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This thesls describes work carried out at fthe
Ontario Cancer Treatment and Research Ifoundation, Hamilton
Clinic, in association with the Department of Bilology,
cliaster University, from September 1967 to larch 1969.

The aim of this investigation was to determine the
radiosensitivity, as neasured by loss of proliferative

capacity, of Oedogonium cardiacum irradiated by UV radiation

at different ages in the first generation cycle. In the
Introduction an attempt has been made to review the salient
featureg of relevant UV radiation research particularly

of the past fifteen years in order té provide a background
to the topic of the investigation. In Chapters I and II
respectively the Haterials and Kethods and Results of the
investication are presented. In Chapter III, the Discussion,
the results are compared to those of other workers studying
the effects of UV radiation on synchronized cultures of

both plant and nammalian cells.
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INTRODUCTION

The effects of ultraviolet (UV) radiation on both
the molecular and cellular level have been studied in many
biological systems, including higher and lower organisms,
In addition, the effects of UV on 1solated biological
components, in particular the nucleic acids and their
constituents, have been the subject of numerocus investiga-.
tions. As a result of these investigations it has been
demonstrated that a large proportion of UV-induced
biological damage arises from photochemlical changes in the
nuclelc acids. It has also been shown that many biological
systems ere capable of reducing changes. This Chapter will
review some of the salient features of recent UV radiation
~research, in particular that concerned with the identifica-
tion of molecular leslons induced by UV absorption, the
repalr of these lesions, and the effects of these lesions
blologically. For a more comprehensive review and
historical survey of literature in this field, reviews by
Setlow (1), Giese (2), Jagger (3), Hollaender (4) and Bowen

(5) are available.



A, UV-Induced Molecular Lesions

The hypothesis that the majority of the effects of
UV = radiation on living organisms can be ascribed to
photochemical alterations in deoxyribonuclelic acid (DNA)
has been strongly supported by several investigations.
When isolated DHA was exposed to monochromatic UV radiation
it absorbed most strongly in the region of 26003, the same
region found to produce the greatest eflfects on living
organisms (6, 7, 8, 9). Since at 26004, the four bases
comprising DHA, adenine, guanine, thynine and cytosine,
Wwere largely responsible for UV absorption (10), it is
reasonable to assume that much of the deleterious action
of UV arises fromw photochemical changes in these bases.

Many different UV-induced physicsl snd chemical
changes which have been observed in UV-irradiated DNA and
its bases have been implicated as the mechanism by which UV

m,

produces biological damage (see review: 1). hese photo-
chemical changes include, purine aad pyrimidine dimers and
hydrates (11, 12, 18), DHA chain breaks and cross links (1),
and DNA-protein cross links (13). At the present time, the
dimerization of pyrimidines, in particular thymine, is
considered the pfincipal reaction for the alteration of the
biological activity of DNA., This hypothesis is supported by
the results of several investigators. Setlow and Setlow (14)

found that at high UV doses about 50% of the biological

inactivation of the transforming activity of Hemovnhilus

influenzae was due to thymine dimer formation. Trosko (15)




has shoun thaet thymine dimers can be induced in mammalian
chromosomal DNA by UV, and that the number of dimers
induced increased linearly with dose. Wulff (16) found
that the UV inacctivation of TUV bacteriophage led to the
formation of H.é thymine dimers per lethal hit,

The remainder of the UV induoéd lesions mentioned
previously are not believed to contribute significantly
to the biological effects of UV excent at extremely high
doses or in the case of UV resistant cells such as

Micrococeus radiodurans (17). However, thymine diwer

formation is not sufficlent to explain all the observed
inasctivations by UV (7). UV radiation is also absorbed

by the proteins, ribonucleio acid (RNA), and other nuclear
and cytoplasmic components which play a role in the cell
metabolisn, and therefore it presumably induces lesions in
these components.

Comparatively little is known about the photo-
chenistry of RIA (see review: 5). Cytosine and uracil
hydrates and dimers have been observed in UV-irradiated
polynucleotides (18); however, their role in biological
inactivation "in vivo" is poorly understood. Swenson
et al (19) have shoun that over 95% of the UV-induced
absorbance changes in poly uridylic acid (poly-U) were
attributable to the sum of dimer foriation and photo-
hydration of uracil residues, thelr relative anounts

depending on dose and wavelength. Grossman (2C) has shown



that the coding properties of UV-irradiated poly-U were
altered when it was used as a messenger in an "“in vitro®
polypeptide synthesizing system; however, the nature of
these alterations was not understood.

The effects of UV on proteins "in vivo" is also
poorly understood. Alexander and MNoroson (13) have shown

that UV irradiation of ZEschericha coli 15 TT made the DNA

susceptible to cross-linking with proteins. The amounts of
DNA that.could be extracted from the UV-irradiated celis
decreased with increasing UV doses. Smith (21) has shown
that the extent of cross-linking was dependent on cell age;
that 1ig, the position in the cell cycle occupled by the
cell at the tiwme of irradiation.

Although the aromatic amino acids of proteins are
good UV zbsorbers "in vitro®, they are believed to be
relatively unimportant in protein inactivatbtion "in vivo™
(see review: 22)., Cystine is believed to be the most
lmportant amino acid target in protein inactivation "in
vivo"; however, the blological effects of this inactivation

are unknoun,



B. RBevnair of UV-Induced Damage

Mechanisms for the repalr of UV-induced damage
“exist in many biological systems. This can be concluded
from the observation that many cells are able to markedly
decrease the potential bilological effects of UV-induced
damage (23, 24, 25, 26). Two mechanisms for the enzymatic
repair of UV-induced damage have been proposed. Both
mechanisms, photoreactivation (27) and dark repsir (28)
are dependent on post-irradiation treatment. Although
each mechanism has been described with respect to bacteria,
the same principals are believed to be applicable to the
higher orgasnisms.

Rupert has described the mechanism of photo-
reactivation in a series of reviews (29, 30, 31, 32). It
involves a lignt-activated enzyuatic reaction by wnich
pyrimidine dimers are monouerized., lHe uas able to extract
an agtive factor from the blue green alga Plectonena
boryanum (32) and also from baker®s yeast (31) which when
incubated in white light with UV-irradiated transforming

DHA, extracted from Hemophilus iunfluenzac, produced a recovery

of transforming activity. This recovery was absent when
incubation occurred in the dark, or in the absence of fThe
active factor. The kinetics of the reaction between the
active factor and the transforming DHA fit an enzynme-
substrate scheme (27). The active factor or enzyme formed

a conplex with only irradiated DNA, During illumination



the complex separated, and the abllity of the DNA to bind
the enzyme was lost. Since thymine dimers were eliminated
in the reaction, as was shown by acid hydrolysis of the
entire mixture of yesst extract and DNA (33), the dimers
were believed to be the substrate for the enzyme. Other
substrates, in additon to thymine, cytosine and uracil
dimers can compete for the enzyme, resulting in a decreased
rate of reactivation of the transforming DNA. Setlow
found thét with maximum photoreactivation of UV-irradiated
trensforming DNA, 90% of the biological damage could be
eliminated and all the thymine dimers removed (27).

- Photoreversal of UV-induced damasge affecting
nuclear events such as mutation induction, mitotic rate,
and DNA synthesis has been observed in plants (26), protozoa
(37), bacteria (38), fungi (39) and viruses (40) It has not
been revorted in the literature for UV-irradiated cultured
mammalian cells.

All known exauples of cellular photoreactivation
have been accounted for on the basis of reactivaetion of
either RNA or DNA (see review: 3). MNarcenko (34) and von
Borstel and Wolff (35) investigatednthe localization of the
photoreactivation phenomenon within the cell. NMarcenko
found that photoreactivation of the lesions responsible for

logss of reproductive integrity in the alga Netrium digitus

was assoclated priwmarily with the region of the cell
containing the nucleus. This agrees with the model of photo-

enzymatic repair by Rupert in which the photoreactivating



light had to be absorbed by the complex of irradiated
DNA and photoreactivating enzyme. Von Borstel and Wolff
observed that certain expressions of nuclear damage in

Habrobracon Jjuglandis eggs could be partly reversed by

exposing the nucleus to photoreactivating light; however,
photoreactivation could not be detected after illuminating
the injured cytoplasm. Since other investigators (17, 438)
have shouwn evidence for photoreactivable sites in the
cytoplasm which may or may not be assoclated with RNA or
DIIA, the possibility remains that 1lwuportant sites for
absorption of photoreactivating light may be outside the
nucleus.,

The other principal mechanism for repsir, nanmely
dark repair or the enzymic excision of pyrimidine dimers
from the damaged DNA, has been observed in bacteria (41),
yeast (42), virus (43), mammalisn (25) and plant cells
(26)., The biochemical pathway for this tyﬁe of repair is
believed to have steps in common with those of genetic
recombination by breakage reunion (44)., Szybalski (45) has
proposed a scheme for the enzymatic events which result in
this repair process. In his scheme four enzymes, Ay, B, C,
and D zre involved. Enzyme A recognizes the UV-induced
damage and severs the adjoining phosphate-ester bond of
the nucleotide. Inzyme B, an exonuclease, excises the
damaged nucleotide together with a few adjacent ones,
Enzyme C, a DNA polymerase, synthesizes the new nucleotides

using the cowmvlementary DNA strand as a template, and



enzyme D, a ligase Jolins the phosphate;ester bond betveen
the newly synthesized nucleotide and the remainder of the
DNA chain,

There are several lines of evidence for support

1 (28)

[reendy

of this excision mechanisu. Houard-Flanders et
have shown that thymine dimers formed in the DHA of UV-
irradiated £. coll K12 were gradually released and could
be extracted by cold acid if the bacteria was incubated
in nutrient medium after UV irradiation. The éxoision of

the thymine dimers appeared to be part of the repair

process, as UV-irradiated E. coli K12 mutants that were

unable to excise the dimers were also mnore sensitive to UV
radiation. An unscheduled DIA synthesis has been 6bserved
follouwing the UV irradiation of Z. coli (28), Chinese
hamster cells (46), and Hela cells (47). It has been
suggested that this unscheduled DN&A synthesis could be
explained by the darx repalr mechanism since it was not
semi-conservative, was enhanced by BUAR addition and showed
little variation in tritiated thynine uptake (28). Setlou (28)
has shown that when UV-irradiated L. coll was grown with 5-
bromouracil (BU), the BU appeared to be incorporated into
the DHA 2% a number of sites along the molecule., It is
sugeested that these sites may bé the repair zones described
sbove and revresent the region where the nucleotides have

been inserted.



C. IBExpressions of UV-Induced Biological Damage

The cellular and sub-cellular expressions of UV-
induced damage are numerous and varied. It is well
established that UV inactivates cells, viruses and
biologically asctive DNA's, In addition it induces
nutation, causes chromosomal aberration, inhibits DNA
synthesis and induces other lethal and non-lethsal
expressions of radiation damage.

UV—induced gene mutations and chromosonme
aberrations in both higher and lower organisins have been
reported by several workers (see review: 15). The
mechanism of UV-induced mutation is not understood. "In
vitro' studies of DNHA have shown that pyrimidine dimers
cause measurable base changes in DNA; however, none of
these studies have equated photcchemical changes with
mutation (1l). Ximball has shoun that some premutational
lesions were suscepbible to repalr and that there existed
a terminal event beyond which further modification could
not occur (49). Howard and Tessman found that UV-induced
mutations in baclteriophage S13 resulted from a base
deletion, addition or transition (50). Hess and Doudney
have shown that RNA and protein synthesis were regquired
for mutation induction in E. coli (51). When chloramphenicol,
an inhibitor of protein syntnesis, mas added to the culture
medium of UV-irradiated E. coli, only those cells that had

already synthesized thelr RBVA and protein prior to the

addition acquired nutants. Other investigators have shown
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that mutation frequency can be altered by post-irradiation
treatments with drugs and other agents (see review: 1),

The use of UV to induce or 1solate mutants in algae
has been reported by several investigators. Kumar exposed

the blue green alga Anacystls nidulans to UV radiation

during successive subcultures and found that the strain
obtained was more resistant to UV than the original stock
culture (52). Lewin isolated mutants in the unicellular

green alga Chlamydomonas moewussi, that could be recognized

by features of their cell content, form, motility or mode
of division (58). In addition, Bendix and Allen (54) and
Anikeeva (55) have isolated UV resistant mutants from
different specles of UV-irradiated Chlorellaz.

Chromogomal damaze in cells irradiated with UV
in various phases of the cell cycle has been reported by
Hunmphrey et 2l (56). Cells synthesizing DNA at the time
of irradiation suffered about ten times the chromosomal

a

damage of cells in Gl and G2 phases( ). The greatest
fraction of damage was elicited as chromatid exchanges and
breaks, Faberge treated Zea mays endosperm pollen contain-
ing four dominant linked markers with UV radiation and
(2) The cell cycle of plant (58) and mammalian (59) cells
has been divided into four stages which are related to the
stage at which DNA is synthesized. These stages are called
S, the interval during which DNA is synthesized; Gz,tho
interval following DIA synthesls and before mitosis; mitosis
M, the interval during which nuclesrdivision takes nlace; and

G, , the interval following mitosis and before the onset of
DIA synthesise
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obtained mosaic patterns with several kinds of chromosomal
aberrations. These he identified as dicentrics, rings,
translocations, inversions or bridges (57).

The rate of progression of cells through the
generation cyclé is altered by UV exposure. Domon and
Rauth (60), and Djordjevic and Tolmach (47) have showun
that low exposures of UV irradiation could depress DNA
synthesis and delay the progression of cells about the cell
cycle. Cells irradiated in Gy or G, exhibited no delay in
their progression to S or I respectively. Deering observed

that nuclear division delay in Blagtocladliella emersonii was

also dependent on cell age at irradiation (61). Damage
produced prior to DNA replibation effectively blocked
nuclear division while damage induced after DNA replication
had 1little effect on the separation of the daughter nuclei.
The rate of DNA synthesis following UV radiation

4

.has been investigated in several cultured mammalien cells by
Cleaver (62, 63, 64). He found that depression in the rate

of DNA synthesis due to UV irradiation veried with the
position of the cell in the S stage at the time of irradiation.

At doses above 240 ergs/mm2

a complete and irreversible
cessation of DNA synthesis was reported, with lysis of most
of the cells occurring within 10 to 20 hours. At lower
doses, recovery of DNA synthesis occurred after longer
periods of time,

A complete loss of cellular metabolic activity prior

to completion of the first post-irradiation mitosis has
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been revorted in mammalian, plant and yeast cells (65, 47,
67, 68, 61). The biochenical mechanisms responsible for
this mode of cell death, referred to as interphase death,
have not yet been elucidated. Scaife and Brohee (65)
observed that cultured human kidney enitheliasl cells were
most susceptible to interphase death if irradiated during
S and M, and least sensitive during Gq and G,. Swann (68)
found that at high UV doses, increased lethality in the
Fission yeast Schizosaccharomyces nombe was mainly made up
of cells that die without dividing He postulated that
this interphase death was a consequence of nongenetic
danage -superimposed on genetic danage,

In addition to the manifestations of UV-induced
danage previously mentioned, UV radiation can also alter
the properties of cell and nuclear membranes (2), delay the
synthesis of certain substances by cells (69), inactivate
enzyme Tormation (6), cause embryo abortion (72) and induce
more specific responses in cells such as deflagellation (71).

The biological expression of UV-induced damage is
dependent not only on the UV dose but in many cases is also
dependent on cell age at the time df irrédiation. This ha
been recognized in terms of mutation, chromosome damage and
lethality as mentioned above.

Studies of UV stage sensgitivity in terms of lethality
have been done on bacteria (73), yveast (68, 74), fungi

(66), mammalian (47, 67, 65, 46, 75) and plant (26, 61)
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cells., Variations in radiosensitivity patterns observed
in mammalian cells, namely mouse L cells, Detrolt 98/AG
cells, Chinese hamster V79 cells and human epithelial kidney
cells were correlated with the Gl, S, G2, and I stages.
Houwever, in the relatively few cultured plant cells

investigated to date, namely C. reinhardii and B, emersonii,

this was not possible. In both plants; no method has been
found to specifically label the DNA of the organism. This
was due largely to the complexity of the normal division

cycle in Chlamydomonas =and to the lack of incorporation of

specific DA precursors in Blastocladiella. The small

amount of DNA relative to RNA in Blastocladiella also

omplicated chemicel and isotopic assays,

The work to be described represents part of thé
general radiobiological studles which have been undertaken
in this laboratory usging 0. cardiacum. Investigations
concerning the radiosensitivity of Q0. gg;@iggul to ionizing
radiation have previously been made during the first
generation cycle in terms of changes in the vroliferative
capacity (76-79). Other expressions of lethszl radiation
damage (80-82) such as giant cell formation have also heen
inVestigated.. Ih this treatise, the UV radiosensitivity
of 0. cardiacum cells at various stages of the cell cycle
will be described. The response pattern observed will be
compared to the variations in UV radiosensitivity with cell
age for other organisms uwhich have been reported in the

literature. In addition, the response vattern will be com-



1L
pared to the »reviously revworted pattern for the radiosensi-

ardiacum to ionizing radization (79).



CHAPTER I

MATERIALS AND METIODS

A. Cell Line

The morphology, growth habit and life cycle of
O. cardiacum have been described in detail by several
workers (83, 84, 85); however, a brief description of the
salient features follow.

O. cardiacum is a fresh water green alga which
consists of uninucleate celis Joined end to end to form
unbranched filawents of indefinite length. Fach cell is
about 80 to 100 u long and 30 n wide, and contains a
peripheral reticulate chloroplast with pyrenoids; The
-filaments have an apical-basal poiarity and are attached
to the substratum by a specially differentiated basal cell.
Any cell is capable of mitosis, which is accompanied by
the formation of an apical cap providing a persistent record
of the number of cellular divisions in the filament.

Oedogonium is heterothallic and both asexual and
sexual reproduction occur. In asexual reproduction,

multiflagellate, phototroplic zoospores formed singly in

vegetative cells are released apically by a rupture in the

15
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cell ﬁall. Following a swimming period, which normally
lasts for a short period of time, the zoospores come to
rest with thelr anterior or flagella end down. The
flagella disappear and the zoospore develops into a
germling through elongation and formation of an attachment
structure or holdfast. IForms which do not become attached
to the substratum freguently die off or release their
contents (86). Secondary spore formation from the one-
celled gérmling can occur, rather than its development to
a filament through cell division.

Sexual reproduction is of an advanced oogamous type.

Bach oogonium contains a single large oospore and each
antheridium normally two sperms. The fertilized egg
develovs into a thick-wzalled diploid zysote which is
liberated by decay of the oogoniasl wall. Following a
resting period which may last for severasl months, the
zygote undergoes mitosis, germinates and liberates four
haploid zoospores which give rise to unisexual male and

female plants.

B. Growth Conditions

Female haploid 0. cardiacum cultures 3 to 5 months
0ld were used in all the experimental investigations. The
stock cultures were obtained from the Indiana State University

Culture Collection of Algze and were routinely subcultured

in the laboratorye.
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Cultures were maintained in 1:12 diphasic soil-(b)
water medium in one quart Jjars fitted with tops through
"which a hole had been bored and plugged with cotton. Each
jar was boiled for 2 separate 2 hour periods at 1 week
interval and then innoculated with small portions of washed
filaments after the supernatant had lost its turbidity.

Cultures were initially maintained at room
temperature under a 12:12 hr diurnal 1light-dark cycle on
an 1lluminated culture rack of light intensity 75 to 100
foot candles (ft-c). After one month, they were trans-
ferred to a north window for subsequent growth.

. Cultures that were initiated from spores which had
survived high doses of UV radiation were prepared by
innoculating the glass Jjars with a single surviving filanent.
These cultures are referred to as UV-irradiated cultures

throughout this treatise.

C. Zoosporogenegsis and Spore Collection

Synchronous cell populations were obtained by
inducing vegetative filaments to sporulate, and collecting
the subsequent spores over a short time period. Using the
procedure to be described, a population of cells, all at
about the same point in the cell cycle (early Gl), was
obtained.

Vegetative filaments were removed from the culture

(b) Dry powdered garden soll from Aldershot, Ontario was
used. ‘
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Jars, washed in distilled water and placed into a 500 ml
Brlenmyer flask which contained 1:3 soil-water extract.
(Refer to Appendix A for preparation of soil extract.)
Each flask was covered with aluminum foil to exclude the
light and pluggéd with a foam rubber stopper through which
a glass "bubbler" tube (i.e., pasteur pipette) was inserted.
The solution was bubbled with a mixture of 1% CO2 and
filtered air at a rate of 50 ml/min. Depending on the
condition of the filaments, zoosporogenesis took place
within 36 + 6 hr,

To collect the spores, the solution was poured over
glass microscope slides (7.5 em x 2.5 cm) which lined the
bottom of a perspex vessel, The sides and top of the
vessel were darkened to allow light to enter only from the
bottom. This vessel was placed on a surface illuminated
with warm white fluorescent bulbs and the phototropic
_spores Were collected at a light intensity of about 300
ft-c. After a collection period of 1 hr, which was
normally sufficient to yield aporoximately 1000 spores of
uniform age on each slide, the slides were rinsed in distilled
water to remove unattached spores and debris,; and then
transferred to perspex culture vessels containing modified
Machlis' ledium B, This medium Nill be referred to as growth
medium throughout this treatise. (Refer to Appendix A for
its preparation.) The samples were grown in the culture
vessels in a temperature controlled bath at 22 + 0.5°

wnich was illuminated from below by warm white fluorescent
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lamps at a light intensity of about 300 ft-c.

At the end of the 5 day growing period, the
samples were removed from the culture vessels, rinsed
with distilled water and fixed for at least 15 min with
3:1 ealcohol:acetic acid (Carnoy's Solution). They were
exanined as temporary mounts in 70% alcohol vrepared by
placing a glass cover over the fixed material., The cover,
held in place by 2 rubber bands, protected and pressed

the material. If the mounts were not to be examined

immediately, they were stored in 70% ethanol at 5°a,

D. lMeasurement of Synchrony

To estimate the synchrony of each cell population
collected, an index of synchrony as described by Zeuthen
(87), namely the percent phasing, was used. Slides were
examined at hourly intervals from 12 to 24 hr after the
mid-point of the collection period and the number of cells
which had divided at least once, as a function of fixation
time was determined. In all experiments, a2 sporeling which
showed signs of stretching of the cylinder of new cell wall
material following karyokinesis waé acce?ted as having

divided.

E. Ultraviolet Source and Dosimetry

Two 15-watt germicidsl low pressure mercury vapor
O = s

(c)

lamps enitting primarily 2537ﬁ were used as the UV

(c) General HElectric Co.
(d) Ultraviolet Products Inc., San Gabriel, California.
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source. These were mounted parallel 47.56 cm above a
designated target plane and connected to the output of a
"voltage stabilizer which maintained a constant voltage of
119 volts. The duration of the radiation period was
controlled by a synchronous timer incorporated into the
electrical system. The lamps were switched on approximately
one houf prior to starting the radiations to stabllize their
enerzy output. A photograph of the apparatus is shouwn in
Pig: 1.

ince a relatively large area was required for

W

irradiating the samples it was necessary to insure a
uniform dose. Thercfore, the distribution of the UV
radiation on the target plane was determined using a UV

(a)

sensitive photeccell end a galvanometer. The photocell
was positioned at different areas on the target plane at
the exposure distance, and the incident intensity read in
arbitrary units from the meter. BEach reading was expressed
as a percentage of the maximum reading which was set equal to
100%, and iso-intensity curves plotted to determine the
area 1n which the incident UV radiation varied within 5
percent.

Using the same photocell, the deterioration of
the lamps as nmeasvred by the percentage of white light
enitted was determined. The photocell was positioned on the

target plane at the exposure distance, and the incident

intensity recorded in the absence and presence of z perspex



PIG. 1

Ultraviolet radiation apperatus showing
sensor cell in center of target plane.
Instruments on top of apvraratus are:

UV intensity meter, synchronous timer,
volt meter, galvanometer and voltage

stebilizer.
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UV absorber. This value which ranged between 7.4 and
8.7% during the experimental period was cousidered in
calibrating the apparatus.
. The UV apparatus was calibrated with a UV
intensity meter and sensor cell(d) calibrated by a
standard traceable to the U.S. National Bureau of

(e)’

Standards and also with ¢x-174 bacteriophage a
biological dosimeter.

To measure the incident ;ntensity with the
calibrated meter, the sensor cell was placed in the center
of the target plane and the intensity read in u'd/cm2 from
the meter. The percentage white light emitted from the
lamps was subtracted from the reading, to obtain the
corrected UV intensity.

When ¢x~174 bacteriophage was used as a
dosimeter, the vhage was diluted in phosphate buffer
saline (PB3) and exposed to the UV radiation in an open
petri dish. Small aliquots were removed at intervals,
diluted and plated for plaque forming ability (pfu) on

E., coli C BOOO(e) by the soft agar technique (92). After

: o )
incubation for 3 to 6 hr at 37 C, the plagues Were

counted and survival curves constructed assuming a Do(f)

of 85 ergs/mm2 (67)s The average dose incident on the

(e) Courtesy of Dr. A.M. Rauth, Dept. of Biophysics,
Princess Margaret Hospital, Toronto, Ontario.

(f) The Do value represents the dose required to reduce
survival by e-1 along the exponential portion of the
survival curve obtained when log percent survival is
plotted es a function of dose,
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medium was calculated using the correction of Korowitz (90).
(Refer to Appendix C for details of calibration procedure.)
In both procedures, the sensor cell and petri dish
were positioned at the center of the target plane at an

exposure distance of 71.0 cm.

F. Irradiation Procedure

The samples were exposed to the UV radiation in
an open perspex vessel (13 cm x 19 cm x 4 cm high) in 1 cm
of distilled water. At this depth, UV transmission was
greater than 99% (91). Therefore, the incident UV
ingensity on the water was equated with the energy
penetrating to the samples. The vessel, which accommodated
up to 10 slides at one time, wWas positioned on the target
plane L7.6 cm from the lamps in an area in which the
incident radistion varied leseg than 5%. Intensities
were measured with the UV sensitive cell pfior to and
during each experiment. Under these conditions the
incident intensity on the surface of the water varied
Tfrom 25,9 £6 25.5 ergs/mmz/sec.

For exposure to UV radiation, the slides were
removed from the growth medium, rinsed in distilled water
and placed into the perspex radiation vessel. Two slides
were irradiated for each exposure time, which ranged from
1 to 60 min. Unirradiated controls kept in distilled water
for the duration of the radiation period showed normal

proliferative caepacity. Following exposure the samples
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were returned to the culture vessels. Irradiated and
control samples Were grouwn in separate vessels to eliminate
error in survivél determinations which could be introduced
from resporulation from surviving filaments. In pre-
liminary experiments it was found that resporulation could
account for population increases of up to 54 which could

influence survival values at high UV doses.

G. Photoreactivation

(c)

Two "daylight® fluorescent lamps nounted side by
side on a light table were used as the source of photo-
reactivating light. Tmmediately following exposure to a

single dose of UV, the irradiated and control slides were

placed on the light table in the culture vessels and

)8

illuminated at an inteunsity of about 1000 ft-c, for 3z
to 3 hr. Following illumination, the vessels were
transferred to the temperature controlled light bath, and
kept there for the remainder of the 5 day growing period.

Photoreactivation under the lightingvoonditions
encountered during routlne growing procedures was also
investigaeted. Irradiated and control samples wWere
incubated in the dark at 22 + 0.5°C for 3 to 9 hr
immedizstely following irradiation and then transferred to
the normal lighting conditions for the duration of the
growing period.

After 5 days, samples from both procedures
were analysed, and the cell survival, using the criterion

to be described, was measured as a function of type and
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duration of post-irradistion treatment. The survival
values were compared to the value obtazlined when cells were
irradiated with the same UV dose but grown under normal

lighting conditions for the 5 day growing periocd.

He Determination of the Criterion for leassurement of

Proliferative Canacity

The radiosensitivity of 0. cardiacum cells was
measured by the loss of proliferative capacity. To determine
the criterion for retention of proliferative capacity
samples were lrradiated at different cell ages in the first
generation cycle, incubated for 5 days under the conditions
previously described and tﬁen analysed microscopically.

The number of cells in each filament was counted, and
histograms of the percentage of filaments versus the number
of cells per chain plotted for different cell ages and UV
doses. 3By assessing the distribution of the chains in
comparison to the histograms of the control samples, it
Wwas possible to determine the dividing line between
survivors and non-survivors. The value of thié_dividing
line was used as the criterion that a spore had retained
its proliferative capaclity. The percentage of cells
surviving UV irradiation was theﬁ determined for different
UV doses and cell ages, and the log percent survival

. ~ . 2
plotted as a function of UV dose in ergs/mm“.



CHAPTER II

A. Variastions in Cell Synchrony, Cell Viability and

Mean Generation Time

Differences in the degrecec of cell synchronization
could be a source of difficulty in interpreting'the
exnerimental data. For this reason it was desirable to
adopt a2 »procedure for estimating the degree of cell
synchronization of each population. Using the formula
developed by Zeuthen (87) for the percent phasing,

namely s

Percent phasing = £ ; L x 100

Wnere r = one-nalf of the mean generation time G. G uas
measured from the mid-point of the collection period to

when 50,5 of the viable population, as‘detérmined from the
pvlating efficiency, had divided., T was considered as the
time interval from when 25% of the cells had divided %o

when 757 had divided. Both r and G were determined from the
groﬁth curve in which the percent of cells divided was
plotted as a function of time after the mid-point of the
collection period as shown in Fig. 2.

Ffor a cell population which divides with perfect
synchrony, a vercent phasing of 100% would be obtained, .Since
there is some s»nread in cell age during the snhore collection
and also since the rate of movement of cells through the cell
cycle towards mitosis is not identical a phasing index of 100%

27



FPIG. 2

Percentage of cells that have divided once

versus time measured in hours from mid-

voint of one-hour collection period.

Estimated valuecs of the plating efflficiency
s s 3 s A A 4 Zad

and percent phasing are 97% and 69k

respectively. The probable error of each

point has been indicated by a vertical bar,

28
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is not realized., In the present investigation the percent
phasing hed a mean value of 65%, however, values as hizh as
87% were obtained. The percent phasing for 15 of the

xperiments is shouwn in column 4 of Table 1.

Another source of difficulty could arise from
variations in cell viability. In column 2, Table I, the
plating efficlency which was estimated from the plateau
region of the 22 hr growth curve (FPig. 2) is tabulated for
the sane éxperiments. The percent maximum cells divided
in the plateau region correlated well with cell viability
after 5 days. The average plating efficiency was 91% and
varied between limits of 82 and 99,

A third source of difficulty could arise from
differences in the rate of movement of cells through the
cell cycle from one experiment to another. The mean
generation time as shouwn in column 3, Table I varied between
15.5 and 18.5 hr. An attempt was made to normalize each
generation time to a standard generstion time of 16.8 hr.
The value of 15.8 hr is the average generation time of all
the experiments. Hach time in a given experiment was
multinlied by a correction factor T‘ determined by the

relation:

TY = ...é,:.@-.
G

shere G = the mean generation time of a particular experiment.

Values of T' are tabulated in column 6, Table I. The use
9



TABLE I

Synchrony end Growth Parameters for Q. cardiscum Cells

31

Expt. Plating Nean Percent  Time for 50% Correc-

BEfLoLereY  Soneraltls”  TUETEY e bivide (B Fector
% hy % hr (T*)
(1) (2) (3) (4) (5) (6)
1 99 16.0 73 2e? 1.05
2 90 16.6 60 3.3 1.01
3 95 16.9 87 1.0 0.99
Iy 9L 15.4 69 2.4 1.09
5 91 15.8 73 2.4 1.06
6 87 16.5 55 3.7 1.02
7 84 16.2 53 3.8 1.04
8 82 1647 55 4.0 1.01
9 97 16,3 71 2.4 1.03
10 - 87 18.4 70 2.8 0.91
11 83 1548 59 32 1.06
12 92 18.0 70 2.7 0.93
13 98 17.7 65 3.1 0.95
14 98 18.0 69 2.8 0.93
13 88 17.0 68 2.7 0.99
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of a correction factor may not be entirely correct since
it assumes that any deviation in a particular experiment
from the mean generation time (16.8 hr) is spread
uniformly throughout the cell cycle. That is, it is
assumed tnat the stages Gl’ S and G, are uniformly
lengthened or shortened depending on the value of T!', or
that any particular time at which the cells muere
irradiated 1s either increased or decreased depending on
the value of T', The maximum change in time amounted to
less than 107 of the generation time. The overall shape
of the radiosensitivity curve was not changed apprecisbly
by these corrections.

The variation in the mean generation time (15.5 to
18¢5 hr) is similar to that observed by Banerjee and
Horsley (88) for 0. cardiscum cells cultured in liolisch's
inorganic medium (16 to 20 hr) under environmental
conditions similar to those used in the present investiga-
tion. They measured the neriod of DNA synthesis by
sutoradiograpvhy during the first cell cycle of cells
obtained from similar stock cultures as used in the present
investigation, and estimated the 1eﬁgths 6f the 4 cell

stages to be as follows: G, 32 vy By 6 £ 1 bry G,y 6% +

2’
1l hr, and M, 2 hr. Since the mean generation time for cells
grown in Molisch's inorganic medium is similar to that
observed in the »nresent experiments for 0. cardiacum cells

grown in lMachlis inorganic medium, the positions of the 4

cell stages are assumed to be the same.
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B. Determination of the Criterion for lieasurement

of Proliferative Canaciﬁx

Fig. 3 shows the normal growth curve of
unirradiated cells in which the log of the average number
of cells per chain is plotted at increasing tinme followu-
ing the mid-point of the spore collection period. Normal
growth after about 24 hr is exponential up to 5 days and
the doubling time is about 17 hr. In this particular
experiment, the percentage of cells unable to divide once
remzined relatively constant after the first day and
represented less than 5% of the total population. Early
in the studies, normal growth of the spores was examined
in soil extract and Machlis' medium both with and without
COZ. Using liachlis' medium or soll extract no appreciable
difference was detected in the shape ol the growth curve
when the media was bubbled with 17 or 3/ CO2 in air or not
bubbled. Since lachlis' mediun is well defined in
comparison to soil extract, it was decided to carry out the

exveriments in this medium without CO, bubbling.

2
Fig. 4 is a histogram of control samples and samples
irradiated at 8 hr with increasing UV dose. To facilitate
comting, filaments of more than 19 cells have been scored
as 20+, In the control sample of 1090 spores, only 2.2% of
the spores were uneble to divide once and less than 3% of
the filawments had less than 19 cells. In the UV-radiated

samples, the number of 20+ filaments decreased rapidly

with increasing doge while the number of short filaments
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FIG. 3

Averége number of cellg per chain versus

time from nid-point of one-hour collection
period for untreated sporelings grown

under normal conditions. The probable erroxr
of each plot has been indicated by a vertical

bar.
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Fig. &4

Histograms of the number of cells per

chain in control samples and samples

irradiated with increasing UV dose at

cell age 8.0 hr (3).
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(primarily 1 cell long) increased. At each dose spores
unable to divide once accounted for the largest percentag
of filaments uwith less than 19 cells. The remainder of the
filaments in the 2 to 19 cell group were mainly less than
12 cells in length.

=

Fig. 5 is a histogram of control samples snd sanples

irradiated with 3064 ergs/mm2 but at different cell ages.
The general behavior of irradiated cells 1s similar to that
shouwn in the nrevious histogram in that the length of the
filament is either short (under 12 for the most part) or
relatively lonz (beyond 19). The percentage of filanents
with 19 or more cells 1s seen to decrease with increasing
cell age at 3, 6, 10 and 13 hr respectively. As in the
previous histogram, most of the short filaments were one
cell in length.

In previous experiments with ionizing radiation
carried out in this laboratory (77), the criterion chosen
for retention of proliferative capacity was based on spores

b/

which gave rise to a fillament with more than 12 cells
after a 5 day post-irradiation growing period (72). Since
there are relatively few chains uwith 8 to 20 cells, the
same boundary criterion for survival, namely 12 cell long

filaments, as used in the lonizing studies was adopted for

the UV gtudlies.

C. Dosimetry
(a) Distribution of UV radiation

Iso~-intensity plots of UV radiation dose in the target
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plane were made to assure a uniform dose wWas dellvered
to all samples, In Fig. 6, the 95 and 90/ isodose curves
are shown, The center of the target plane has been
represented by a cross (+). Since the surface area of the
sensor cell was.h X 2 cm, each point on the plot renresents
the average photon flux over an area of & sq cme. The
relative readings at each v»oint have been expressed as =
peroehtage of the meximum, lNeasurements uwere taken over
the entire 31 x 37.4 cm radiation surface with the long
axis of the sensor cell parallel and perpendicular to the
lamps. DReadings made with the long axis perpendicular are
plotted using the left ordinategs and those with the long -
axls parallel using the riéht ordinates. From Fig. 5, the

4

area over which the incident intensity varied less than 5%

was approximately a circle of radius 8.8 cm.

(b) Intensity of UV Radiation

The absolute inteunsity of the UV radiation was
determined by 3 different methods at 71 cm from the lzmps,
As outlined earlier, the sensor cell was calibrated by
the manufacturer within + 54. The relisbility of this
calibration was verified by using ¢X—l7h bacteriophszage as
a blologlcal dosimeter. Furthermore, the UV intensity
was calculated fronm data supplied by the manufacturer of
the lanps.

Survival of the plaque-forming ability of ¢x-17L4

on E. coli C was determined after increasing UV exposures
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FIG. 6

Iso~intensity rzlots of tiue relative UV rad-
iation iuncident at various points on the
target nlane. The 90 (radius 12cm) and

954 (radius &.¢ cm). iso-intensity curves
are sihown. The center of the »lane has
been renresented by a cross. The lawmps

are positioned 47.5 cm above the center of

the »nlane =znd narsllel to 1ts long axis.
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measured in sec. Fig. 7 shows the dose response curve
obtained when the log vercent survival was plotted as a
function of dose in sec. Bach point represents the
average survival for 3 separate experiments. The Do value
determined from the graph is 7.5 sec. Assunming that the
Do value for survival of ¢gx-174 bacteriophage is 85 ergs/mm2
(91), the exposure rate for gx-174 bacteriophage irradiated
in PBS wss 11.3 ergs/mmz/sec.

The caleculated intensity was deterwnined from the
intensities quoted at different distances for the lamp
by the menufacturer. These intensities represented average
values gt 100 hr lamp life.

The UV intensity at the exposure distance, 71.0 cm,
as measured by each procedure is given in Table II. The
UV meter velue of 9.6 ergs/mmz/seo is in excellent agree-
rent with the calculated value of 9.4, The intensity value
determined by the biological dosineter, 1l.7, is about
254 higher. The relisbility of the 11.7, intensity value
is of course depnendent on the accepted Do value for ¢x—174.
Different Do values in the range 80 to 90 ergs/mm2 have been
obtained by other workers (60, 67, 92).

It was decided to use the UV meter as a reliable
method for determining the UV intensity prior to and
during each experiment since the intensity value deberrined
by the meter was in good agreement with both the calculatead

value end the value determined by the bacteriophage.
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FIG. 7

Dose resnonse curve for pgx-174 bacterio-
vhagze irradiated in PSS at 71.0 cm distance
from 2 - 15 watt germicidal lawmps. The Do

is 7.5 sec.

e
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TABLL IT

UV Intensity at 71.0 cm from 2 —— 15 Watt

Germicidal Lanps

Procedure Incident Intensity
ergs/mmz/sec
UV Intensity lieter 8.0 %+ 05
¢x-174 Bacteriophage 11,7 + 0.4
Calculated Data 9.l
(General Blectric Co.)
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For the experiments to be reported, the samples
were positioned at 47.6 cm from the lamps and the UV
meter was used to determine the absoiute intensity of the
UV radiation. The samples were 1irradiated in an open
perspex vessel covered with 1 cm of distilled water (91).
No correction was made for the small (less than 1%) uv

absorption in the distilled water.

D. UV Radiation Experiments

(a) sSurvival Curves
Fig. 8, shouws a detailed example of a dose-

survival curve of O. cardiacum irradiated with increasing
UV dose at cell age 8 hr. The experimental points in this
gravh were determined from 2 separate experiments. The
zero dose survival has been normslized to 100%, and other
values corrected by the normalizing factor. The survival
curve has a complex shape consisting of an initial swmsll
shoulder followed by a rapid fall off until a dose of 17
K ergs/mmZ. Beyond thls dose g second shoulder region
appears extending to 30 K ergs/mmz. The curve then falls
off rapidly to the maximum dose used, 66 X ergs/mmz. The
straignht line portions of the log plot indicate 2 regions
of exponential decline which suggest the presence of a
population of cells composed of at least 2 groups with
different radiation sensitivities. The largest (90%) and
most sensitive group is inactivated first and is represent-

ed by the small initizl shoulder and rapid decline. The
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FIC’. 8.
Dose resosonse curve of syancaronously growing

Oedogoniunm cardiacum cells irradisted with

increasing UV dose at cell aze & hr (8 stape) .

ve bhaen

A0

The results from two experiments h
coubined. The data for the initial »ortion of

the dose resnhonse curve was fitbted by regression
anslysis” . The standard errors of the Do and n
values of this »nortion are indicated. Thevinitial
porticn of the curve wiiich reonresents the res-onse

for 89,5 of the totzl wo»nulstion hzs been renlotted
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wer zfter normalizing to 1005, Standard
deviation have been indicsted ou the plots as
vertical birs. These were debtermined from the relation
pq 1’ - . o n . - \

— (104) where » is the percent survival; g, the per-
= t

cent non survival and n, the number of lilasments

counted,
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* Standzrd coumputer programme designed for such analysis.
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lower portion of the curve represents the response of the
smallerx (10%) group which 1s more resistant.

The survival curve parameters, Do and n(g), have
been determined for both components of the survival curve,
The second shouider of the complex curve was extrapolated
to the zero ordinate axis, and this extrapolated shoulder
region was subtracted from the mezsured values of the
initial portion of the curve. The intercept on the
ordinate zxis indicates the size of the latter component
in the total population. Both components were normalized
to 100% and the values of n and Do determined. The
normalized survivael curve for the initial portion is
shown 2 decades lower in F'é. 8. Tor the initial component,
Do and n are 4,0 K ergs/mm2 and 1.6 respectively. For the
latter coumponent these values are 7.6 K ergs/mm2 and 15
respectively,

In most of the measured survival curves, the latter
conponent is not as clearly defined as it is in the detailed
survivel curve just described. Since errors in the extra-
polation of this shoulder region result in concomitant
errors in the determination of the Do and n values of the
initial portion of the curve, the Do and n values that will
be nresented as a function of cell age have been determined
both with and without subtracting the extrapolated shoulder
region,

(g) n, or the extrapolation number, is the number obtained

when the exvonential portion of the survival curve is
extrapolated back to zero dose.
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Pig. 9 shows dose response curves measured for a

cell population divided into 6 groups, with each group
irradiated at a different cell age in the first generation
cycle., These curves have been analysed in the manner
descrired above., The Do and n values guoted in Fig. 9 are
those for the initizsl portions of the curves without
subtracting the values of the extrapolated shoulder region.
At each cell age the latter compnonent comprises about 104
of the total population. In addition, the Do value of
this component is similar to that of the initial component

at each cell age.

(b) Variations in Seusitivity During the Generation
Cycle

In Fig. 10, the Do values for the initiel components
of the dose-response curves have been plotted for increasing
cell age both with (dotted line) and without (solid line)
subtracting the extrapolated shoulder region. The positions
of the different cell stages Gl’ S; GZ and M of an
unirradiated control culture are indicated.

For both curves, the Do value increases during Gl
reaching a peak during mid S (5% to 6 hr) indicating the
time of maximum UV resistance, After this time a rapid
decrease in the value of Do occurs as the cells progress
further through the cell cycle until the maximum sensitivit;

has been reached at G, (12% hr) and K (14 hr). 1In both



FIG. 9

Dose response curves of Cedogonium cardiacum

cells irradiated with increasing UV dose at
selected btimes in the first generation cycle.
The Do and n values snown are for the initisl
component of the curves without subtrscting

the extrapolated shioulder reglon.
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FIG. 10
The measured survival curve parsmeters, Do

and ny for the initlial comnonents of the

survival curves with ( ) and without

(==-=) subtracting the extrapolated shoulder

region for 0. cardiacun cells irradiated

at various cell ages., Tane nosition of the

cells in the cell cycle is also indicated.
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curves the Do value varies by a factor of approximately
2.5 throughout the cell cycle. Thus although there is
" some uncertainty in the actual value of Do for the initial
component due to the presence of the small (1.0%) apparently
resistant component at each cell age measured, both methods
of calculation indicate the same variation in Do with cell
age.

The values of n have zlso been determined for the

initial components of the dose response curves measured
at various cell ages with and without subtracting the
extrapolated shoulder region. In both cases n rewnains
essentially constant varying betuween 1.0 and 1.6 throughout
the cell cycle. The n values for the initial components of
the survival curves without subtracting the shoulder region

have been plotted in the upper half of Fig. 10.

(¢) Seasonal Variations in Sensitivity During the

Generation Cycle

In Fig. 1l, the Do values of the initial portion of
the dose response curves without subtracting the extrapola-
ted shoulder region, have been plotted at increasing cell
age in the first‘generation cycle for cells irradiated in
the winter months (lovember 1, 1957 to March 1, 1968) of
the experimental period (dotted line). For comparison
purposes, the Do values of the initial components of the

curves for cells irradiated during the remainder of the



FlG. 11
The Do values for the initisl components of
the survivel curves without subbrzcting the

sihoulder regions for cells ir

il

radlzted at
various cell =zges during the winter months

( ====) and the renmainder (—~—=) of the

experimental neriod. Thne values of n for

L

the survival curves of cells irradiat in

©]

(@)

=

the uinter are shown in the uzper nalf of
the figure., Tie nosition of cells in the
cell cycle is also indicated., The solid

curve has been reproduced from Fig. 10,
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experimental period (upper curve Fig. 10) have been replotted
(s0lid 1line) in Fig. 11l. The positions of the different
cell stages of an unirradiated control culture are also
indicated. Although the age devendent variation in
sensitivity is ébout the same for each experimental period,
cells irradiated during the winter period are about twice
as sensitive..

The values of n for survival curves measured during
the winter months were essentially constant and any changes
detected varied within the same range (1.0 and 1.6) of n
values obtained for the remainder of the yecar. These values

are shown in the upper half of Fig. 1l1.

(d) The Radiosensitivity of Progeny from UV-Irradisted
Single Cells

The "t2il%" on the UV response curve referred to in
. section (a) could be explained on the basis that about 107
or less of the cells form a component which represents a UV
resistant mutant. In order to investigate this possibility
single surviving chains in which the basal spores had been
irradiated with 60 K ergs/mm® in mid S (6 hr) were
individually isolated and cultured in separate Jjars. After
a 5 month growing period the filaments were induced to
sporulate in the manner previously described and the
collected zoospores were irradiated. The UV radiosensitivity

of these cells was measured 3 times and 2 of the survival



curves for these cells are shoun in Fig. 12, for cells
irradiated at mid S (5 hr). This survival curve is
again complex similar to curves obtained from "normal"
cultures grovn from non-irradiated cells., The initiasl
more sensitive component in Fiz. 12 represents about
905% of the population as was also the case for cells
from the "normal® cultures described in Figs. 8 and 9.
Also the Do and n values, 3.6 K ergs/mm2 and 1.3 are

about the same as the values 3.9 X ergs/mm2

and l.3
respectively for cells from the "normal®" cultures
irradiated in the winter period (See Fig. 11l). For the
latter bomponent the 2 Do values obtained are again
comparable, 5.2 K ergs/mm2 and 4.8 K ergs/mmz.

Since the Do values of both components of the
complex survival curve for cells from the cultures
grown from the »rogeny of UV-irradiated cells are
comparable to those from Y“normal" cultures suggests that

the inflexion at 107 in the survival curve is not caused

by a UV regsistant mutant.

(e) Photoreactivation
- A prelinminary experiment was carried out to
determine if pholtoreactivation occurred with this cell

system following UV irradiation, and if so whether it
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'V survival curves obtained for O. cardiscum

cells age 6.0 hr (3 stage) collected from the

<
®
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nrogeny of a single cell uwnich had survi

e ~ / T . 2 1 —y a
a UV dose of 60Kergs/mm%. The To and n values

&2}
o

without subtracting the extrasnolated shoulderx

region.,

un are for tne initiszl comoonent of the curves
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occurred under the lighting conditions used throughout

this investigation. Cells which had been irradiated during
S with a dose of 9780 ergs/mm2 were divided into 2 groups.
Samples in the first group were exrvosed to fluorescent
Ydaylight" at aﬁ intensity of 1000 ft-c for increésing
pveriods of time up to 3 hr and then set to grow at normsl
lighting conditions of 300 ft-c. Unirradiated control
samples were exposed to 5 hr of this light intensity
without any change in percentage survival from that of the
norial coatrols. These results along with the percent
survival at increasing times of exposure are tabulated in
columns 2 and 3 of Table III, Under normal conditions at
9180 ergs/mmn® the percent survival was 36.8%. One-half

hour of exposure to the white light yielded a percent
survival of 72.575. FPFurther exposure to white light did

not change the percentage survival,

Samples from the second group of UV-irradiated
cells were placed in the derk for increasing periods of
time and then set to grow under normal lighting condit oné.
Data from this experiment are shoun in columns 4 and 5
of Table III, Unirradiated samples placed in the dark
for 15 hr yielded appnroxirately the same percent survival
(98) as did the controls (99). The nercent survival of
the UV-irradiated samples decreased from 356.8 to 15.9%
for 9 hr of incubation in the dark.

1

The results of this ex

J

veriment show that post-

e

H.

rradiation exposure to 1000 ft-c intensity white light

results in a considerable repalr of UV-induced dawage as



Survival of 0. cardiacum cells Irradiated at S Stage

TABLE I

IT

: - 2
with a Dose of 9120 ergs/mm

before

at 1000 ft-c or Incubation in the Dark.

65

Photoreactivation

(1) (2) (3) (4) (5)
UV Dose Time at 1000 Survival Time in Survival
(ergs/mme) ft-c % Dark A
(hr) (hr)
0 0 99 + 0.3 0 99 + 0.3
0 5«0 99 + 0.3 15.0 90 + 0.%
9180 0 36.8 + 1.2 0 368 £ 1.2
9120 05 72.5 & 1.4 0.5 26.6 + 1.4
9180 1.0 735 & 1.4 1.0 27+1 + 1.2
910 240 70.8 + 1.3 2,0 19.3 + 1.7
9130 3.0 759 + L5 3.0 16«1 # 141
910 L.o 16.1 + 1.1
9180 5.0, 17.0 + 1.0
9180 ‘9.0 158 £ 1.2
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measured by the proliferative capacity of the cells.
Some of the data from Table III is plotted in Fig. 13
where the percentage survival i1s shown versus one-half
hour exposures to white light of increasing intensity.
This curve suggests that there may be some photo-
reactivation occuring at our normal lighting conditions
for both winter and sumier grown cells.

e

E. Comparison of UV and X-fay Radiosensitivity at

Different Cell Ages

In Fig. 14, the Do values for cells irradiated
with UV radiation (solid line and right ordinate) are
compared to the values of Do determined by others (79) for
cells exvosed to ionizing radiation (dotted line and left
ordinate) at increasing cell age. The general shapes of
both curves are sinmilar. During Gl sensitivity to both
types of radiation decreases reaching a minimum value
during S at about.5.5 hr for UV and between 5 and 7 hr
for x-irradiation. Sensitivity then increases reaching a
maxinurn during late G2 and M as indicated by the mininma
in the curves at 13 to 14 hr. for ionizing radiation the
Do value changes by a factor of 7 from about 1000 rads at
mid S to 150 rads at late Gz; however, for UV radiation
the Do value changes only by a factor of 2.5 from about
9.8 K ergs/mm2 at mid S to 3.5 K ergs/mm2 at late G, and

II °



FiG, 13

The »nercentage survival of single cells irradi-
ated with a UV dose of 9180 erggs/mm2 versus
one-hnalf hour exoosure to different intensities
of white light. The light intensity under

-

which cultures were routinely grown 1is indicated.
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FIG. 14
Coxnparison of the Do values of the

survival curves of cells irr

)]

ab

O

dlate

QO

various cell ages with UV radiation

'(solid line and right ordinate) or ionizing
raciation (dotted line aand left orcdinate) (79).
The position of the cells in the cell cycle

is also indicated.
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The n values for x-irradiated cells varied from
20 for Gy cells to 40 for late S cells and then drops
" slowly to between 1 and 2 for Go, and Ii cells., In contrast
the n values for UV-irradiated cells remains relatively
constant varying between 1 and 2 for all cell ages. This
significant difference in response suggeststhat the

mechanismsof action of the two types of radiation differ.



CHAPTER III

DISCUSSION

In this investigation the UV radiosensitivity,
as measured by loss of proliferative capacity, of

synchronously growing Oedogonium cardiacum cells was

determined and correlated with the four stages, Gl’ S

G, and li, of the cell cycle. At all stages the survival

2
curves exhibited a complex shape indicating a population
of cells heterogeneous in their radiosensitivity. The
presence of a persistent shoulder at abovt the end of the
first decade of survival suzgests that the population
consists of at least two components. One component is

. represented by the initial part of the survival curves

and accounts for about 90% of the population. he other
component is represented by the latter part of the curves
and amounts to about 10%. The presence of this small
latter component produces an uncertainty in the magnitude
of the survival parameters, Do and n, for the main group
of cells since it is difficult to obtain accurate survival
data at high dose levels for every curve measured, Even
for those curves where detalled analysis is possible there

i1s still uncertainty in the manner of extrapolating the

72
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shoulcer region. Tnus, calculations were performed in
two ways to determine the Do and n values for the initizal
portions of the survival curves. In the one way, values
were determined directly from the initial part of the
curve neglecting the latter portion, and in the other way
the contribution of the latter portion was first subtracted.

Although the magnitude of the Do values changed
depending on the method of calculation, the change in Do
with cell age was relatively the same. During Gl the Do
value increased slowly, reaching a maximum value at mid S
indicating that fhese cells uere more resistant at this
particuiler stage. Thereafter, the Do value decreased
reaching a mininum value at late GZ‘ from the middle of

S to the end of G2 there occurred a 2.5 fold change in

radiosensitivity. 1In contras

a

ty, the value of n remained
relatively constant varying between 1.0 and 1.6 for both
methods of calculation.

In Table IV the UV radiosensitivity of 0. cardiascum
is comnared to the radiosensitivity of seven other cell
lines. Data on the UV radiosensitivity of yeast, bacteria
and fungus 1s elso included in the table.r The stages of
the cell cycle have beén determined for only five of the
cell lines: D98/AG cells, mouse L cells, Chinese hamster
cells, human epithelial kidney cells and Hela cells.

Therefore it is only possible to compare O, cardiacunm



TABLE IV

7h

The UV Radiosensitivity of Cells at Different

Stages of the Generation Cycle

Cell Line

Radiosensitivity

Investigator

Saccharonmyces
cerevisiae

Schizosaccharonyces

pombe

s o

Ustilago hordeil

Human cell line
D98/AG

Chinese hanster
cells

Ilouse L cells

Reslstent - during mitosis
Sensitive - interdivisional

period

Resistant - during gene
revlication

i Sensitive - during and

immediately after
nuclear division

Resistent - during mid
cell cycle and prior to
nuclear division

Sensitive - immediately
after nuclear division

Resistant - oprior to and
following DNA synthesis

Sensitive - during DHA
synthesis

Gy - most sensitive
mid S - most resistant
G2 - decreased
resistance

Gy - Do = 39 ergs/mm2

it

early S - Do

n = 12 2
late B8 Do = 72 ergs/mnm
early G2 n =3
Gy - Do =45 ergs/mm2

Djéhg 125 ergs/mnm“
S - Do'= 70 ergs/mm?

D3y = 250 ergs/mm2
late S Do = 80 ergs/mn

early G, Dyn= 290 ergs/mm?

M = Do = 75 ergs/mm?
Dgn = 200 erss,/mm?

n =23
34 ergs/tnm2

BElkind and
Sutton (74)
1959

Suwann (68)

1962

Helmstetter and
Uretz (73)
1963

Hood (60)
1968

Erikson and
Szybalski (75)
1963

Sinclair and
lorton (46)
1965

Rauth and
Whitmore (67)
1966
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Cell Line

Radiosensitivity

Investigatoxr’

Hela cells

e

Human epithelial
kidney cells

"C‘el"Jl'l”T‘u.Ll

Blastocladiella
gmersonii

Oedogonium
cardiscun

j G,

™
} most resistant

most sensitive

Gl
j most resistant
most sensitive

early cell stage - Do

2.1 K ergs/mm?, n =10

il

. DNA synthesis - Do =

L,6 X ergs/mn2, n= 4
(assumed)

before meiosis - Do =

3.1 K ergs/mn?, n= 1

Gy (assumed) Do =
87 er“s/mm
S and G, (assumed) Do =
213 ergs/mme

Gyj- Do = 7.5 K ergs/mmz
S - Do = 9,5 K ergs/mm
Gp- Do = 4.0 K ergs/mm?
M -~ Do = 4.2 X ergs/mm?

Djordjevic and

Tolmach (47)
1967

Scaiffe and
Brohee (65)
1968

Davies (26)

1965

Deering (51)
1968

Parker

1969

(h) D37 - the UV dose neceSﬁary to reduce the percentage
survival to 37% of the initial value.
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with respect to stage UV radiosensitivity to these five
cell lines. The first three of the cell lines were found
to be most resistant to UV radiation during S, in agree-
ment with the response for 0. cardiacum. In contrast
human epithelial cells and Hela cells were found to be
nost resistent during Gy end Gp. For mouse L cells,
Chinese hamster cells and D93/AG cells maximel sensitivity
occurs in Gq. laximal sensitivity for human epithelial
kidney cells and Hela cells occurs in S. For 0. cardiacun
maximal sensitivity occurs in G2. Thus there does not
seem to be one cell stage for all cell lines which is
either most sensitive or most resistant to UV radiation.
Ranth (67) has suggested that the difference between D98/AG
cells and mouse L cells may be due to differences in the
radiation procedures. Furthermore, Djordjevic and Tolmach
(47) question whether the behavior of the Hela cells and
mouse L cells is typical of cultured mamnaiian cells in
general., Since differences in stage sensitivity are also
seen in a similar analysis of data for radliosensitivity
following ionizing radiation (102, 103) it is not unreason-
able to assume that differences in stage radiosensitivity
are probably due to characteristics of the different cell
lines.

| The data by Davies (256) and Deering (61) on

the UV radiosensitivity of Chlamydomonas reinnardil and

Blastochadlella emersonil respectively, does not vermit

a stage comvarison of radiosensitivity. Exverimental

difficulties with these two plant systems have precluded the
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determination of the S period by labelling techniques.
However, both authors believe that the time of maximal
resistance in thelir cell systems occurs during the period
of DNA synthesis. Deering has suggested that in B,
emersonii the périod of maximal UV radiosensitivity
following nuclear division corresponds to either Gl or

early S. In the diploid melotlic spores of C. reinhardii,

4

maximal radiosensitivity occurs immediately after the

onset of growth following spore production and meturation.
The complexity of the division cycle of C., reinhardii
precludes futher comparison with 0. cardiacum. For all
three plants, Do changes by a factor of about two throughout
the cell cycle; houever, tﬁe magnitude of the Do values
differ., 1In O, cardiacum the Do value varies between 3 and

2 4, . .
7 K ergs/mm”™ throughout the cell cycle which is comnarable

to C. reinhardii in which Do varies between 2 and 4.5 K ergs/

cmm®.  In contrast, B. e

ersonii germlings are appreclably
more sensitivie since Do varies between 87 and 213 ergs/mmz.
Differences in UV cytoplasmic absorntion could readily
account for the apparent absolute differences in UV |
sensitivity.

The exact reasons for the stage dependent variations
in radiosensitivity are obscure. IHowever, three possible
explanations, which are not mutually exclusive, can be
considered as reasonable hypotheses for these variations.

These include: (1) cyclic differences in attenuation

of the UV intensity in passing through part of the cell
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before reaching the target, (2) differences in the repair
activities at all cell ages and (3) differences in the
nunber or type of UV-induced photovroducts at different
times in the generation cycle.

O. cardiacum cells are suffioiéntly large (35 1 x
105 n) that UV radiation is attenuated by the intervening
cytoplasm before it reaches the nucleus. A crude attemnt
has been made to measure the approximate UV attenuation in
the cytoplasm between the apical cell wall and the nuclear
membrane. About 60;000 cells were lysed by ultrasonication
and centrifuged to vrecipitete the light scattering frag-
ments. The UV absorbance at 254 mu of the supernatant
containing both cytoplasmic and nuclear material was
measured. Irom these measurements it was calculated that
only about 35% of the UV radiation would penetrate the cytoplasm
and reach the nucleus.

To examine whether oxr not varietions in the position
of the nucleus would explain the shape of the age response

-

curve (Fig. 10), the distance between the outer nuclear
menmbrane and apical cell wall was measured at different ages.
These measurements are tabulated in Table A, Appendix D.
Throughout the cell cycle the meandistance varies in the
range 30.5 to 37.2 n. However, the mean distance at any
cell age has an appreciable standard deviation of 4 to 8 y.
This precluded the possibility of drawving any accurate
correlation between the measured intervening cytoplasmic
distance as a functlion of cell age., In addition, if one

considers the increase 1in size of the nucleus as the cells



79
progress through the cell cycle (colurn 3, Table A), the
mezn distance between the apical cell wall and the center

of the nucleus is relatively the sawe in G S and early .

l,
G, (column 5, Table A). Not until immediately before
mitosis (13 to 15 hr) when the nucleus migrates apically
does the distance decrease. It is unlikely that a small
change in distance of the order of 4 ) could explain the

2.5 fold difference in UV radiosensitivity between-G2 and

S cells. Furthermore since these distances are relatively
constant for Gy, S and G, cells it would not explain the
variations in radiosensitivity between these stages.
Therefore cytoplasmic absorption can not explain the general
shape of the UV radiation résponse. This conclusion is in
agreemnent with similar results obtained by Deering (61).

He investigaged the UV radiosensitivity of B. emersonii
germlings which are also sufficiently large that UV
~radiation is attenuated as it passes through the cell.

He found thnat although only 25 to 50% of the UV radiation
penetrated to the nucleus, gradual variations in

penetration could not explain the cyclic sensitivity changes
actually observede.

The second explanation suggested for the variations
in radiosensitivity throughout thé cell cycle involves
differences in the repalr activity in the different stages
of the cell cycle., Davies (26) and Kimbz2ll (49) have shown

that in C. reinhardii and P. caudatum respectively, the

repvair activities are not the same at all cell ages. Since



photoreactivation at high intensity (1000 ft-c¢) white
light has been observed in our system it is reasonable to
hypothesize that differences in the repair activities of
this mechanism at normal lighting conditions and also
differences in dark repair mechanisms (45) with cell age,
could be manifested as changes in radiation sensitivity.
Davies (26) and Deering (61) have suggested that
differences in the repvalr activities throughout thé cell
cycle coﬁld result from either: (a) differences in the
concentration of the repalr enzymes or the accessibility
of these enzymes to the lesions at each cell age; or

(v) to.a more efficient repair at some cell a2ges becauvse
of the increased time avallable for repalir before the
damage is fixed., As shown in PFig. 10, 0. cardiscum cells

are most resistant to UV rascdiation during late Gl and
early S. Irradiztion at elther of these stages would
allow a relatively long time to elapse before mitosis if,
as indicated by others (26), mitosis is the terminal
~event beyond which no further repair can occur,
Concomitently, cells in G, would be expected to have the
greatest sensitivity as thne time avéilablé for repair at
this stage 1is much shortér. It could also be hypothesized
that cells irradiated in G2 and mitosis would be rniore
sensitive because lesions might be inaccessible to repair

- A

enzymes due to the tight colling of the DiiA. Another

possible reason for the sensitivity of stages near division,

which has been suggested by Davies (26), is that the rate

80
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4

of fixation of lesions is accelerated at these stages.

He observed that in C. reinhardiil the photoresctivable
sector decreased more rapidly, that is, fixation occurred
at a more rapld rate after irradiation before meiosis than
at the early ceil stages.

At all cell ages, O, cardizcum cells unable to
divide once after UV-irradiation represent the largest
percentage of non-surviving cells. However, at Gl this
value was only 557 as compared to 87% at late Go (Fig. 5).
This difference could be explained by either: (a) a
difference in the number and/or type of UV-induced
photoproducts at these cell stages, or (b) a more efficient
repair capaecity of cells iﬁ Gy than at Goe At the present
time there is no evidence available in the literature to
suggest that the UV-induced photoproducts differ throughout
the cell cycle as will be discussed later. Therefore much
- of the variation in stage sensitivity 1is »robably due to
different repailr activities. FPFurther studies on photo-
reactivation and also on dark repalir are planned to test
this conclusion,

The third possible explanation for the variations in
stage radiosensitivity, namely, differences in the number
or type of UV-induced photoproducts with cell age can not
be eliminated as a hypothesis at present. Donnellan et al

(see review: 93) have shoun that the photoproducts can vary

with the physiological state of the organism and Setlow et gl
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(17) have shown that there is an increase in the DNA-
protein cross-linking in UV resistant cells. Rauth (67)
" has suggested that the number of photoproducts produced
nay be a function of the particular state of the DHA or
other sensitive targets at the time of irradiation. The
possibility of the differential production of photo-
products as a function of cell age 1s presently being
investigated in other laboratories (26, 45, 67, 70).

In this investigation, evidence has been presented
(Fig. 11) to show that O. cardiacum cells are more sensitive
to UV radiation during the winter months (November to lMarch)

1

than during the remainder of the year. However, at both
periods, the variation in radiosensitivity with cell age

is unchanged. The seasonal difference can perhaps be
explained by changes in cytoplasmic UV absorption assuming
that the sensitive target is the nucleus. Stock cultures
were grown for the most part on culture racks placed in a
north window where there would be seasonal fluctuations in
the inteusity, durations and spectral distribution of the
light. Since all three factors zre rate limiting for
photosynthesis (94), cellular constituents associsted with
the photosynthetic apparatus would be present in reduced
amounts in winter grown cells. Stern et 21 (see review: 95)
have shoun that the amounts of chlorophyll »ner cell can

be changed by lighting conditlons in Bugleng and Hill et al

m

(95) have shown that in several types of E. gracilaris

light grouwn and dark grown cells, a linear correlation
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exists between the amount of chlorophyll synthesized and
the variation in Do for colony forming ability. Since
chlorophyll per se is a relatively poor UV absorber
(see review: 96) other substances related to the photo-
synthetic apparétus were believed by lill et al to serve
as a UV filter, thereby accounting for their 6 fold

variation in Do values bebtuween light and dark grown cells,

As an example of three of these substances, Brawerman et al

o

-

(see review: 95) have shouwn that the RNA and protein content
increases by about 40% in dark growun cellg induced to Torm
chloroplasts and Stern et al (see review: 95) have shown
that ergosterol, which has a large UV absorption cross-
section, is present in 1aréer amounts in light grown than
dark grown cells. In O. cardizcum 1t is also possible
that decreases in the relative amounts of unknown substances
in winter growun cells and hence decreased shielding of the
- nucleus could explain the 2 fold difference in racdio-
sensitivity. |

The seasonal difference in radiosensitivity could
also be interpretated by assuming a difference in the
efficiency of the repair mechanlisms for winter and summer
grown cells. o evidence has been found in the literature
for any otner work that might substantiate this hypothesis.
In addition, a preliminsry investigation on photoreactivation
suggests that UV-irradiated cells from either period are

equally photoreactivable.
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As described ezrlier, a persistent second sioulder
at about 10% was found on the survival curves at all cell
ages. he second comoonent of the curve was initislly be-
lieved to reoresent a UV-resistant nutant. However, siunce
as s own in Iig. 12, the radiosensitivity of the n»nrogeny

frow single cells wi:ich had survived a high dose of UV

{

radiation was comonarzble to the radiosensitivity of the
cells from "normzal" cultures, the agparént resistance of
cells in the second comnonent of the surviv.l curve was
not inheritable.

Several exjperluenters, for example Zlkind and

Sutdon (74) with 3. cerevisiae, Deering (61) with B.

emersonii and Horsley et sl with 0. cardiszcum (78) have

also obtzined comnlex surviv:l curves exhibiting a2 second
shoulder following ionizing radiation. Both Elkind and
Sutton and Deering have obtuined similarly shaped comnlex
curves using UV radiation. The explanation offered by
these investigztors to expnlain the shane of the curves is
based on the »resence of 2 smzll moiety of cells whose
existence is attributed to either the decay in synchrony

of the cell ponulation or, in the case of Elkind and Sutton
to a mixed nonulation of divisional and interdivisional cells,
These small moieties have survival naramecters, Do and n,
significantly different from those of the main group of
cells and the final survival curve of the populztion is
explained by the addition of the survival curves of the

two moleties mixed 1in proportion to the relative size of
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the two moleties. For example, with 0. cardiazcum the
complex survival curve following lonizing radiation is
obtained only for cells irradiated in G2. At the middle
of G,, the population consists of approximatély 70% GZ'
cells and 30% S cells (82). Cells from these two stages
differ in radiosensitivity by about a factor of 7 for
thelr Do values and by a factor of about 40 for their n
values. Such large changes 1in the parsmeters account
for the presence of the second shoulder and subsequent
decline in survival. Furthermore, as one would expect,
for survival curves measured during G2 the extrapolation
of the second shoulder to the zero-~ordinate axis varies
depending on the proportion of S cells present in the
predominantly G2 nopulation.

In contrast to these findings for ionizing

radiation, with UV radiation in O. cardiascum the second

shoulder is seen at all cell ages and furthermore the
extrapolation of the second shoulder to the zero-ordinate
axis 1s relatively constant (8 to 12%). In addition the
n values of the initial portions of the survival curves at
all cell ages are practiczally coustant and the Do values
change only by a factor of about 2.5. These points of
difference make 1t difficult to explain the gecond shoulder
in 2 similar way as was done with ionizing radiation,
Evidence has already been presented thaet
appreciable cytoplasmic absorption does occur in O,

cardiacum cells. As shoun in Table A, Avpendix D, there
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is an arpreciable variation in the position of the npucleus
within the cell at each cell agze. In Pig. 15, Appendix E
a histogram of the measurements at 3 cell ages, 3 (Gl)’

6 (S) and 13 (Gz) hr respectively are presented. At each
cell age the histogram shows an atypicel distribution of
the measurement of the amount of intervening cytoplasmic
material in front of the nucleus, Nuclel in those cells
which are more remote from the apical cell wall (in the
range 48 to 63 1) would receive much less radistion than
those nuclei which are closer to the apical wall. It is
conceivable that these more remotely placed nuclei would
receive, 1ittle if any UV radiation at low or moderate dose
levels. Hence, these cells uwould anpear radioresistant.in
the population., Only when a high dose of UV radiation

was employed would sulfficient energy penetrate the
intervening cytoplasm to inasctivate the nucleus. Due to
the limited knouledge about UV attenuation in these cells
it is difficult to estimate from the histogram exactly
what fraction of the cells would constitute this apparent
radioresistant group. It is conceivable though, from an
examination of the right hand side of the.distribution,
that it could be in the order of 10%.

The effect of this small group of cells with their
nuclel situated more distal from the UV source could
explain the initiation of the second shoulder. For example,
with reference to Fig. 8 the appearance of the second

: 2 so & .
shoulder occurs at about 17 K ergs/mm”~., At doses higher
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then this (17 to 30 K ergs/mmz) the 8% moiety not yet
inactivated in the population would receive a dose to
their nuclel less than you would expect by an amount
proportional to the average percentage absorption of the
extra intervening cytoplasmic material. If this were
the only phenomenon present, the survival curve would
not be expected to turn down as was observed experimentally.
In order to explain this second turning down of the
surviveal curve an additional mode of injury must be
postulated which 1is only evident at relatively high doses
(beyond 30 K ergs/mmz). This additional mode of injury
could very well be cybtoplasimic in nature,

Support for UV cytoplasmic damage is seen in the
work of Von Borstel and Wolff (35) who have shoun dose-
hatchability curves for UV-irradiated H. Juglandis eggs.
In their experiments they were able to shield the nucleus
from UV radiation and hence obtain separate response curves
for both nuclear and cytoplasmic damage. These response
curves are shown in Appendix P. [or nuclear UV damage the
initial part of the curve showed little or no shoulder
region; however, for only cytoplasmic damage the response
curve showed a relatively large shoulder before an
exponentisl decline in fesponse. In the nuclear response
curve they observed the initiation of a second shoulder at
approximately the 33% survival level which they attributed
to cytovlasmic absorption. Unfortunately they did not

carry this response curve to dose levels beyond the end of
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the shoulder region in the cytoplasmic damage response
curve. Therefore they did not observe a second
exponential decline. It would seem reasonable in reviewu-
ing thelr work to expect that they would have observed
this phenomenon if they had gone to higher dose levels
wvhen irradiating the nucleus.

Swann (68) has suggested that the break on the
survival curves of S. pombe could be due to the existence
of = fairiy clearly defined threshold for damage of  a
physiolocical sort., He observed at high doses that his
cells died sooner and often without completing a single
post-irradiation division. He suggested that at these
doses non-genetic damage uwas superimposed on genetic
damage. In contrast, in 0. cardiscum it is suggest that
cytoplasmic damage 1s superlimposed on genetic damage only
at very high dose levels and that this eccounts for the
second decline in survival,

Cytoplasmic damage, involving the photosynthetic
machinery has been reported by several investigators
(see review: 95). Van Baalen (97) has observed that in

the blue-green alga Agmenellum cuvadrunlicatum, a major

part of the UV-induced damage up to a dose of 7350 ergs/
mm2 occurred in somne part of the photosynthetic machinery.
The same dosages that caused decreased survival also
killed photosynthesis, and the same photoreactivation
conditions required to bring the survival level back to
1003 also resulted in the complete recovery of photo-

synthesis., From these results he concluded that the
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chromophores for UV damage and the action of photo-
reactivation were in the photosynthetic machinery and
did not involve DNA, In similar experiments with Chlorella

pyrenoidosa he found that at approximately twice the UV

dose for A. guadruplicatum, photosynthesis decayed with

similar kinetics., In contrast to A. guadrunlicatum, the

decay was not photoreactivable. Bell and lierinova (see
review: 96) measured photosynthetic inhibition in (.,

nyrenoldosa and concluded that the inhibitory effect

was produced by the interaction of UV radiation and
nucleic acids contained within the chloroplast. Halldal

(96) has shown that in the green alga Ulva lactucs

2

photosynthetic inhibition 1s at a maximum at 220 mu., AL
260 mu, the relative efficiency of inhibition was less
than 25%. He believed that photosynthetic inhibition was
due to protein and enzyne inactivation since at wave-
lengths where DNA abosrbed insignificantly‘(ZZB to 238 nu)
inhibition was reversible. It 1is possible that cytoplasmic
damage to the chloroplast and subsequent photosynthetic
inhibition may also be correlated with loss‘of reproductive
ability in UV-irradiated 0. cardlacum. However, since
consicderable evidence has been »resented that the major
effects of UV radiation are primarily at the nuclear level

(see Introduction) and since Marcenko (34) has shoun that

in the green algaee Netrium digitus reversal of UV-incduced

damage of reprocductive abllity is mainly assocliated with

the nucleus, it is believed that in 0. cardiacum loss of
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reproductive ability following 254 mu irradiation is
primarily (90ﬁ) associated wilth nuclear damage.

Another ible explanation for the second

o)

shoulder can be made which postulates the presence of a
small but oonstént moiety of cells at all ages which are
prhysiologically different from the main group. Cells in
this group are presumed to have a highly efficient repair
mechanism which does not become saturated until relatively
higzh dose levels. When 1t does become sabturated 1t could
explain the presence of the second shoulder and subseguent
decline in survival. Zamenhof and Reddy (93) have
suggested this hypothesis to account for the plateau or
platean followed by an incfease in mutation frequency at
low survival levels of UV-irradiated B, subtilis spores.
They believed that the efficiency of the mechanism that
repalired UV-induced mutagenic lesions was different at
different levels of survival.

The age-dependent response for UV radiosensitivity
of Qedogonium cells is similar in shape to the response
observed by Horsley and Pu a (79) for C. cardiacum
cells exposed to ionizing radiation (Fig. 14). Cells
were most resistant to both types of radiation during
nid S and most sensitive during the latfer part of GZ'
The response to the two types of radiation differs in
that n remains essentially constant for cells exposed

to UV radiation but changes by a factor of 40 for
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ionizing radiation., The kinetics of cellular division
following the two types of radiation was observed to be
guantitatively different. Up to 87% of the non-surviving
progeny from UV-irradiated cells were unable to complete
a single post-irradiation division. In contrast, with
ionizing radiation about 90% of the non-survivors at
all dose levels un to 16 K rads divided at least once
(81). Djordjevic and Tolmach (47) have also observed
that x-irrediated Hela cells are able to enter, an
usually to complete, mitosis following irradiation at
dose levels leaving only a few percent of the cells
viable.. In contrast, a UV dose that left more than 17
of the cells viable gave evidence of destroying the
majority of cells within 30 hours. Why destruction is
slower with x-rays is not Xknoun.

A further difference observed qualitatively
between the two radiations in 0. cardiacum was seen with
respect to the different expressions of radiation damage
among the non-surviving progeny. [for example, there
were relatively very few gilant cells seen in the non-
surviving progeny at all cell stageé. In contrast, for
ionizing radiation up to 50% of the cells irradiated at
8 K rads produced filaments in which at least one of the
cells was a giant (8l). Rauth and Whitmore (67) and
Lee and Puck (101) have pointed out that few gient cells
are produced by UV radiation in mammalian cells in

comparison to ionizing radiation.
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The similarity in the stage dependent responses
between UV and ionizing radiations suggests that the same
target material is involved. However, the differenées
noted above suggest that the nature of the damage

inflicted is different.



SUNMMARY AND CONCLUSIONS

As was pointed out in the Prefece the aim of

this investigation was to determine the UV radiosensitivity

. N % @ H
of synchronously grouwing Oedogonium cardiacum cells. The

radiosensitivity has been measured at different times

during the first generation cycle and compared to the

X-irradiation response. The variation in UV radiosensitivity

was about 2.5 fold with cells in mid S stage being the

most resistant and cells in late G2 the most radiosensitive.
.

It is believed that most of the variation in stage radio-

sensitivity can be attributed to differences in the effi-

ciencies of the repair mechanisms at different cell ages.

1. 1.

Evidence has also been vnresented to show that the magnitude
of the UV radiosensitivity was different in the winter and
sunmer months of the experimental period. This seasonal
veriation 1s explained by differences in cytoplasmic
absorption of the UV beam,

The complex shape of the measured- survival curves
at all cell ages indicates the presence of a smgll group
(10%) of cells exhibiting a marked difference in radio-
sensitivity. The existence of these inflection points on
the survival curves is attributed to differences in the

attenuation of the UV intensity in passing through the cell.
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It was shown that variations exist betueen cells for the
distance betuween the nucleus and the apical cell wall
large enough to account for marked lrregularities in the
amount of irradiastion received by the nucleus. Since it
is postulated that the nucleus is primerily the target
‘site for UV inactivation, the nucleus in the small group
of cells would be additionally shielded by the increased
amount of intervening cytoplasm. The effect of this
shielding would introduce 2 break into the survivsl curve.
The exponential decline following this break is attributed
to cytoplasmic damzge superimposed on nuclear damage at
high dose levels. This explanation is favoured but other
hypotheses have also been considered which at the present
time can not be elinminated as possible explanations for
the complex shane of the curve.

The similarities betuwecen the UV and x-ray age
devendent response suggest that the targetévprincipally
damaged by both radiations are the same wnile the kinetics
of cell grouth following irradiation and the different
expressions of radiation damage suggest that the mechanisms
of action of the two radiations are lundamentally different.

A number of hypotheses have been suggested to
explain the shave of the complex survival curves and the
variations in sensitivity at each cell stage. Murther

experiments are planned with Oedogonium cardiacum to test

the validity of some of these hynotheses.
(1) Further studies on photoreactivation at

different light inteunsities to determine what amount
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of vislible light 1s necessary to bring about maximum
photoreactivation and if photoreactivation is stage
dependent.

(2) HKeasurements of chlorophyll content in
sumner and winter grown cells to determine if seasonal
sensitivity variations are attrivbutable to differences
in the cellular components associated with photosynthesis.

(3) Microspectrophotometric studies on UV
absorption through different parts of the cell using a
microbeam of 254 mu radiation.

(4) Studies on the radiosensitivity of progeny
from successive subcultures of UV-irradiated single
cells to determine if a UV resistant strain can be
isolated.

(5) A gquantitative measurement of different
morphological expressions of UV radiation damage observed
throughout the experiments.

(6) Experiments on split dose studies (Elkind
effect) to search for recovery from UV radiation
sub-lethal damage. Results in the literature are

contradictory regarding the presence of this phenomenon.
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SOIL EXTRACT - after Horsley and Fucikovsky (76)

Combine 50 ml of dry powdered soil
with 600 ml of distilled water, boil for 2,
2 hour periods of 1 week interval and then
decant. PFilter supernatant through qualitative
and glass fiber filter paper (3x) and dilufe

with distilled water to concentration required.

MODIFIED MACELIS' OEDOGONIUM MEDIUM E (98)

,CaCIZ 0.069g
KH2P04 0.200
KN03 2,020
1gSOy,+ 7H,0 0.250

Dissolve in 1,000 ml distilled water,
add 1 ml trsce element solution and 1 ml
vitamin 312.

Final pH = ca. 6.5

TRACE ELEMENT SOLUTION - after Hutner et al (99)

H3BO3 1.00g
CUSO“_‘Sﬂzo 0.15
EDTA (Na) 5.00
Zn804°7H20 2.20

CaCly 0.62

g7
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F8804'71120 0.50
Ca012~6h20 0.12

(NH4)6-M07024‘MH20 0.10

Add to 75.0 ml distilled water, boil
and cool slightly. Adjust pH to ca. 6.5 by
the addition of solid KOH pellets and dilute
final solution to 100 ml by the addition 6f

distilled water.



PEULGEN STAINING TZCHNIQUE

(Emmel and Cowdry (100))

PIXING: Remove slides from culture vessels, spray with
"distilled water and fix in filtered Carnoy's solution
saturated with FeNHu (SOM) .12H50 for 15 minutes. VRinse
each slide in 95% EtOH for 5 minutes and then dip in
dilute collodion (10 wl ether, 80 ml absolute ether,

10 ml collodion) for 2 minutes. This prevents loss of
cells from the slide during the staining procedure.
Place slides in ethanol chloroform for 5 minutes to

harden the collodion.
Pass slides through the following series:

50% LEt0H - 5 min

{
i

{2
o

running tap water - 10 min

=

60°C 1N HCI - 13 to 17 min
feulgen - 1 hr |
S50p water - 13 min

running tap water - 15 min



DEHYDIATION: 5073

70/5
80/
95%
100%

1005

1007

10073

xylol - 30 min

av 051
EtOH
EtOl
EtOH
EtOII

Lt0il

—

1
W W w w w

and

100
rin
min
min
min
min

ether (9:1) - 2 to 5 mnin

until collodion is removed

Et0i - 2 min

EtOH and xylol - 1 min

Mount each slide with diluted permount (2 parts

xylol and 1 part permount);

FEULGEN'S REAGENT

Dissolve 2g Basic Fuschin in 400 ml distilled

boiling water, cool to 50°C and add 40 ml 1N HCl. Cool

to 25°C and add 2g NapSy0s.

Refrigerate overnight and

add bg Norit, filter and store in dark bottle.

S0, WATER

s S iy - e B

Dissolve l.5g NaH503 in 30 ml distilled water.

Add 25 ml 1N HCl and dilute to 500 ml by the addition of

distilled water.
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APPENDIX C

Q&—l?ﬂ BACTURTIOPIAGE AS A BIOLOGICAL DOSIMETER

Dilute 6x—1?4 phage in FBS to approximately lO6
pfu/ml and irradiate in an open petri dish. Remove small
aliquots at regular intervals and dilute in P3S., Determine
pfa of irradiated phage by soft agar technilque. Combine
0.2 ml phage, 0.2 ml E, coli C and 3 ml soft agar. Pour
over agar plates and incubate for 3 to 6 hr at 37°C,

Count each plate for number of plaques and determine the
survival curve for pfa of the bacteriophage assuming
single hit target kinetics'and a Do of 85 ergs/mmz. Apply
correction factor of Morowitz (91) for UV absorption by
medium, to determine the incident intensity on the surface

of the medium.,

PBS SOLUTION: DNaCl 8.00g NaZHPOu 1158

ety

KC1 0.20 KH2P04 0,20

Dissolve in 1 litre of distilled water and

sterilize by millipore filtration,

AGAR: Soft agar Bottom agar
8g Special Noble agar(l) 10g Specizl Noble agar
(1)

8g nutrient broth 8g nutrient broth

1l 1litre distilled water 1 1litre distilled water

(i) PFisher (Difco) Laboratories, Toronto, Ontario.



Autoclave to sterilize. Keep soft agar at 42°¢,
Pour ca. 10 ml of bottom agar into 100 x 15 mm petri
" dishes and cool.

E. COLI C

—— e e s

Prepare overnight cultures in Bacto nutrient
broth. Grow at 37°C to a concentration of approximately

108 cells/ml.
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APPENDIX D

TABLE A

Cell leasurements for Different Ages in the First Generatlion Cycle of Feulgen_stained Cells

Cell Age Cell Nucleus Distance (u) Between the Apical Cell Wall
(hr) Dimensions Dimensions and
(u) (w) Nuclear Membrane Center of Nucleus
(1) (2) (3) (4) (5) %
1.8 96.6 x 30.4 10.5 © 7.2 37.2 + 4.6 b2k '
42,1 Gy
3.0 97.8 x 30.3 13.0 x 7.0 35,3 & 7.1 41.8
5.0 101,11 % 29,8 2.6 x 8.0 33.2 + 6.3 38.0
5.0 99.3 x 30,0 8.9 = 9.4 35.9 + 7.1 Lol
> 40.7 8
75 94,1 x 29.5 11.2 x 11.7 37.0 + 8.5 2.6 %
3.8 104.5 x 29.8 9.5 x 7.2 37.0 + 6.8 1.7 }
11.0 97.9 x 27.3 11.5 = 9.3 35.3 + 6.3 o 41.0 -
L 40 G,
13.0 102.8 x 31.3 13.0 x 11.7 32.5 & 7.7 ©39.0 [
-
15.0 106.0 x 30.4 14.6 x 12.4 3045 % 7.3 37+5 late G,
A M
# The va

ves in column (5) have been determined by the addition of one-nalf column (3)

€0T
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APPENDIX I8

PiG. 15

Comparison of the histograzms of the distance
“between the outer nuclear membrane and anical
cell wall for cells age 3(Gl), 6(3), and 13(G2)

hr respectively.,
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APPENDIX F

UV EXPOSURE (sec)
% @ s wo 1o wo

100 Z
4
i R
A
N\
o 2 A
\"
a

b—

I

HATCHABILITY (%)

»

250 500 750 1000 1250 1500
UV DOSE (ergs/mm?)

Fic. 3.—Dose-hatchability curves for Habro-
bracon eggs irradiated on their convex (nuclear)
(O, ultraviolet; @, ultraviolet plus photorcac-
tivating light) or concave (nonnuclear) (A,
ultraviolet; A, ultraviolet plus photoreactivating
light) surfaces. »
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