells present on that plate, which
was estimated from an extra plate inoculated and grown under exactly
similar conditions as the irradiated and control: plates for each
cell line.

Disintegrations per minute per cell were therefore plotted
against time in the graphs presented in the following section.

Leakage of. 86ps* after Broad-Band Near-UV Irradiation of Normal

Act eticuloi broblast

86 pp* leaking

The results of experiments showing the amount of
out from human skin fibroblasts, expressed as disintegrations per
minute, per cell, versus irradiation time can be seén in Figure 51
and Table 23. Each panel represents a matched experiment in which
both AR and GM cells were irradiated simul taneously. Table 24

86Rb+ leaked from irradiated versus

includes the ratio of
' non-irradiated cells.

A1l leakage curves obtained showed an increase in the leakage
of 86Rb+ with time until a plateau was reached. The exact shape of
the curveland the time at which the plateau was reached differed
between the two cell lines and depended on whether they were
irradiated or not., Normal cells showed a gradual increase in the

86RB+ with time which reached a maximum between 3 and 4

leakage of
hours after the beginning of the experiment. In panels B,C, and D
it can be noted that there was hardly any effect of near-UV

radiation on the 86Rb+ leakage from normal cells, whereas in panel A
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86+ TABLE 23
THE LEAKAGE OF " "RB FROM AR6LO ARD GM730 CELLS IN
RESPORSE TO BROAD-BARD NEAR-UV RADIATION

51A 51B
Time(min) Disintegrations Per Minute Per Cell x 102
AR6LO GM730 AR6LO GM730
Control Irrad Control Irrad Control Irrad Control Irrad
# s 8 M
(6.1x10%) (15.1x10°) (9.2x10%) - (15.9x10°)
0 2.9 4.0 1.5 1.3 3.7 2.2 1.7 3.5
15 5.6 7.1 2.4 2.6 8.1 5.1 2.6 3.7
30 8.4 13.5 4.2 4.5 10.1 11.7 3.9 5.2
45 - - - - 11.2 16.0 3.2 6.0
60 13.6 25.2 6.9 8.2 12.3 18.8 3.9 7.2
90 - - - - 14.8 20.5 6.7 8.2
120 19.2 29.6 10.5 13.7 16 .1 21.0 8.5 10.2
180 - - - - 17.9 23.2 10.2 11.8
195 25.8 31.0 14.3 18 .8 - - - -
240 25.4 31.2 15.3 18 .8 18.1 22.6 12.1 14.7
300 - - - - 8.3 22.3 13.9 13.6
315 26.3 30.0 16.9 20.7 - - - -
51C 51D
Time(min) Disintegrations Per Minute Per Cell x 102
AR6LO GM730 AR6LO GM730
Control Irrad Control Irrad Control Irrad Control Irrad
& &
(6.8x10%)"  (11.6x10)"  (15.8x107) (22.2x10°)
0 4.3 3.0 2.5 2.4 2.3 2.6 2.3 1.7
15 - - - - 4.0 7.4 3.5 2.8
30 7.8 10.6 7.3 7.8 6.0 11.2 4.6 3.9
45 - - - - 8.1 14.8 -— -
60 14.1 20.2 9.8 10.5 9.6 18 .6 6.4 6.2
75 - - - - 12.2 20.0 - -
90 19.1 24.8 13.5 12.5 14.6 23.0 - -
105 - - - - 17.5 24.2 - -
120 21.6 26.9 14.6 14.9 18.1 25.2 1.7 11.8
150 - - - - 20.2 27.9 - -
180 25.5 27.4 18.3 19.3 22.5 29.9 11.5 11.5
240 26.1 28.2 8.4 20.0 23.0 31.2 12.2 12.9

&
cell concentration



TABLE 24

THE LEAKAGE OF 86

RE" FROM ARGLO AND GM730 CELLS IN RESPONSE TO
BROAD-BAND NEAR-UV RADIATION, EXPRESSED AS RATIO OF

IRRADIATED :RON-IRRADIATED CELLS (DATA FROM TABLE 23)

Time AR ' GM -

min 51A 51B 51C 51D 51A 51B 51C 51D
0 1.38 0.59 0.70 1.13 0.87T 2.06 0.96 0.74
15 1.2T 0.63 - 1.85 1.03 1.42 - 0.80
30 1.61 1.15 1.36 1.87 1.07 1.33 1.07 0.85
45 - 1.43 - 1.83 - 1.43 - -

60 1.85 1.53 1.43 1.94 1.19  1.47 1.07 0.97
75 - - - 1.64 - - - -

90 - 1.39 1.30 1.58 - 1.22 0.93 -

105 - - 1.38 - - - - -

120 1.54 1.30 1.25 1.39 1.30 1.20 1.02 1.01
150 - - - 1.38 - - - -

180 -- 1.30 1.07 1.33 - 1.16 1.05 1.00
195 1.20 == - - - — - -

240 1.23 1.25 1.08 1.36 1.31 1.21 1.09 1.06
300 - 1.22 - - 1.22 0.98 - -

315



86

there was a small increase in the total amount of Rb+ leaked from

the cells at times longer than 60 min of irradiation. In contrast,
irradiated AR cells showed a larger increase in the rate of 86Rb+
leakage initially and then reached a higher maximum leakage. The
maximum difference between irradiated and non-irradiated AR cells
in these experiments was seen after about 60 minutes of irradiation

when 1.43-1.85 more SCRb*

was leaking from irradiated versus
non-irradiated cells (Table 2}4). Panels C and D represent
experiments which were done as part of subsequent investigations on
the BGRS* leakage from Trolox-C supplemented cells. In the
experiment shown in Fig. 51 Panel D, a change of medium on alternate
days brought about an increase of cell number but with no noticeable
effect on the leakage process.

- In order to attempt to answer any questions arising from these
experimental observations such as :
1) Why did irradiated AR cells leak more than non-irradiated AR
cells and why wasn't this observed with normal cells?
2) Why did irradiated AR cells reach a higher maximum leakage than
non-irradiated AR cells and what does this represent?
3) Why did non-irradiated AR cells leak more than GM non-irradiated
cells?,
there was a need to understand what this leakage represented. Most
importantly, whether it was a result of severe damage to the cell
and followed DNA-induced lethality, or whether it occurred at doses
comparable to those producing lethality and could be inducing or
influencing such a process by upsetting the electrolyte content of

the cell. Therefore, an assessment of cell survival using

broad-band near-UV radiation under experimental conditions similar
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863b+ leakage was necessitated. Two

to those used for measurement of
methods exist for assessing the survival of fibroblasts attached in
petri dishes. One involves irradiation of confluent or
near-confluent monolayers and subsequent detachment of the
fibroblasts using trypsin, followed by counting, diluting and adding
the appropriate number of cells for colony formation to plates. The
other method involves irradiation of prepared dilutions of cells and
was prefered in this study because in this way the trypsinization
step after irradiation could be avoided. Therefore, assessment of
viability following near-UV irradiation was performed using
appropriate dilutions of cells as described in the Materials and
Method section (pages 58, 68) but otherwise wunder similar
irradiation conditions to the ones used in the leakage experiments.
Three experiments were performed for each cell 1line but
because some of these had less experimental points than the other
" two (Tables A30, A31), it was decided not to follow the normal
procedure of regressing each experiment, but to regress the
calculated mean points. The mean survival curve obtained for AR and
normal cells is shown in Fig. 52 and the calculated parameters for
each curve are included in Table 25. It can be seen that 47 and 60
minutes of broad-band near-UV irradiation resulted in 90 per cent

lethality ( ) of AR and GM730 cells respectively, which in the

86Rb+

D10
corresponding leakage experiments also resul ted in measurable

leakage. Assuming 365 rm was mostly emitted from the 1lamp, the

corresponding D,. value was 142 kIm™2 and 180 kJm 2 for AR and GM730

10
cells, respectively. This value 1is considerably lower than the
monochromatic 365 mm fluence resulting in 90 per cent lethality of

cells irradiated in suspension, which is probably explained by the
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fact that shorter, more energetic wavelengths were present in the
radiation beam (see Fig. 14). Since irradiation took place at
"’25°C, the difference in the response of AR and normal cells to near

UV irradiation was also apparent. Comparison of D, values in Table

0
25 shows AR cells to be two times more sensitive than normal GM730

cells to brcad-band near-UV radiation.

TABLE 25
SURVIVAL OF AR6LO (1) AND GM730 (2) CELLS TO BROAD BAND NEAR-UV RADIATION

Slope Standard Intercept Standard D0 D D10
min-1 Deviation Deviation min mg.n min

1 1

(1)6.72x1072 6.0x10~>  2.17x10 © 3.1x10"" 6.46x10° 3.23x10

1

4.72x10

1

(2)3.13x10~2 5.1x10™3 8.80x10"! 2.7x10~' 1.39x10' 2.82x10! 6.01x10

Published results of similar studies are also included in
Table 26 for comparative purposes, bearing in mind the use of
different lamps with different emission spectra and intensities, as
well as the use of different experimental procedures.

The conclusions that can be reached from these experiments
are that ARG cells are more sensitive to broad-band near-UV
irradiation both in terms of clonogenic ability and in terms of a

particular membrane function examined i.e. the leakage of 86Rb+ from

irradiated cells. It cannot be deduced from this work whether 86Rb+
leakage (which is a 4 analogue) is due to specific damage to the
Na+/K+ pump or whether it is the result of generalized membrane

damage, but the use of ouabain, a metabolic inhibitor of active
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, TABLE 26
SURVIVAL PARAMETERS OBTAINED FOR HUMAN FIBROBLASTS IRRADIATED ATTACHED ON PLATES WITH BROAD-BAND REAR-UV RADIATION

Cell Line Source Fl\_xsngf Rate D0 D 2 D10 2 Method - Reference

Jm “s kim 2 Uegm™ kim < of irradiation

AG1522 Sylvania 20.9 47 .8+3.7 47 .445.9 157 .524 .8 dilutions Zamansky et al.,

GM3652 FR4UOT12 40.0+3.6 40.2+3.5 132.415.7 16-20 hours 1985
GM730 310-410mm 39.2+4.2 45.2+4.7 135.5¢5.6 after plating

max 350-355 ‘ at 0-4°C
GM730 Coast-Wave 30 4.7 84.6 180.3 at ~25°C results presented
AR6LO 15 W 19.4 96.9 141.6 in Table 25
82MB2 1200 W type 165 320 confluent

Sellas 1 day after Roza et al.,

plating 1985

below 14°C



transport, could perhaps clarify this point in the future. Similar
changes in permeability of mammalian cells in response to ionizing
radiation are generally considered to be a result of alterations in
passive rather than active transport (Patrick, 1977).

Underlying causes that could result in generalized membrane
damage include 1ipid peroxidation and oxidation of protein thiol
groups, amongst others. Since AR6\O but not normal cells, are
susceptible to this damage, it could be proposed that an inability
of AR cells to maintain reactive oxygen species under control is
responsible for the observed membrane alterations. The generation
of reactive oxygen species in response to near-UV radiation has
already been discussed and the ability of these species to initiate
and propagate lipid peroxidation reactions has been broadly
mentioned in the Introduction. 1In particular , the hydroxyl ion and
singlet oxygen have been shown to initiate 1lipid peroxidation
reactions in a variety of chemical and biological systems (Kellogg
and Fridovich, 1975, 1977; Halliwell and Gutteridge, 1985).

It can be further suggested that AR cells suffer this membrane
damage due to an inability to stop and/or repair the destructive
oxidative reactions taking place in their membranes due to an
enzymatic defect or due to a decreased concentration of an
antioxidant such as vitamin E.

In ARQ%ells, membrane damage occurs at doses comparable to
lethality and could, therefore, contribute to it. On the contrary,
normal cells do not suffer this membrane damage under normal
circumstances. However, it would be interesting to examine what
effect an induced enzyme‘depletion such as superoxide dismutase or

86

glutathione or catalase would have on Rb+ leakage. In a study
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where K leakage from X-irradiated mouse fibroblasts was measured by
flame photometry cellular membranes were rendered more susceptible
to 1lipid peroxidation when they contained increased 1levels of
polyunsaturated fatty acids. Indeed, this alteration resulted in
increased K leakage which could be prevented by supplementation of
vitamin E (Wolters and Konings, 1985).

Effect of Trolox-C on Near-UV Induced 86

Rb" Leakage

Trolox-C incorporated in the growth medium was shown to
protect AR cells against 365 mm-induced inactivation at 25°C (see
Fig. 43 Panel A). An investigation of its effect on 8GRb+ leakage,
under similar conditions of irradiation to those previously
described, was carried out.

Trolox-C was added at a concentration of 100 pg/ml in the
plates during subcul ture which was designated as Day 0 and then on
days 2, 4 and 6, the medium was changed and fresh Trolox-C was
added. 86RbCl was also added on day 6 and irradiation tok place on
day 7 as previously described. The results of 2 1leakage experiments
for each cell line are shown in Figures 53, 54, where panel A
represents results for AR cells and panel B for GM730 cells. The
data for these experiments is included in Table 27. The results of
the control experiments have already been presented in Figure 51
Panels C, D. In the experiment presented in Fig. 51C the medium of
the non-supplemented cells was not changed and it can be noted that
the cell concentration present on the plates was lower than that of
the Trolox-C supplemented cells. However, this increase in cell

numbers should not be attributed to the presence of Trolox-C since

in the experiment presented in Fig. 51D where the medium of

-122 -



36-i

30-

LEA AOEEam > % ©O
—_ g N
G e o

_
*

0 60 120 180 240 300
NEAR-UV RADIATION TIME min

30-

NGOJ

20-

o 09

16-

A ABCR-

10-

[
-

0 60 120 180 240 300
NEAR-UV RADIATION TIME min

Figure 53. The leakage of Rb+ from stationary AR6LO (Panel A)
and GM730 (Panel B) cells expressed as disintegrations per minute,
per cell, as a function of irradiation time with broad-band near-UV
radiation. 0 -trolox-C, irradiated

= -trolox-C, non-irradiated also Fig. 35I1C
+trolox-C, irradiated

= +trolox-C, non-irradiated

E>"-
o >0
I



30-

—_ [\ ()
9 ? ¢

=

I_EA /\%@'ﬂ >$ = 00O

0 60 120 180 240 300
NEAR-UV RADIATION TIME min

35
30-
26-
20-

15-

I\ ABCEhm 7o % 00

1Q-

0 60 120 180 240 300
NEAR-UV RADIATION TIME min

Figure 54. The leakage of Rb+ from stationary AR6LO (Panel A)
and GM730 (Panel B) cells expressed as disintegrations per minute,
per cell, as a function of irradiation time with broad-band near-UV
radiation. # O = -trolox-C, irradiated

B o s -trolox-C,non-irradiated also Fig. 51D

A A =+trolox-C, irradiated

a o =-+trolox-C,non-irradiated



86+ TABLE 27
THE LEAKAGE OF RB° FROM AR6LO AND GM730 CELLS GROWN IN THE
PRESENCE OR ABSENCE OF 100 pg/ml TROLOX-C, IN RESPONSE 10
BROAD-BAND NEAR-UV RADIATION

534 53B
Time(min) Disintegrations Per Minute Per Cell x 102
AR AR + Trolox-C GM GM + Trolox-C
Control Irrad Control Irrad Control Irraq Control Irrad
(6.8x10°)" (16.8x10°)" (11.6x10%)"  (21.3x10%)"
0 4.3 3.0 1.9 1.1 2.5 2.4 2.1 1.7
30 7.8 10.6 4.5 4.3 7.3 7.8 5.7 5.6
60 14.1 20.2 6.6 6.9 9.8 10.5 T.7 8.2
90 19.1 24.8 9.1 10.1 13.5 12.5 10.5 1.4
120 21.6 26.9 11.4 13.4 14.6 14.9 12.6 13.3
180 25.5 27.4 13.9 16.1 18.3 19.3 14.2 15.3
240 26.1 28.2 15.4 18.2 8.4 20.0 15.1 16.0
544 54B
Time(min) Disintegrations Per Minute Per Cell x 102
AR AR + Trolox-C GM GM + Trolox-C
Control Irrad Control Irrad Control Irrad Control Irrad
(15.8x10°)"  (17.2x10%)" (22.2x10°)" (20 .8x10°)"
0 2.3 2.6 2.8 2.4 2.3 1.7 1.8 1.3
15 4.0 T.4 5.6 5.4 3.5 2.8 4.3 3.3
30 6.0 11.2 7.8 T.4 4.6 3.9 5.0 5.0
us 801 1”‘.8 906 903 bdd - - -
60 9.6 18.6 10.8 12.0 6.4 6.2 7.7 7.6
75 12.2 20.0 13.8 13.7 - - - -
90 14.6 23.0 15.0 16.4 - - - -
105 17.5 24.2 17.4 18.8 -— - - -
120 18.1 25.2 19.4 20.8 1.7 11.8 15.4 17.0
150 20.2 27 .9 22.4 25.8 - - - -
180 22.5 29.9 24.2 26.6 11.5 11.5 15.1 16 .6
240 23.0 31.2 25.8 28 .4 12.2 12.9 15.8 18.0

&
cell concentration



non-supplemented cells was changed as well, the cell number was also
increased to the same extent as for Trolox-C supplemented cells. It
should be pointed out again that changes in cell number did not
al ter the rate of 86Rb+ leakage. As previously discussed, for cells
not supplemented Hitthrolox-C, near-UV irradiation induced 86Rb+
leakage only in AR and not normal cells. The presence of Trolox-C
clearly protected irradiated AR cells and there was no
radiation-induced leakage in Trolox-C supplemented cells. It should
be noted that for this protective effect to occur it was necessary
that Trolox-C was added to the cells relatively near the irradiation
time, since in an initial experiment where it was added during
subcul ture, 7 days prior to irradiation, it did  not offer any
protection. In the case of normal cells, neither Trolox-C
supplemented nor unsupplemented cells leaked in response to near-UV
radiation.

It has already been discussed that Trolox-C may become
associated with cellular membranes. A possible way by which Trolox-C
might protect near-UV irradiated AR cells and prevent leakage of
86R5+, might be by prevention of 1lipid peroxidation reactions which
could lead to generalized membrane damage. If it is hypothesized
that AR cellular sensitivity is due to an imability to effectively
scavenge reactive oxygen species which can start 1lipid peroxidation
reactions and lead to generalized membrane damage (which would

86

become apparent as an increase of Rb+ leakage) then Trolox-C would

be expected to offer some protection.
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Leakage of le_tb"' after Broad-Band Far-UV Irradiation of Normal

and AR Fibroblasts

Similar leakage experiments were performed wusing far-UV
irradiation and the results of twp replicate experiments for AR and
GM730 cells are shown in Figure 55 and Table 28. Non-irradiated
cells show no significant leakage during the total period examined
(8 minutes), while irradiated cells show no leakage for the first 4
min of irradiation. Since the fluence rate given was approximately
18 Jm-28°1, 4 minutes of irradiation correspond to a dose of 4320
Jm-2 which is 2-3 orders of magnitude larger than 254 mm doses that
produce 1lethality. This is concluded both from our study of
monochromatic 254 mm inactivation of fibroblasts in suspension at
25°C where D was 14.9 and 13.7 Ju > and D was 49.3 and 8.3 Ju™
for GM730 and AR cells, respectively and from other published data
on the response of attached human fibroblasts to broad-band far-UV
radiation (Table 29). Perhaps the response of human fibroblasts
irradiated at different stages of growth is not strictly comparable
(Griego et al., 1981), but the dose resulting to 90 per cent

lethality seems to be between 7 - 15 I8

which corresponds to 0.45
~ 0.9 seconds of irradiation. Therefore at inactivation fluences
orders of  magnitude larger than those producing 1lethality,
irradiated cells do not leak 86Rb+ into their surrounding medium.
Then, either when a certain dose is reached or when a certain time
elapses following the induction of damage, a sharp increase of 86Rb+

leakage is observed.
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86. + TABLE 28
THE LEAKAGE OF ~ RB° FROM AR6LO AND GM730 CELLS IN
RESPONSE TO FAR-UV RADIATION

55A 55B
Time(sec) Disintegrations Per Minute Per Cell x 1072
ARG LO GM720 AR6LO . GM730

Control Irrad Control Irrad Control Irrad Control Irrad

%

6.3x10%)"  (15.6x10")"  (6.3x10%)" (15.6%10%)

0 6.0 3.7 4.1 4.7 3.5 3.3 2.1 2.4
20 - - - 4.6 - 3.6 - 2.7
40 - - - 4.7 - 3.3 - 2.6
60 - L7 - 4.9 3.9 2.9 2.4 2.5
80 - - 4.8 4.7 - - - -
90 -- -- -- -- -~ 3.8 - 28
100 - - — 48 — - — -
120 - - -- - 5.3 b1 2.7 2.7
140 - - - 5.2 - - - -
150 - - - - - - -~ b1
180 7.2 5.4 - 8.8 — 5.6 2.7 5.0
210 - 11.2 - - - - -- -
240 -  13.8 5.2 16.5 By 7.4 2.7 6.7
300 7.2 21.4 5.1  21.5 - 1h. 3.0  14.1
80 7.3 287 5.9 23.6 4.7  25.3 3.1 -

cell concentration



TABLE 29

SURVIVAL PARAMETERS OBTAINED FOR HUMAN FIBROBLASTS IRRADIATED ATTACHED ON PLATES WITH BROAD-BAND FAR-UV RADIATION

Cell Line Source Flggan Rate Do -2 D 2 D10 2 Method Reference
Jm °s” Jm U™ Jm°  of irradiation
AG1522 General 0.4 2.6+0.1 1.8+0.2 T.6£0.2 dilutions Zamansky et al.,
GM3652 Electric 2.7+0.1 2.0+0.2 8.3+0.2 16-20 hours 1985
GM730 BT 2.610.1 2.110.2 8.1¢0.4 after plating
NHSF3 Toshiba 0.12-1.0 8.5 dilutions Fujiwara and
NHSF6 Electric 9.0 4.8 hrs after Tatsumi, 1976
NHSF40 15W 8.8 plating
GM38 General 1.25 3.4+0.3 8.7+1.2 dilutions Smith and
Electric 'dry' 18 hrs Paterson, 1982
25W after plating
GM38 General 1.4 6.0+£0.5 16.2+40.9 dilutions Smith and
GM398 Electric 7.6£0.4 16.7+0.6 'dry' 6 hrs Paterson, 1981
CRL1141 15W 6.7+0.3 19.1+0.5 after plating
1MR-91 General 1.0 4.8 6.5 - dilut:(ijons Wells and
Electric, G15T - at 4°¢C Han, 1985
CRL1121 General 0.08-0.2 4,67 - confluent Kraemer et al.,
CRL1119 Electric 2.99 - 5-7 days after 1976
G151 plating
1BR, 4BR Hanovia or 0.15-0.9 Mean of confluent Lehmann et al.,
1BI, 2BI Philips 4 normals = ~11 1 day after 1977
plating
1BR, UBR Hanovia 1.65 Mean of Arlett et al.,
19BR, 2BI 12555 ‘ 4 normals = ~15 same 1975
82MB2 Phillips 0.38 7.5 confluent Roza et al.,
15WTUV 1 day after 1985

plating



Post-irradiation Radicactive Labelling of Fibroblasts

In the following set of experiments an alternative approach
to assess membrane damage was used, in which 86Rb+ was added to the
cells immediately after the irradiation period. In this way, the
ability of the cells to take up the label, rather than release it,
could be studied, since the 1leakage conditions were similar for
differently treated cells.

The experimental method involved inoculation of 3x105 cells
into 90 mm2 plates containing 10 ml of EMEM supplemented with 15%
foetal calf serum. After 4 days of growth at 37°c in a 5 per cent
CO2 atmosphere, the plates were removed from the incubator, rinsed
twice with 5 ml PBS and irradiated through their 1lids, in 10 ml PBS
for 1, 2 or 3 hours. At the end of the irradiation period, 9 ml of
fresh medium were added to the cells and 1 ml of the appropriate
dilution of 86RbCl in medium to result in a concentration of 1
pci/m 88Rb*. after a 24 hour incubation at 37°C the leakage of
86Rb+ was assessed as previously described, by measuring its
inereasing concentration in 15 ml PBS.

Figures 56, 57 and 58 show the leakage curves obtained from AR
and normal GM730 cells if irradiated for 1, 2, 3 hours or not
irradiated at all. It can be seen both from these graphs and more
clearly in Figure 59, in which the mean calculated value of the
ratio of irradiated to control cells from the 5 previous experiments
is shown, that irradiation reduces the ability of the cells to take
up the 1label in a dose-dependent manner. This effect is more
pronounced in AR cells since after 2 hours of leakage, only 65%, 35%
and 15¢ of the label which would hﬁve leaked from non-irradiated

cells has leaked from AR cells irradiated for 1, 2 or 3 hours,
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TABLE 30

THE LEAKAGE OF 86

RB" FROM ARGLO CELLS WITH TIME 24 HOURS AFTER 1, 2 OR
3 HOURS OF BROAD-BAND NEAR-UV IRRADIATION. THE LEAKAGE IS EXPRESSED AS

THE RATIO OF THE DISINTEGRATIONS FER MINUTE OF IRRADIATED:CONTROL CELLS

Time (min) Experiment 1 Experiment 2 Experiment 3 Mean
NEAR-UV IRRADIATION FOR ONE HOUR
0 84 .63 .82 .76
15 .79 .62 - .71
30 .75 .54 79 .69
45 .69 -- - .69
60 .62 .55 .71 .63
90 .58 .62 7 6l
120 .52 .62 .78 64
180 .56 .58 .78 64
240 .51 .61 .79 .64
300 .54 .58 .72 .61
NEAR-UV IRRADIATION FOR TWO HOURS
0 .59 .68 90 T2
15 42 81 - .62
30 A1 .69 A2 .51
45 .36 - - .36
60 .28 .53 .30 .37
90 .25 .53 .26 .35
120 .23 A7 .25 .32
180 .22 R .20 .29
240 .21 40 .19 .27
300 .21 .37 .16 .25
NEAR-UV IRRADIATION FOR THREE HOURS
0 .29 .79 .T1 .60
15 .19 80 - .50
30 .09 .69 .23 .34
45 .08 - - .08
60 .07 Ay A7 .23
90 .06 .34 .13 .18
120 0l .30 .11 .15
180 .04 .25 .09 .13
240 .04 .23 07 .11
300 .04 .20 .06 .10



TABLE 31

THE LEAKAGE OF 86

RB" FROM GM730 CELLS WITH TIME 24 HOURS AFTER 1, 2 OR
3 HOURS OF BROAD-BAND NEAR-UV IRRADIATION. THE LEAKAGE IS EXPRESSED AS

THE RATIO OF THE DISINTEGRATIONS PER MINUTE OF IRRADIATED:CONTROL CELLS

Time (min) Experiment 1 Experiment 2 Mean

NEAR-UV IRRADIATION FOR ONE HOUR

0 1.23 1.09 1.16
15 1.09 1.07 1.08
30 86 1.10 .98
45 .94 .91 .93
60 83 1.01 .92
90 82 - 82

120 85 .94 .90
180 .94 .98 .96
240 .90 .99 .95
300 .98 .91 .95

NEAR-UV IRRADIATION FOR TWO HOURS

0 1.15 .95 1.05
15 89 81 85
30 .75 82 79
45 .75 .79 ST
60 .65 .80 .73
90 .67 o= .67

120 .70 .76 .73
180 ST 81 .79
240 80 .86 83
300 83 .75 .79

NEAR-UV IRRADIATION TIME FOR THREE HOURS

0 .61 81 .71
15 .64 .88 .76
30 .55 82 .69
45 .52 83 .68
60 .40 17 .59
90 .38 == .38

120 .40 .73 5T
180 45 .65 .55
250 11 .68 .55

300 .43 .55 49



respectively whereas the corresponding values for normal GM730 cells
are 90%, T0% and 55%.

86R5+ released from the cells is

The decrease in the amount of
a reflection of the 86RB+ which was taken up origimally. The
observation that irradiated cells have a reduced ability to actively

86R5+ can be a result of at least two different factors.

take up
First, it could reflect a decreased activity of the Na"'/K'+ pump as a
result of irradiation damage, or a decrease in the passive
permeabil ity of the cell. Alternatively, it could be a reflection
of severely damaged cells which are no longer going to survive.

Further experimental work is needed to clarify the mechanisms

underlying these observations.
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GENERAL CONCLUSIONS



The results presented in this work can be summarized as
follows:

(1) The temperature during the irradiation of normal skin
fibroblasts in suspension influenced their survival in a
wavelength-dependent way. This may be taken as further evidence
that dirradiation with different sections of UV-light results in
different cellular effects. Specif ically, an increase in the
irradiation temperature resulted in sensitization to wavelengths
254 and 313 nm but in protection against lethality following 325,
334 and 365 mm irradiation.

(2) Actinic reticuloid (AR6\®)ells were found to be
approximately Y4 times more sensitive than the normal human
fibroblast strain GM730 to monochromatic 365 mm radiation at 25°C
as well as to HZOé treatment. No difference in their sensitivity to
other monochromatic wavelengths (254 or 313 mm) or to
gamma-radiation was found.

(3) Trolox-C, a vitamin E analogue, provided cellular
protection to AR cells against 365 m irradiation at 25°C. This
protection was more prénouneed when the cells had been grown in its
presence prior to irradiation rather than when incubated in its
presence after irradiation. Normal cell sensitivity and 254 mm
sensitivity was not affected by the presence of Trolox-C in the
plating medium after irradiation.

(4) The incorporation of TO per cent D20 in the buffer used
for suspension of the cells during irradiation resulted in a

sensitization of both cell lines to 365 m irradiation at 25°C. No
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alteration in sensitivity was observed when irradiation took place
at 0°C or following 25% mm irradiation.

(5) Broad-band near-UV irradiation resulted in membrane damage
evidenced as increased 86Rb+ leakage in Aﬁy%ut not normal cells at
doses comparable to lethality. The presence of Trolox-C during the
groath of cells prior to irradiation offered protection against
86Rb+ leakage. Far-UV irradiation did not induce Rb' leakage until
doses 2-3 orders of magnitude greater than the 1lethal dose were
reached.

The following ideas were developed regarding near-UV mechanisms
of lethality and in particular ARGgellular sensitivity.

It is becoming accepted that reactive oxygen species are
formed as a result of near-UV radiation and that it is a vital
'function of the cell to effectively scavenge these by antioxidant
enzymes and antioxidant molecules. One hypothesis is that AR cells
are defective in an enzymatic function related to this defense
mechanism. The protective effect of Trolox-C can be envisaged as
taking part in at least two steps. One part is related to the
scavenging of these species, in particular singlet oxygen and
superoxide anion, and the prevention of H202 and OH®° formation, and
the other as the prevention of 1ipid peroxidation of cellular
membranes. Near-UV induced 1lipid peroxidation could lead to

generalized membrane damage which could result in 86RB+

leakage.
This membrane damage due to inadequate scavenging of reactive oxygen
species or due to other unidentified factors, was observed in AR
cells but not normal cells.

The sensitization resulting from irradiation in D20 occured in

both cell lines and should be regarded separately. It could be
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explained by the previous suggestion, i.e. D20 enhances the lifetime
of singlet oxygen which at temperatures allowing enzymatic action is
in turn converted to other reactive oxygen species that present an
extra load, both for AR cells which are already unable to scavenge
all of them and to normal cells which are unable to scavenge the
extra load. The non-scavenged reactive species could then lead to
lethal lesions.

It cannot be excluded that Am?gells may be deficient in another
enzymatic function such as in enzymes which would normally repair
near-Uv induced damage and this possibility needs further
investigation. Regarding the target of irradiation and the lethal
lesions produced, as with normal cells, both DNA and membrane
damage could be important and their relative contribution to

lethality may depend on particular circumstances.
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APFENDIX 1

TABLE A1. CHEMICAL COMPOSITION OF MEDIA USED:

Minimum Essential Dulbecco's
Medium (Eagle) Modification
(Modified) with of Eagle's
Earle's Salts Medium
Ingredient (mg/litre) (mg/litre)
L-Arginine HCl 126 .4 84.00
L-Cysteine disodium salt 28.42 56.78
L-Glutamine 292.3 584.0
Glycine — 30.00
L-Histidine HC1 H20 41.90 42.00
L-Isoleucine 52.50 104.8
L-Leucine 52.50 104.8
L-Lysine HCl 73.06 146.2
L-Methionine 14.90 30.00
L-Phenylalanine 33.02 66.00
L-Serine —— 42.00
L-Threonine 47.64 95.20
L-Tryptophan 10.20 16.00
L-Tyrosine disodium salt 45.02 89.50
L-Valine 46 .90 93.60
D-Ca pantothenate 1.00 4.00
Choline chloride 1.00 .00
Folic acid 1.00 4.00
j-Inositol 2.00 . 7.00
Nicotinamide 1.00 4.00
Pyridoxal HC1 1.00 4.00
Riboflavin 0.10 0.40
Thiamin HCl 1.00 4.00
CaCl H20 264.9 264.9
Fe(N0,) 29,20 — 0.10
kc1 33 400.00 400.0
MgSOu 7H20 200.00 200.0
NaCl 6800 6400
NaHCO 2000 3700
NaH_P9, 2H.0 158.3 141.3
D-GZucbse 1000 1500
Phenol red sodium salt 17.00 15.00
Sodium pyruvate —— 110.0
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APPERDIX 2: UV DOSIMETRY BY CHEMICAL ACTINOMEIRY

a. Solutions Used
Actinometer solution:
0.006M of potassium ferrioxalate made up as follows:
800 ml of distilled water containing 2.947g of potassium ferrioxalate
+ 100 mlL N stou (Volucon, M+B)
to 1000 ml with double distilled water
Calibration Solution
4 x 1077 moles of Fe'* ionms per ml made up as follows:
1 ml of 0.1 M solution of ferrous sulphate (AR)
to 250 ml with 0.1N H‘?SOLl (Volucon, M:B)
Phenanthroline Solution
1% Phenanthroline solution made up as follows:
1.00 g of 1:10 phemanthroline monchydrate (BDH)
to 1000 ml with double distilled water
Buffer
600 ml. N sodium acetate solution (AR Solid)
+ 350 ml N stou (Volucon, M+B)

to 1000 ml with double distilled water

b. a ation of the A tir_mmete Solutio

Eleven x 25 ml stoppered volumetric flasks were used in which
volumes of calibration solution from 0 to 5.0 ml were added in 0.5
ml steps. The necessary volume of 0.1 N stou was added to 12.5 ml
followed by 2.0 ml of 1% phenmanthroline solution and made up to 25
m with buffer. The flasks were shaken and allowed to stand for 30

minutes to develop the colour, after which time an optical density
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reading for each solution was taken at 510 mm, using the solution
with no calibration solution as blank. A plot of optical density at
510 nm against moles of Fe'* ions was prepared and the slope of the
line, calculated by regression analysis, was found to be 0.11211{108

(Fig. A1).

c. Dosimetry for Ultraviolet Sources

Three ml of actinometer solution were placed in the quartz
cuvette and exposed to monochromatic light for exposure times which
would give appropriate optical density readings. After exposure,
2.5 ml of solution were removed from the cuvette and developed as
previously described. The optical density at 510 mm and the slope

of the calibra_tion curve were used to calculate the fluence rate.

d. Calculation of Fluence Rate

Slope of calibration curve = 0.1121:[108
Volume irradiated = 3.0 ml
Irradiation area = 300 mmz
Volume sampled and developed = 2.5 ml

An exposure time of seconds gave an optical density at 510 mm

OD51 0 m

= Moles per ml of Fe'' ions

Slope of calibration curve

This Fe'H' jon concentration per ml was in 25 ml of developed
solution originally from 2.5 ml sampled from a total of 3 ml of
solution irradiated. Thus the above concentration of Fe'H' ions,
multiplied by 25 x 3/2.5 gives the total Fe'& concentration in moles

in the 3 ml of irradiated solution. If the total moles of Fe'' ions
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in 3 m of irradiated solution is Y, then the fluence rate may be

calculated as follows:

The quantum yield is 1.26 moles per Einstein.

Thus Y moles of Fe'' ions = _Y Einsteins
1.26
At a specific wavelength, ergs per Einstein = =a
Therefore
Y  Einsteins = a x Y ergs
1.26 1.26

Since this is for 300 mm2 irradiation area, the fluence is

a x Y ergs om2
300 x 1.26

-1

Therefore, fluence rate ax Y ergs mmZsec

300 x 1.26 x t

2 1

= a xY Jm “sec”
300 x 1.26 x t x 10
= a x OD x 25 x 3 Jo 2sec”]

300 x 1.26 x t x 10 x 2.5 x slope

a x 0D x 7.0798 m-10 1

t

In Zsec”
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APPENDIX 3: GAMMA-RADIATION DOSIMETRY BY FRICKE DOSIMETRY

a. Solutions Used
Dosimetric Solution
The dosimetric solution contained
-3
10 M Fe(NHu)z(Sou)2 6H20
+ 1073 M Nac1
dissolved in 0.8 N stou
This was prepared freshly by using
0.985 g Fe(NHu)Z(SOH)Z (BDH)
+ 25 ml 0.01 M NaCl (BDH)
+ 100 ml 2N stou
to 250 ml with double distilled water

b. _Dosimetry for 137 ngsourgg

10 ml of a freshly prepared dosimetric solution were transfered
to the irradiation vessel positioned at 23’cm from the base of the
chamber, and exposed to gamma irradiation for different time
exposures. After each irradiation, the yield of ferric ions was
measured spectrophotometrically at 305 m at 22% (Table A2). A plot
of the absorbance of the dosimetric solution against irradiation
time is shown in Fig. A2. The result demonstrates that within the
irradiation time of 50 minutes, the absorbance increases linearly

with dose.
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c. Calculation of Fluence Rate

The absorbed radiation dose is calculated by an equation

derived in the following manner:

+++

The amount of Fe liberated when the dosimetric solution is

irradiated can be determined from Beer's Law.

Coet** (moles/litre) = A

€ xL

where, A is the absorbance, € is the absorbancy (M'1cm-1) at the

wavelength used and L is the optical pathlength of the sample (in
cm). If 1 cm cuvettes are used for the determimation of the optical

absorbance, then,

CF Y (moles/litre) = _A
(=
C e"** (moles/ml) = A
103 x &
C ettt (moles/g) = A
1034xé£:t§1

Where Q.is the density of the solution.

Number of Fe'*™ ions/g of solution

= A x Avogadro's Number
103 xExe
_ A 6.023 ]QZO
Exe

Since the radiation chemical yield (G) represents the number of ions

that are formed per 100 MeV absorbed, then:

E (in eV/g) = A x 6.023 x 10°°

C‘;xe_xaxw'2

Where E is the amount of energy absorbed.

- 135 -



16V = 1.602 x 1012 ergs. Therefore

E (in ergs/g) = A x 6,023 x ]QZO X 1.602 x ]Q'12

6xexGx1f2
Since 1 rad = 100 ergs/g, then,

A x 6.023 ]QB 1,602
2

Dose (in rads)

ExpxCx107x 10

A x 9,65 x 108

€ x exG

& at wavelength 305 rm, at 25°C, is 2196 M'1c:m"1 and can be corrected
for temperature differences by the factor 1+0.006(t25-t), where t is
the temperature at which the absorbance was read (2200)

G-value for 137Cs is 15.3 and @ is 1.024.

Therefore when slope = 3.74 x 1073 (see Table A2)

.74 x 10 -3 9,65 m8
2196 x 15.3 x 1.024 [(1 + 0.006 (25-22)]

Dose (in rads)

103.05 rads/min

1.03 Gy/min

- 136 -



TABLE A2. ABSORBANCE OF 13! Cs GAMMA IRRADIATED .
FERROUS SULPHATE SOLUTION, READ AT 305 KM, AT 22°C

Irradiation time Mean Absorbance
(min) (a)
0
10 .033
15 .05
20 075
25 .09
30 .11
35 .125
50 .145
45 AT
50 .18
By linear regression: Slope = 3.74 x 10_3
I= -3.63x 10
Corr. Coeff, = .998
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APPENDIX 3: CORRECTION OF UV-FLUENCE RATE BY THE MOROWITZ FACTOR

TABLE A3. REDUCTION IN OPTICAL DENSITY, MEASURED USING THE ORIEL 7102
THERMOPILE, WITH VARIOUS CONCERTRATIONS OF STIRRED CELLS
AND THE CALCULATED MOROWITZ FACTOR AT 254, 313 AND 365 RM

Concentration Optical Correction

Wavelength (cells/ml) Density $%Transmission Factor
254 mn blan* 20.0 100

5x105 18.5 92.50

1x105 17.8 89.00 ---> 0.945

2x105 16.5 82.50

llx105 14.7 73.50

6x105 13.0 65.00

8x106 11.3 56 .05

1x10 9.5 47.50
313 mm blan 235 100

5x105 230 97.87

1x105 227 : 9% .60 ---> 0.983

2x105 212 90.21

4x105 190 80.85

6x105 170 T72.34

8x106 158 67.23

1x10 135 57 .45
365 mm blanf ' 890 100

5x105 890 100

1x105 870 97.75 =--=> 0.989

2x105 820 92.13

llx105 750 84.27

6x105 690 77.53

8x106 660 T4.16

1x10 560 62.92
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APPENDIX 5: STATISTICAL ANALYSIS OF RESULTS

The (k) and (n) values from groups of survivor curves were analysed
for homogeneity within groups and between groups by computing
chi-squared (XZ) as follows. If ;ﬁ(i-p)z is the sums of squares of n
estimates of a parameter p computed from a normal distribution with

variance ng then the quantity
2 -p)?
6’2

follows a chi-squared distribution with n-1 degrees of freedom

(Snedecar and Cochran, 1967) Thus

_z/E-b‘?

x2(n-1)

where 32 is a pooled estimate of the variance derived from the
standard errors of the slopes (b) which can be used to test for
significant heterogeneity amongst the n slopes. By subtracting the
chi-squared for subsets from the chi-squared for the set, a between

subset chi-squared can be derived.
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APPERDIX 6: GROWTH CURVE CONSTRUCTIOR

Method

One ml of cells containing either 105 or 3 x 105 cells were
added to 9 ml EMEM containing 15% foetal calf serum in 0 mm plates.
Plates were placed in boxes, gassed with 5% 002 and incubated at
37°C. After appropriate time intervals, one plate at a time was
trypsinized in the usual way and the number of cells counted using
the haemocytometer.

If Trolox-C were to be wused, the appropriate concentration was
added during subcul ture.

Table A4: 3:105 cells inoculated

5

Table A5: | x10~ cells inoculated
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TABLE Aj.

GROWTH OF AR6LO AND GM730 CELLS

AR6LO GM730
Time(hrs) Cell counts x 10™° Time(hrs) Cell counts x 102
24 1.54 17 2.32
48 2.92 28 3.15
T4 5.22 38 5.05
96 T.07 48 6.90
121 8.71 62 - 8.52
144 T.12 T2 11.50
169 T.75 92 14.52
120 16.65
TABLE A5. GROWTH OF AR6LO AND GM730 CELLS IN THE ABSENCE AND
PRESENCE OF 30]xglm1 TROLOX-C IN THE GRONTH MEDIUM
Time(hrs) Cell Counts x 1072
AR AR+ Trol ox-C GM GM+ Trol ox-C
20 0.53 1.07 0.45 0.69
27 0.48 1.09 0.53 0.79
45 0.33 0.77 0.54 0.80
51 0.50 1.36 1.19 1.34
69 0.92 1.87 2.67 2.57
92 1.51 2.13 4.68 4.38
116 2.63 3.23 7.33 4.82
m 3.33 3.92 8.07 7.9%4
164 3.19 5 92 10.87 10.21
170 5.22 5.73 - -
191 3.85 5.15 9.96 10.31
214 3.92 3.89 8.26 T.62
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APPENDIX 7: 86 RB+ QDENCH CURVE
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Figure AS5. Quench curve for 86}&) determined by the
LKB Rackbeta 1215 liquid scintillation counter.



APPERDIX 8: EXPERIMENTAL DATA

TABLES A6 - A3
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TABLE A6. SURVIVAL OF GM730 CELLS TO 365 NM RADIATION AT 0°C (SEE FIG.17T)
Experiment
Number 1 2 3 4 5 6 7
Passage
Number 18 19 14 15 17 17 15
Plating
Efficiency (%) 19 19 30 33 1 14 8
OV_ELUENCE SURVIVING FRACTION
I

4 S -1 -1 -1 -1 -1
5.0x10 8.45x10 6.79x10 8.90x10 9.94x10 6.82x10 9.04x10 —
1.0x10° 8.77x10~" 5.53x10~' 7.00x10™' 7.68x10"' s5.45x10"' 6.47x10”1 6.73x107"
1.5x10° 6.15x10"" 14.90x10~' s5.80x10"" 5.63x10' 3.91x10~' 4.78x10~' 14.50x10™"
2.0x10° 3.29x10"7 2.58x10"' 3.80x10~' 3.58x10"! 2.41x10"' 3.25x10"' 2.35x10™"
2.5x10° 1.61x10~1 1.25x10"7 1.98x10”1 2.38x10"1 2.64x10~1 1.93x10"' 1.75x107"
3.0x10° 8.50x10"2 - 9.85x10"2 1.07x10~' 1.00x10~' 6.99x10™% 1.12x10”"
3.5%10° 4.82%1072 - 6.25x10"2 6.42x10"2 1.23x10"" 4.46x1072 9.67x10"2
4.0%10° — — 5.20x10™2 3.98x1072 6.88%1072 2.59%10™2  —--
4.5%10° -_— — —— - 2.55x102 .. —

5

5.0x10



TABLE A7. SURVIVAL OF GM730 CELLS TO 365 KM RADIATION AT 2500 (SEE FIG. 18)

Experiment

Number 8 9 10 11

Passage

Number 13 14 11 12

Plating

Efficiency (%) 34 37 41 38

UV_ELURNCE SURVIVING FRACTION OV FLYENCE SURVIVING FRACTION

Jm Jm-

5.0%103 6.92x10"1 1.01x10 ° 3.3x103 8.60x10"" 8.10x10~"

1.0x10" 5.73x10" " 8.79x107" 6.7x103 7.95x10"" 7.07x10""

1.5x10" 4.10x10~" 8.74x10"" 1.0x10" 8.08x101 7.39x10""

2.0x10" 3.52x10" 7.66x10"" 1.3x10" 5.28x10"" 6.43%10""

2.5x10" 3.18x10™1 8.20x10"" 1.7x10" 5.11x10" " 6.93x10" "

3.0x10" 2.24x10”" 6.77x10" " 2.0x10" 5.63x10 6.72x10" "

3.5x10" 2.15x10" " 5.91x10" " 2.3x10" 4.19x10"" 6.15x10" "

u.0x1o” 1.46x10~" 5.2ux1o'1 2.7x1ou 3.90x1o'1 6.21x10""
M - -

4.5%10 1.69x10~1 4.99%x10~1 3.0x10% 3.25x107" 4.51x107"
3 -2 -1 3 -1 -1

5.0x10 8.72x10 5.57x10 3.3x10 3.68x10 3.94%10



TABLE A8. SURVIVAL OF GH730 CELLS TO 365 NM
RADIATION AT 37 C (SEE FIG. 19)

Experiment

Number 12 13
Passage

Number 14 16
Plating

Efficiency (%) 42 17

UV_ELUENCE SURVIVING FRACTION
Jm

1

5.0K103 - 9.98x10"
1.0x10" 8.64x10"" 8.26x10"
1.5x10" 6.29x10"" 8.09x10™"
2.0x10" 7.07x10"" 1.08x10 ©
2.5x10" 5.21%10"" 7.55x10"
3.0x10" 7.71x10"" 7.55%10""
3.5x10" 5.64x10" 5.21x10"
4.0x104 ' 4.50x10~" 5.78x10"1
4.5x10" 3.68x10"" 4.90x10""
4 1

5.0x10 — 3.88x10"



TABLE A9. SURVIVAL OF GM730 CELLS TO 254 KM RADIATION AT 0°C (SEE FIG. 21)

Experiment

Number 14 15 16 17 18 19 20

Passage

Number 11 11 13 13 13 13 16

Plating

Efficiency (%) 40 42 37 20 15 33 14

UV_ELUENCE SURVIVING FRACTION

Jm

5.0x10° 9.80x10~" 1.00x10”" 9.87x10”7 9.50x10”! 9.50x10™' 1.17x10 0 -

1.0x10" 9.60x10~" 9.50x10”" 1.07x10 O 8.23x10"1 9.60x10"7 9.16x10"" 6.96x10""

1.5x10" 8.60x10"" 9.92x10™" 9.76x10"1 8.03x10"! g.90x10”! s.78x10”! -

2.0x10" 7.60x10~" 8.45%x10~" 9.08x10~' 6.35x10"" T7.s0x10~' 8.06x10”' 6.47x10""

2.5x10" 6.05x10"" 8.00x10~' 7.92x10"! 5.79x10"! 3.53x10"' 2.71x10"' 6.25x10""

3.0x10" 4.80%x1072 5.80x10” 7.22x10"7 5.11x10"" 1.76x10" 2.26x10" 3.85x%10""

3.5%10" 3.57x10"2 14.10x10"' 5.34x10"7 3.60x10"' 1.69x10~' 1.69x10™" —

4.0x10" — — 4.28x10"" 2.70x10""  -—- 1.39x10~" 2.89x10~"

4.5x10" — — — 1.53x10"7  ——- — 1.81x10""
1 -1 -2 -1 -1 -1 -2 -1

5.0x10 1.10x10" 9.70x10™° 2.72x10"" 1.33x10”" 1.00x10"' 9.70x10™° 1.75x10

6.0x10" 7.50x10™2 6.90x10"2 1.45x10"1 9.16x10™° 6.83%10~2 14.35x10™% 8.82x10™2



TABLE A10. SURVIVAL OF GM730 CELLS TO 254 NM RADIATION AT 25° AND 37°C (SEE FIGS. 22, 23)
Experiment

Number 21 22 23 24 25
Passage _

Number 12 15 15 15 16
Plating _

Efficiency (%) 38 24 13 11 5
UV_ELUENCE

Ju SURVIVING FRACTION SURVIVING FRACTION
5.0x10° 8.32x10"" --- -—- — 7.82x107]
1.0x10" 7.95x10""  1.04x10 °  8.55x10™" 8.21x10"" —
1.5x10" 8.11x10"" -— 7.97x10"" 6.32x10"" 6.73x107"
2.0x10"! 7.42x10"" -— 6.39x10"" 3.68x10"" 5.64x10""
2.5x10" -— -— 4.73x107 2.39x10"" 3.52x10""
3.0x10" 4.81x10""  3.56x10”!  2.62x10" 2.31x10”" 2.85x107"
3.5x10" 2.61x1071  3.31x10""  2.10x107" 1.54x10"" 2.06x107"
4.0x10" 2.10x10"" 2.15x10""  1.62x107" 1.51x10”" 1.27x107"
4.5%10" 1.04x10”"! —- 1.15%10™" 1.25x10"" 8.43x10™2
5.0x10" -— -—- 8.31x1072 1.00x10”" 7.40x1072
5.5x10" —- — 6.36x10"2 7.04x1072 5.70x10™2
6.0x10" -— 6.44 1072 3.95x1072 5.91x10™2 4.49x10~2



TABLE A11. SURVIVAL OF GM730 CELLS TO 313 NM RADIATION AT 0°c. (SEE FIG. 25)

Experiment
Number 26 27 28 29 30 31 32
Passage
Number 17 13 20 17 14 15 15
Plating
Efficiency (%) 419 34 28 19 23 26 43
UV_ELUENCE SURVIVING FRACTTION
Jm

3 -1 -1 -1 -1 -1
5.0x10 — — 8.04x10~7 9.88x10~! 9.55x10~' 8.99x10~1 9.79x10
1.0x10" 8.80x10"" 1.06x10 ° 7.61x10~" 8.59x10~! 8.95x10"" 7.67x10"! 7.69x10""
1.5x10" — — 5.57x10"1 7.68x10"1 7.91x10™" — —
2.0x10" 5.27x10"7 6.67x10"7 6.40x10"' 7.23x10"7 5.72x10"7 5.10x10"' 7.81x10"!
2.5x10" — — 5.57x10"" 4.68x10”' 3.83x10"' 3.13x10"7 4.60x10™"
3.0x10" 2.36x10"7 4.19x10"' 1u.30x10”7 3.73x10”7 2.84x10”! 2.58x10”' 4.05x10”"
3.5x1o“ _— - — 3.41x1o'1 1.44%10"" 1.98x1o'1 2.37x1o‘1
y.0x10" 2.51x10"" 2.41x10"7 1.97x10"' 2.44x10”" — 1.28x10"" 1.16x10™"
u.5x1o” _— - _— -_— _— 7.73x1o‘2 8.31::10"2
5.0x1o" 7.12%10"2 1.23x1o‘1 5.95x1o'2 1.23::10‘1 _— u.77x10'2 5.05x10"2
6.0x10" 4.58x1072 7.14x1072  ——- 5.73x10™2 —_— 2.70x10™2 2.78x10™2



TABLE A12. SURVIVAL OF GM730 CELLS TO 313 NM RADIATIOK AT 25o AND 3700 (SEE FIGS. 26, 27T)

Experiment

Number 33 3y 35 36 37 38
Passage

Number 13 16 15 16 13 18
Plating

Efficiency (%) 33 19 22 10 7 11
UV_ELUENCE

Jm SURVIVING FRACTION SURVIVING FRACTION
5.0x103 8.69x10™" — 6.68x10"" — 7.04x10"1  8.30x10""
1.0x10" 6.33x10""  7.05x10"'  5.99%10"" 6.10x10"" 5.17x10""  5.26x107"
1.5x10" 5.05x10"1  4.32x10”" — —_— 2.14x10”"  2.77x10”!
2.0x10" 3.68x10"'  3.63x10"'  2.95x10”" — 1.18x10"%  1.91x10”"
2.5x10" 2.52x10""  2.47x10"7  1.52x10"" 9.59x10™2 9.17x10"2  1.26x10"
3.0x10" 1.80x10""  1.70x10""  1.13%x10”" 5.55%102 7.22x1072  1.80x10™2
3.5x10" 1.49x10""  1.25x10""  1.09x10”" 1.64x10™2 5.14x1072  3.74x1072
y.0x10" 8.57x10™2  1.03x10"'  7.50x10"2 — 3.10x10~2  1.81x10~2
y.5x10" — 7.19x10™2  3.13x10"2 — — 1.20x10"2
5.0x10" — 5.52x1072  2.46x10™2 — — 5.80%10™>
5.5x1ou — 2.33x1o'2 J— — — _—
6.0x1o" 3.73x1o'2 1.58x1o'2 - — -_— -_—



TABLE A13. SURVIVAL OF GM730 CELLS TO 325 KM RADIATION AT 0° AND 25°C (SEE FIG. 29A)

Experiment

Number 39 40
Passage

Number 14 14
Plating

Efficiency (%) 10 7
UV_ELUENCE UV_ELUENCE

Jm SURVIVING FRACTION Jm SURVIVING FRACTION
5.0x103 1.03x10 ° 1.2x10" 8.96x10""
1.0x10" 9.45x10" 2.4x10" 7.08x10""
1.5x10" 7.60x10"" 3.0x10" 8.13x10""
2.0x1ol’ 6.13;:10'1 3.6x1o" 6.16x10"1
2.5x10" 5.67x10~" y.2x10" 5.49x10" "
3.0x1o” — u.8x1o" 5.43x10-1
3.5x10" 1.83x10"" 5.4x10" 4.79%10""
y.8x10" 9.67x10™2 6.0x10" 5.12x10™1
5.4x10% 7.33x1072

6.0x10" 5.00%10™2



TABLE A14. SURVIVAL OF GM730 CELLS TO 33% NM RADIATION AT 0° AND 25°C (SEE FIG. 29B)

Experiment

Number 41 42 43 4y

Passage ‘

Number 13 18 13 17

Plating .

Efficiency (%) 15 5 21 2}

UV_ELUENCE UV FlUENCE

Jm SURVIVING FRACTION Jm SURVIVING FRACT

1.1x10" 8.84x10™" 6.88x10"" ‘1.0x1o" 1.11x10 © 8.66x10""

2.1x1o" 7.95x1o'1 6.90x1o'1 2.0x1o” 8.92x1o‘1 8.53x1o'1

3.2x10" 6.23%10"" 5.29x10" " 3.0x10" 1.06x10"" 7.15%x10""

1.3x10" 4.95x10" " 4¥.12x10"" 1.0x10" — 8.89%10""

5.ux1o“ 2.98x1o‘1 2.81x1071 u.5x1o" 8.92x1o'1 ——

6.4x10" 1.57%10"1 1.05x10"" 5.0x10" 7.46x10"" 6.97x10""

7.5x10" 1.01x10"1 6.52%10"2 5.5x10" 7.67x10"] —
6.0x1o” 6.u3x1o‘1 6.35x10'1
7.0x104 6.81x10"1 —
8.0x1o4 4.84x10™" ———



TABLE A15. SURVIVAL OF ARGLO CELLS TO 365 NM RADIATIOR AT 25°C IN PBS (SEE FIG. 31A)
Experiment

Number 45 16 i 48 49 50
Passage

Number 15 15 17 13 15 13
Plating

Efficiency (%) 6 8 15 21 1 20
UV_ELUENCE UV_ELUENCE

Jm SURVIVING FRACTION Jm SURVIVING FRACTION
5.0x10" 5.51x10"" 8.17x10~" 7.84x10”" 3.0x10%  7.86x10"" 8.97x10~' 1.14x10 °
1.0x10° 3.05x10"1 7.81x10"' 14.66x10"" 6.0x107  6.67x10"1 7.35x10"" 8.01x10""
1.5%10° 1.38x10~7 5.20x10"" 3.68x10"" 9.0x10"  6.32x10"" 14.48x10"7 6.17x10""
2.0x10° 6.59x10™> 2.95x10"' 3.34x10"" 1.2x10°  5.08x10"" _— 6.29x10""
2.5x10°  6.34x10"2 2.39x10"' 3.08x10”" 1.5x10°  2.20x107" 3.52x107" 4.03x10_,
3.0%10° 5.98x10~2 1.35x10" 2.43x10"" 1.8x10° — 2.71x10"% 3.98x10""
3.5x10° 3.54x10"2 1.07x10~' 1.84x10”" 2.1x10°  1.20x10"7 2.14x10"1 2.68x10""
4.0x10° 1.38x10™2 7.10x10"2 7.45x10"2 2.4%10° ——- 1.66x10"1 2.66x10™"
4.5%105 9.72x10"3 -——-  7.95%1072 2.7x10°  1.10x10”" _— -—-
5.0x10° 8.50x10™3 — 6.77x10™2 3.0x10°  7.24x1072 _— 1.19x107"



TABLE A16. SURVIVAL OF AR6LO CELLS TO 365 NM RADIATION AT 25°C IN EMEM ARD DMEM (SEE FIGS. 32A, B)

Experiment
Number 51 52 53
Passage
Number 17 21 18
Plating :
Efficiency (%) 13 y 14
UV_ELUENCE UV_ELUENCE UV_ELUENCE
Jm SURVIVING FRACTION Jm SURVIVING FRACTION Jm SURVIVING FRACTION
5.0x1o" 6.147x1o"1 u.0x1ou 8.18x10"" 6.1x1o” 6.u9x1o'1
1.0x10° 6.15x10" " 8.0x10" 6.55x10" " 1.2x10° 4.60x10""
1.5x10° 3.78x10"" 1.2x10° 5.73%x10" " 1.8x10° 2.77%10”"
2.0x10° 1.89x10~" 1.6x10° 4.36x10"" 2.4%10° 1.64%10""
2.5%10° 1.66X10"" 2.0%10° 3.64x10"" 3.0x10° 8.42x10™2
3.0x10° 8.79x10™2 © 2.4x10° 2.58x10""
3.5x10° 9.13x10"2 2.8%10° 2.18x10”"
4.0x10° 5.81%102 3.2x10° 2.02x10~"

3.6%10° 1.20x10""

4.0x10° 1.06x10""



TABLE A17. SURVIVAL OF ARGLO CELLS TO 365 NM RADIATION AT 0° AND 37°C (SEE FIGS. 334, 34A)
Experiment
Number 54 55 56 57 58 59 60
Passage
Number 15 13 16 12 15 18 14
Plating
Efficiency (%) 5 18 10 13 9 16 17
UV_ELUENCE SURVIVING FRACTION
Jm

y -1 -1 -1 -1 0 -1 -1
5.0x10 6.75x10" 8.35%x10"7 8.96x10"' 9.18x10"' 1.29x10 ° 8.41x10 9.04x10
1.0x10° 8.25x10"1 5.13%10' 6.58x10"7 14.91x10~' 1.03x10 ° T7.15x10"'  8.62x10”"
1.5x10° 5.65x10"1 2.92x10~' 6.04x10"' 1.96x10"' 8.70x10”' 5.77x10"7  7.25x10"
2.0%10° 5.13x10"1 2.17x10"" 3.8ux10"' 1.36x10"7 4.05x10" 6.22x10"7  7.78x10”"
2.5%x10° 3.50x10"1 1.64x10"" 1.79x10”1 1.27x10”' 1.28%10”' 6.13x10"'  6.23x10”"
3.0%10° 1.56x10~" 1.20x10~7 1.06x10"7 9.09x10"2 8.86x10"2 7.12x10"%  4.14x10”"
3.5x10° -— 3.93x10"2 6.31x10™2 6.27x10™2 4.12x10"2 6.42x10"%  5.73x10"

5 -2 -2 -2 -2 -1 -1
4.0x10 — 1.59x10™2 3.35%x10~2 14.09x10~2 2.06x10™2 3.93x10 5.23%10

5 -2 - _ _ - -
4.5x10 --= 1.42x107° 1,21%x1072  4,07x1072 9.16x10~3 3.14x10~7  4.94x10""
5.0%x10° — 6.00x1073  -—w — 3.44x1073 — 4.55x10""



TABLE 18. SURVIVAL OF AR6LO CELLS TO 254 RM RADIATION AT 0°, 25° aND 37°C
(SEE FIGS. 35A, 36A, 37A)

Experiment
Number 61 62 63 64 65 66
Passage
Number 13 15 17 14 16 15
Plating
Efficiency (%) 7 14 6 15 9 12
UV_ELUENCE SURVIVING FRACTTION
Jm

0 -1 -1 -1 -1
5.0x10 9.95x10 9.70x10 —- 9.52x10 — 9.80x10
1.0x10" 6.94x10"7  9.59x10~%  1.02x10 ©  g9.55x10' 7.03x10""  6.26x10""
1.5%10" 7.39x10~7  8.10x10~" -— 7.59x10"" — 4.65x10""
2.0x10" 5.78x10"7  7.73%x10°%  8.22x10"7  6.99x10”'  7.18x10"'  2.69x170”"
2.5%10" 5.43x10"7  5.93x10"7  6.44x10""  6.08x10™" — 2.43%10" 1
3.0x10" 3.78x10"7  4.37x10”'  u.08x10”'  3.82x10™'  3.99x10”'  2.39x10”"
3.5x10" 3.38x10"1  1.99x10~'  3.38x10"7  3.00x10”" — 1.36%10""
4.0x10" 3.17x10~"  1.70x10”'  2.69%x10™"  2.18x10"'  1.63x10”" —
4.5x101 - - 2.00x10~"  1,67x10"" — 8.79x10™2
5.0%10" 1.79x10~"  7.37x1072  1.10x10""  6.70x10"%  8.33x107> 3.70x10°2
6.0x10" 5.98x10"2  4.48x107°  5.75x107%  -—- 4.06%1072 1.27x1072



TABLE A19. SURVIVAL OF ARGLO CELLS TO 313 NM RADIATION AT 0° AND 25°C (SEE FIGS. 384, 39A)

Experiment

Number 67 68 69 70 T

Passage

Number 17 15 15 17 15

Plating

Efficiency (%) 13 1 20 12 11
UV_ELURNCE

Jum SURVIVING FRACTION SURVIVING FRACTION
5.0x103 1.00x10 ° 1.18x10 ©  8.32x10”" 8.59%10" " 7.91x107"
1.0x10" 8.66x10"" 9.91x10™1  6.44x10”" 6.54x10"" 4.72x107"
1.5x10" 7.22%10™" 9.09x10~'  5.50x10"" 3.75x10" " 3.10x10""
2.0x10" 6.37x10"" 5.42%10""  5.33%107" 2.74x1071 2.94x10"1
2.5x10" 5.27%10" 1 5.75x10"%  4.54%10”" 2.05x10" 1.93x10""
3.0x10" 3.67%10"" 3.62x10"7  2.67x10”" 2.46x10™" 1.42x10""
3.5x10" 1.93x10"1 2.71x10""  2.04x10”" 1.29x10~" 1.28x10""
4.0x10" 1.74x10”" 1.46x10""  1.64x10”" 7.98x%1072 7.60x10™2
y.5x10" 1.28x10"" 1.08x10~"  1.31x10™" — 4.17x10~2
5.0x10" 7671072 7.38x10°2  9.11x10~2 6.23x102 6.46%10"2
5.5x1o” R ——— 6.47x102 —— 2.41x10™2
6.0x10" 1.51x10"2  6.90x10-3 — 3.17x10-2 L



TABLE A20. SURVIVAL OF ARGLO CELLS TO GAMMA RADIATION (SEE FIG. 40 A)

Experiment

Number T2 73 T4 75
Passage

Number 1w 14 17 16
Plating

Efficiency (%) 9 13 15 15
GAMMA FLUENCE GAMMA FLUENCE

RADS SURVIVING FRACTION RADS SURVIVING FRACTION
5.0x10" — 7.02x10™" — 1.3x102 4.06%x10""
1.0x102 3.51x10"'  5.69x10 °  5.85x10”" 2.6x102 1.25%10"1
1.5x102 — 2.71x10"1 — 3.9x10° 5.14x10™2
2.0x102 1.48x10""  2.18x10"7  2.28x107" 5.2x102 1.81x10™2
2.5x10° _— 9.82x10"2 _— 6.5x10° .51x10"3
3.0x102 1.08x10"7  5.37%x107%  8.37x1072 7.8%x102 1.64x10™3
3.5%x102 —— 2.66x1072 —

4.0x102 3.31x10™2  2.32x10"2  3.95x10"2

5.0%x102 1.70x10"2  1.09x10"2  2.04x10™2

6.0x10° — 1.49%1072  7.91x10™3

7.0x10° — — 2.51%10™3

8.0x102 — — 1.32x1073



TABLE A21. SURVIVAL OF GM730 CELLS TO GAMMA RADIATION (SEE FIG. 40B)

Experiment

Number 76 77
Passage

Number 12 18
Plating

Efficiency (%) 24 13

GAMMA FLUENCE
RADS

1.30x102
2.60x102
3.25x10°
3.90x102
3.55x10°
5.20x102
5.85x102
6.50x102

7.80x10°

SURVIVING

2.34x10”"

1.25x10"1

7.29x10"2

6.25x10"2

2.92x10"2

1.25%10™2

9.38x103

2.08x1073

FRACTION

GAMMA FLUENCE
RADS

1.0x102
1.5x102
2.0x102
2.5x102
3.0x102
3.5x102
4.0x102
ll.5x102
5.0x102
5.5x10°
6.0x102

7.0x102

SURVIVING

5.64%10" ]

4.66x10""

3.23%10" "

2.47%10”"

2.27%10""

1.70x10""
4.32x102
4.45x10™2
2.18x1072
8.59x1073

4.62x10"3

1.94x10™3

FRACTION



TABLE A22. SURVIVAL OF AR6LO AND GM730 CELLS TO HYDROGEN PEROXIDE TREATMENT (SEE FIGS. 41A, B)

Experiment

Number 78 79 80 81

Passage 15 16 14 14

Number

Plating

Efficiency (%) 4 y 8 8

H,0, CONCENTRATION
M SURVIVING FRACTION SURVIVING FRACTION
5 9.21x10™1 1.05x10 © 1.00x10 © 9.76x10™"
10 7.98x10" 1 9.51x10"" 9.67x10™ " 8.71x10""
15 5.00%10" ] 4.57%10"1 8.48x10"" 7.26%10" "
20 — 9.84x10™2 6.23%10"" 2.42x10""
25 8.68x10™2 2.46%10™2 y.22%10" " 1.05x10""
30 8.72x103 8.19x10™3 2.91x10”1 4.08x10~2
35 — 1.60%103 6.95x10™2 1.95x10™2

2

40 -— -— 3.90x10"2 7.04x10"



TABLE A23. SURVIVAL OF AR6LO AND GM730 CELLS TO 365 NM RADIATION AT 2500 IN THE PRESENCE OF
60 pg/ml TROLOX-C IN THE POST-IRRADIATION MEDIUM (SEE FIGS. 434, B)

"Experiment

Number 82 83 84 85 86
Passage

Number 13 15 13 11 12
Plating

Efficiency (%) 25 18 33 48 40
UV_ELUENCE UV_LUENCE

Jum SURVIVING FRACTION Jm SURVIVING FRACTION
3.0x1o" 8.39x1o'71 9.27x1o"1 9.91::10'1 3.3x1o“ 9.11x1o"1 8.61x10""
6.0x10"  8.96x10""  9.02x10"'  8.99x10"" 6.7x10" 8.19x10" 1" 8.19x10""
9.0x10"  7.70x10""  7.84x10™'  8.09x10"" 1.0x10° 7.11x10"" 8.32x10”"
1.2x10°  7.60x10"'  6.36x10"'  6.65x10"" 1.3x10° 5.39x10"" 8.25x10""
1.5x10°  4.49x10~'  6.58x10"7  5.29x10"" 1.7x10° 5.06%10"" 8.52x10""
1.8x10°  4.02x10~'  4.76x10"'  s5.42x%10"" 2.0x10° 5.75%x10" 1 7.76%10"1
2.1x10°  2.13x10"'  1n.03x10”'  y.25x10”" 2.3x10° 4.42x10"" 7.26%10"1
2.5%x10°  2.89x10"¢  3.98x10°'  1.23x10”" 2.7%10° 5.12x10" 6.58x10" "
2.7x10°  2.29x10"'  5.49x107"  3.94x10”" 3.0x10° 3.77x10"" 5.48x10""
3.0x10°  2.09x10""  3.74x10"" -— 3.3x10° 3.38x10" 1 4.60x10""



TABLE A2§., SURVIVAL OF AR6LO CELLS, GROWN IN THE PRESENCE OF 130\*g/m1 TROLOX-C OR 100 pg/ml
ALPHA-TOCOPHEROL ACETATE, TO 365 KM RADIATION AT 25 C (SEE FIGS. B4A, B)

Experiment

Number 87 88 89
Passage

Number 13 19 15
Plating

Efficiency (%) 19 12 10
UV_ELUENCE UV_ELUENCE UV_ELUENCE

Jm SURVIVING FRACTION Jm SURVIVING FRACTION Jme SURVIVING FRACTION
y.7x10" 8.04x10"" B.2x10" 8.61x10"" 5.3x10" 8.23x10""
9.4x10" 8.16x10"" 8.3x10" 9.28x10"" 9.4x10" 1.00x10 °
1.4x10° 7.96x10" " 1.2x10° 1.01x10 ° 1.4%10° 7.68x10" ]
1.9x10° 7.29x10"" 1.7x10° 8.78x10"" 1.9x10° 7.10x10""
2.3x10° 5.45x10"" 2.1x10° 7.89%10"" 2.4%10° 3.89x10""
2.8x10° 6.06x10™ " 2.5%10° 7.22%10"" 2.8x10° 6.11x10""
3.3x10° y.72x10"" 2.9x10° 5.85x10" " 3.3%x10° 4.43x10""
3.8%10° 5.44%10"" 3.3x10° 5.81%10"" 3.8%10° 2.63x10""
4.2x10° 5.18x10"" 3.8x10° 4.87x10"" 4.2x10° 2.15x10™"
4.7%10° 4.00x10"" 5.7%10° 2.32x10""



TABLE A25. SURVIVAL OF AR6LO AND GM730 CELLS TO 254 NM RADIATION AT 25°C IN THE PRESENCE OF 6O
vglnl TROLOX-C IN THE POST-IRRADIATION MEDIUM (SEE FIGS. 45A, B).

Experiment

Number 90 91 92 93
Passage

Number 13 16 12 15
Plating

Efficiency (%) 21 14 37 27
UV_ELUENCE

Jm SURVIVING FRACTION SURVIVING FRACTION
5.0x1o° 9.29x1o'1 -— 9.46x10"1 -—
1.0x10" 8.32x10"" 9.38x10"] 8.89x10™" 1.03x10 °
1.5x10" 8.81x10"" — 8.37x10"" —
2.0x10" 8.11x10"" 7.67x10"" 6.98x10"1 6.22x10""
2.5%10" 5.65x10"1 — — —
3.0x10" 6.08x10"" 4.07x10"" 6.33%10"" ©3.96x10™ "
3.5x1o1 3.29x1o'1 _— 3.26x1o'1 3.61x1o'1
4.0x10" 2.72%x10"" 2.67x10" " 3.08x10™" 2.01x10"1
4.5%x10" 2.35x1o'1 - 2.16x10"1 J—
5.0x10" 1.39%x10"" 1.52x10"" —- 7.27%1073

6.0%10" — 6.76x10™2 — 4.01x1073



TABLE A26. SURVIVAL OF AR6LO CELLS TO 365 NM RADIATION AT 2500 IN THE PRESENCE OF 70% D20
(SEE FIGS. 36A, 19)

Experiment

Number 94 95 96 97 98
Passage

Number 19 15 20 15 19
Plating

Efficiency (%) y 11 5 16 5
UV_ELUENCE

Ju SURVIVING FRACTION SURVIVING FRACTION
3.0x1ou 5.89x1o'1 5.28x1o'1 6.91::10"1 7.6ux1o'1 6.05x1o"1
6.0x10" 2.08x10”" 3.60x10""  4.61x10”" 6.26x10"" 4.57x10""
9.0x10” 1.04x10"" 2.12x10""  3.50x10”" 2.85x10"" 2.22x10""
1.2%10° 8.13x10°2 1.08x10""  3.13x10™" 1.61x10”" 1.48%10"]
1.5x10° 2.68x10™2 4.70x10™%  1.38x10”" 8.70x10™2 4.82x10"2
1.8%10° 2.05x10™2 2.88x10~2  1.15x10”" — 2.22x10™2
2.1x10° 4.88x103 1.04x10"2  8.06x10™2 — ' 1.48x%1072
2.4x10° 4.08x10™3 — 3.48x%10™2 — 7.41%x10™3
2.7%x10° 3.66x1073 — 2.16x10™2 — 4.63x10"3



TABLE A27. SURVIVAL OF GM730 CELLS TO 365 NM RADIATION AT 25°C IN THE PRESENCE OF 70% D20
(SEE FIG. A47A)

Experiment

Number 99 100 101 102

Passage

Number 12 19 17 17

Plating

Efficiency (%) 11 10 7 6

UV_ELUENCE UV_ELUENCE

Jm SURVIVING FRACTION Ju SURVIVING FRACTION

5.0x10%  7.80x10”" — — 6.0x10" 5.86x10" "

1.0x10°  7.32x10"'  5.05x10"'  1.13x10 ° 1.2x10° 5.96%10" 1

1.5x10°  4.57x107] —- -— 1.8x10° 5.13x10""
5 -1 -1 5 -1

2.0x10 — 4.55%10 5.38x10 2.4x10 4.35x10

2.5x10°  3.39x10"" — — 3.0x10° 2.44x10”"

3.0x10° 3.20x10'1 1.19x1o'1 5.13x1o'1

3.5%10°  2.35x10"" — —

5.0x10°  1.28x10") 4.75%10%  1.28x10""



TABLE A28. SURVIVAL OF ARGLO AND GM730 CELLS TO 365 NM RADIATION AT 0°C IN THE PRESENCE OF
70% D,0 (SEE FIGS. 484, B)

Experiment

Number 103 108 105 106
Passage

Number 14 17 17 18
Plating

Efficiency (%) 6 6 9 13
UV_ELUENCE

Jm SURVIVING FRACTION SURVIVING FRACTION
5.0x10" 6.73x10"" 7.20x10"" 9.42x10"" 8.67x10™"
1.0%10° 5.79x10" " 5.450%10" " 8.61x10"" 6.17x10""
1.5x10° 5.10x10"] 4.50x10"] 4.71x10”" 3.35%x10""
2.0x10° 2.99x10”" 3.90x10" 2.88x10”" 2.31x10"1
2.5x10° 2.54x10" 1 2.10x10"" 2.21x10”" 1.48%10"
3.0x10° 1.85%10"" 8.80x10™2 1.81x10"" 1.49x10""
3.5x10° 8.70%10™2 7.60x10™2 1.23x10"1 6.50x10"2
4.0x10° _— — u.uomo'2 5.55x1o'2



TABLE A29. SURVIVAL OF ARGLO AND GM730 CELLS TO 254 NM RADIATION AT 25°C IN THE PRESENCE OF
708 D,0 (SEE FIGS. 504, B)

Experiment

Number 107 108 109 110
Passage

Number 14 16 19 16
Plating

Efficiency (%) 21 14 6 y
UV_ELUENCE

Jm SURVIVING FRACTION SURVIVING FRACTION
1.0x10" 8.75%10"" 8.38x10"" 6.18x10"" 9.46x10~"
2.0x10" 7.34%10~" 7.48%10"" 4.12x10"" 5.90%10" "
3.0x10" 6.44x10"" 3.94x10"" 2.27x10"" 4.29x10""
4.0x10" 2.81x10~" 2.48x10~" 1.60%10"" 2.04x10”"
5.0x10" 1.31x10"" 1.02x10"" 7.89%10™2 1.29x10""
6.0x10" 9.52x10™2 6.62x10"2 4.55%10™2 5.36x10"2
7.0x1o1 — 2.85x1o"2 — 1.7ux10'2



TABLE A30. SURVIVAL OF AR6LO CELLS TO BROAD-BAND NEAR-UV RADIATION AT AMBIENT TEMPERATURE (SEE FIG. 52)

Experiment

Number 111 112 113

Passage _

Number 14 15 17

Plating

Efficiency (%) 14 16 12

IRRADIATION TIME
(min) SURVIVING FRACTION MEAN
10 — — 6.85x10™" 6.85%10""
15 6.92x10"" 7.10x10"" 8.59x10"" 7.54%10""
20 — — 7.72x10"] 7.72%10""
25 — — 5.16x10" ] 5.16x10™"
30 5.33%10" 1 4.10x10"" 4.67x10"" 4.70x10~"
35 -— -— 5.05%10" " 5.05x10" "
40 -— ——— 2.17x1o'1 2.17x1o'1
45 3.69x10"" 4.70x1072 1.39x10"" 1.84x107"
50 _— -— 1.00x10" 1.00x10""
60 4.70x1073 8.90x1073 3.70x10™2 1.69x10™2
70 1.30x1073 2.50%10™3 — 1.90x1073



TABLE A31. SURVIVAL OF GM730 CELLS TO BROAD-BAND NEAR-UV RADIATION AT AMBIENT TEMPERATURE (SEE FIG. 52)

Experiment

Number 114 115 116

Passage

Number 16 16 18

Plating

Efficiency (%) 12 T 14

IRRADIATION TIME
(min) : SURVIVING FRACTION MEAN
10 — - 8.81x10"" 8.81x10 1
15 8.43x10"" 9.10x10" " 9.70%10™" 9.08x10™"
20 — -— 8.36x10"" 8.36x10""
25 — — 6.62x10" " 6.62x10""
30 6.65%x10"" 8.00x10"" 6.02x10"" 6.89x10”"
35 _— — 6.00x10™" 6.00x10™"
15 2.50%10"" 9.70x10~2 6.37x10"" 3.28x10”"
50 — _— 1.54x10"" 1.54x107"
60 — — 1.49%10"" 1.49x10""

70 3.69x10™2 4.45x10~2 — 4.07x10™2



APPERDIX 9:

Date of Birth:
Sex:

History:

Monochromator

tests

Other tests:

On examination:

CLINICAL HISTORY OF PATIERT FROM WHICH AR6LO CELLS
ORIGINATED |
From the Institute of Dermatology, St. John's Hospital
Hoverton Grove, London
4.10.1932
Male
Started 1978, back of hands; 1979 noticed
relationship of rash to solar exposure
April 1980, monochromator 1light tests showed
abnormal photosensitivity out to 400 rm. Threshold
doses for abnormal morphological responses at 300 and

307.5 m were 10 miem 2 2

and at 340 m 10 Jem™2; abnormal morphological

, at 320 mm 0.5Jcm

responses also obtained with 360 and 400 mm but
threshold doses not determined.

April, 1980, photo-patch tests done to:

hexachl orophene -ve
tribromsalicylanilide -ve
bithionol -ve
trichlorcarbanilide -ve
chlorpromazine +ve

Theve were weak questionable patch test reactions

to a number of substances, e.g. oak moss,
"perfume-mix", potassium dichromate, balsam of peru.
Normal (116%) VDS amd  post-replication repair.
April, 1980, erythemato-papular eruption

on back of hands, face, scalp and neck

- 14y -
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