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Recovery from potentially lethal damage (PLDR) after irradiation was studied in plateau-phase
culture of Vero cells in vitro.

Unfed plateau-phase cells were irradiated wth dose of 1 to 9 Gy using Cs-137 irradiator. Cells
then were incubated again and left in situ for 0,1,2,3,4,5,6, and 24 hours and then were trypsinized,
explanted, and subcultured in fresh RPMI-1640 media containing 0.33% agar. Cell survival was
measured by colony forming ability. An adequate number of heavily irradiated Vero cells were
added as feeder cells to make the total cell number constant in every culture dish.

As the postirradiation in situ incubation time increased, surviving fraction increased by PLDR.
The rate of PLDR was so rapid that increased surviving fraction reached saturation level at 2 to
4 hours after in situ incubation. As the radiation dose increased, the rate of PLDR fastened and
the magnitude of increased surviving fraction at saturation level by PLDR also increased.

In analysis of cell survival curve fitted to the linear-quadratic model, the linear inactivation
coefficient (a) decreased largely and reached nearly to zero but the quadratic inactivation
coefficient (8) increased minimally by increment of postirradiation in situ incubation time. So
PLDR mainly affected the damage expressed as «. In the multitarget model, significant change
was not obtained in D, but in D,. Therefore, shoulder region in cell survival curve was mainly
affected by PLDR and terminal slope was not influenced at all. And dose-modifying factor by
PLDR was relatively higher in shoulder region, that is, in low dose area below 3 Gy.
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INTRODUCTION

Viability of irradiated mammalian cells depend
on three categories of damage imposed. Lethal
damage is irreversible, irreparable, and leads to
cell death; sublethal damage (SLD) can be repaired
within hours uniess additional SLD is accumulated;
and potentially lethal damage (PLD) can lead to cell
death if expressed and to cell survival if repaired,
influenced by postirradiation environmental
condition'®,

Potentially lethal damage repair (PLDR) was
known to have similiarity with liquid holding recov-
ery (LHR) that observed among microbes such as
Escherichia coli B, E. coli K-12, and Sacchar-
omyces cerevisiae*®. LHR is an interesting phe-
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nomenon that when microbes are left in non-
nutrient media or in darkness to delay cell division
and then cultured in nutrient media after exposing
to ultraviolet or ionizing radiation, more colonies
are formed than done when cultured in nutrient
media immediatly. It is suggested that damaged
DNA are repaired by excision repair mechanism in
which certain genes are actively involved during left
period after irradiation®61#1419),

In mammalian cell lines, PLDR has been con-
firmed to exist. PLD or PLDR is the most recently
discovered radiation damage or repair and their
role in radiotherapy for tumor control is recently
evaluated as potential importance. After report that
plateau-phase cells with stationary cell number
owing to nutrient deficiency or confluent cell popu-
fation could be an good in vitro model for in vivo
tumor, researches on PLD or PLDR have been
concentrated on plateau-phase cell system. As



decreased mitosis resulted from rapidly reduced
rate of DNA synthesis is in equilibrium with cell
death, the total cell number is in static state and
most of cells are in G; or Gy phase in the cell
CyClels’zs'?’G).

PLDR was observed in suboptimal growth con-
dition after irradiation and magnitude of PLDR
increased in proportion to exposed time in the
condition and then reached a saturated level
according to many assays using animal cell lines;
normal®2%:27.3546) gor tumor>!"323% and human cell
lines; normal?*~2® or tumor®3%41~44_ Fyrthermore,
mechanism of PLDR was suggested to have partial
analogy to that of LHR by studies of cell lines
deficient of DNA repair in molecular level?2:3840.45)
But there have been debates on how PLDR affects
cell survival curve by postirradation conditional
time. PLDR was reported to change slope (Dy) in
high dose range only, while recent studies have
shown contradictory result that slope is not chan-
ged but shoulder region in low: dose range is in-
fluenced by PLDR®>!6:21:35),

In this experiment, we aimed to clarify Kinetic
patterns of PLDR and analyze effect of PLDR on cell
survival curve after low-dose irradiation using an
normal animal cell line in unfed plateau phase in
vitro. Postirradiation environmental condition of
PLDR was postirradiation in situ incubation.

MATERIALS AND METHODS
1. Cell Line

Vero cells derived from kidney celis of normal
aduit African green monkey were used. Passage
number was 135. The cells were preserved at -70°C
in cryomedia consisted of DMEM (Dulbecco’s
modified Eagle’s media, Flow Lab.) 40%, FBS (Fetal
bovine serum, GIBCO) 50%, and DMSO (dimethyl
sulfoxide) 10% and used after thawing.

2. Incubation

RPMI 1640 (Flow Lab.) with FBS 5%, Sodium
bicarbonate 24 mM/L, HEPES 20mM/L, and
gentamicin 50ug/ml was used as growth media.
Cells in T-25 tissue culture flasks (Falcon) were
incubated in CO, incubator with CO, 5%, 37°C, full
humidification. Vero cells reached plateau phase at
day 6 and continued till day 12 after cultur with the
initial cell density of 4x10% cells/25 cm? (Fig. 1). The
population doubling time in exponential phase was
22.7 to 30.1 hours and the saturation density at
plateau phase was 7.72 (+0.91) X108 celis/25 cm?

(95% C.l.), that is, 20 times as many as the initial cell
density. The plateau phase in the experiment was
determined as periods between day 7 and 9 after
culture. Cells grew and formed monolayer attached
to growth surface, the bottom of tissue culure
flasks, and were confluent at plateau phase (Fig. 2).

3. Viable Cell Count

To explant cells attached at growth surface,
media were discarded and cells were rinsed 2
times with sterile PBS (phosphate buffered saline,
pH 7.2), then were exposed to 0.2 to 0.3 ml solution
mixed with 0.05% trypsin (1:250) and 0.02% EDTA
for 5 to 10 minutes at room temperature. After
inhibiting trypsin action by adding 5 ml RPMI-1640
media, pipetted to make detached cells to single
celi suspension (SCS). Dye exclusion method was
used to count viable cells in single cell
suspension®?. Mixing SCS with the same amount of
0.2% trypan blue, unstained cells were counted as
viable ones using hemocytometer (improved
Neubauer, AO) and phase-contrast microscope
(Microstar, AQ). Four chamber countings were
averaged.
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Fig. 1. Growth of Vero cells, 4 x 10° cells were plated
in replicate T-25 tissue culture flasks, and
media were not changed (unfed). Each day
cells from two flasks except O, 6, and 12"hr
points wereé trypsinized and counted by hemo-
cytometer. The plotted points represent ave-
rage four readings and error bars indicate two
standard errors.



4. Irradiation

Cells in air-tight flasks got radiation in the Cs-137
irradiator (Mark Type |, Shepherd) at room tem-
perature. On circular lucite plate set to rotate 6
times a minute, flasks were symmetrically posited
to be irradiated evenly. The dose rate was 3.8 Gy/
min.

5. Determination of Viability of Irradiated Cells

Cell viability after irradiation was determined by

colony forming ability. After irradiation cells were
trypsinized, explanted, and subcultured in fresh
RPMI-1640 media containing 0.33% Agarose type
Il at low density. And as the plating efficiency (P.E.)
depends on cell density,*® a variable number of
heavily (16 Gy) irradiated plateau phase Vero cells
were added as feeder cells to the cell population to
be tested for clonogencity so that the cell density in
all dishes with agar media might be constant (5X
10° cells/dish).

Fig. 2. Morphology of Vero cells in plateau phase. Anchorage dependent
cells like fibroblasts were confluent in T-25 flask.
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Fig. 3. Morphology of colonies formed in RPMi-1640 media containing
0.33% Agarose on 12 days after culture. Colonies were stained with
0.5% crystal violet, round and well demarcated.



We modified the Freshney's semisolid culture
method!® for colony formation. RPMI-1640 media
containing 50v/v% of 0.66% Agarose Type Ml
(Sigma, A-6138) were kept in fluid state at 427C.
Irradiated SCS were mixed with feeder SCS in ice
bath after dilution needed and make the mixed SCS
to be 25ml in tube, by adding culture media
without agar if necessary. And 2.5ml media
containing 0.66% agar were added to this mixed
SCS, stirred to be mixed evenly, and placed into
tissue culture dishes (Falcon, 60 mm). Before
semisolidifying completely, dishes were overlayed
with 0.5 ml media containing 0.66% agar and then
subcultured.

Stained with 0.5% crystal violet (Sigma) in 11 to
13 days after subculture, colonies consisted of
more than 50 cells were considered as clonal
proliferation from a viable celi after irradiation and
counted. Size of the viable colonies were larger
than 0.5mm in diameter. Microscope and naked
eyes were used in counting colony. Colonies were
formed at the bottom of dishes, shaped round with
distinct margin easy to count. (Fig. 3)

6. Experimental Design

Cryo-preserved cells were thawed and incubat-
ed with initial cell density of 4x10° to 5X10° cells/
25 cm?2. In plateau phase, cells were irradiated with
dose of 0,1,3,6 and 9Gy, and then were placed
immediatly again in incubator and left in situ with-
out changing media for 0,1,2,3,4,5,6, and 24 hours.
At each time, 1 flask were removed from incubator
and cells in the flask were trypsinized, explanted,
and subcultured in 4 replicate dishes. Number of
irradiated cells in each dish were determined to
form 50 to 200 colonies by PE of pilot assay. And
the total number of cells in dishes were nearly
constant, from 5.00X10° to 5.10X10%. (Table 1,2)

7. Analysis

Surviving fraction (SF) after irradiation was
calculated by ratio of PE of irradiated cells to PE of
control cells;

SF= PE of irradiated celis
PE of control cells
_No. of viable colony

No. of cultured cell*

PE

Table 1. Experimental Grouping for PLD Repair

Radiation dose (Gy)

Number of culture dishes at time (hour) of incubation in situ after iradiation

0 1 2 3 4 5 6 24
0 4 a4
1 4 4 4 4 a4 4 4 4
3 a4 a4 4 a4 4 a 4 4
6 4 4 4 4 4 4 a 4
9 4 4 4 4 4 4 4 a

Table 2, Mixture Conditions of Inoculation to Tissue Cutture Dishes with Fresh Semi-Soid Media

Radiation Numbers of cells

Total numbers of cells

- " No’s of dishes in dishes containing fresh
Dose {Gy) Viable Feeder agarose media
0 10° 5 x 10% 2 5.01 x 10°
5x 10? 5x 105 2 5.05 x 10°%
1 10° 5x 10% 2 5.01 x 10°
5x 102 5 x 10° 2 5.05 x 10*
3 5x10? 5 x 108 2 5.05 x 10°
10* 5 x 10° 2 5.10 x 10°
6 5x 10* 45x10°% 4 5.00 x 10°
9 5 x 10° 0 4 5.00 x 108

Note *: Vero cells irradiated 16 Gy



(*; excluding feeder cells added)
PE of control cells were 0.55% (0.35 to 0.75: 95%
Cl) and not fluctuated in plateau phase period in the
experiment (Day 7,8, and 9). The ratio of SF at time
t (SFt) to SF at time O (SFo) was designated as
surviving fraction ratio (SFR) by the time left in situ
with equal radiation dose.

For the analysis of ‘dose-SF’ relationship,
obtained data were fitted and regressed according
to 2 models, linear-quadratic (LQ) model and
multitarget model*>'®  Parameters of 2 models
were determined by nonlinear regression method
of Statistical Analysis System.3V

RESULT

1. Change in Surviving Fraction

As the in situ time interval between irradiation
and subculture (post-irradiation incubation time)
increased, SF of Vero cells also increased (Fig. 1).

After irradiation of 1 Gy, SF was steady till 3hr
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Fig. 4. Survival- of unfed plateau phase Vero celis as
a function of in situ time to subculture after
various doses of Cs-137 gamma-rays. The plo-
tted points represent average of surviving fra-
ctions obtained from 4 dishes and bars indicate
S.E.

but abrupt increase of SF was noted at 4hr and
further increase was not observed up to 24 hr. Thus
maximum potential of increase of SF was reached
and already saturated at 4hr and. its average
magnitude was 1.67 in SFR. In 3 Gy, increase in SF
appeared to be saturated at 2hr and even had
lowering tendency at 6 and 24 hr. Average level of
saturation was 3.32 in SFR. After 6 Gy, the pattern
was peculiar and so there was no increase in SF
until 24 hr with 9.57 SFR. With 9 Gy, SF increased at
2 hr and its magnitude continued up to 24 hr, Aver-
age SFR in saturated SF’s was 12.56. Average SFR’
s in saturated level were all significant compared to
SF at time 0 except that observed in 1 Gy.

As the radiation dose increased, the in situ time
needed 1o reach sturation level firstly (Tmax) de-
creased and the in situ time for 50% of saturation
level (TY/,) also decreased; T!/, in 1,3 and 9 Gy were
2,1, and 1 hr, respectively. Although average SFRin
saturated level increased as the radiation dose
increased, SFR at 24 hr also had a tendency to be
saturated as radiation dose increased; SFR at 24 hr
were 1.61, 2.14, 9.57, and 9.25 in 1, 3, 6 and 9 Gy,
respectively. )

2. Dose-Surviving Fraction Analysis

Parameters by LQ model were tabulated in
Table 3. As the postirradiation in situ incubation
time increased, linear inactivation coefficient «
decreased rapidly and nearly reached to O but
quadratic inactivation coefficient g slightly in-
creased. Negative & value at 24 hr curve was due to
SF above 1 observed:in 1 Gy experiment. And this
value was adjusted by limiting to zero according to
the equation of Fertii & Malaise!¥ and then g
parameter was corrected. The value of «/8 de-
creased from 11.34 in immediate subculture t6 0.53
and O (adjusted value of -0.43) in 6 and 24hr
delayed subcultures, respectiviely, as post-

Table 3. Survival Parameters by L—Q Model

Post-irradia-

tion in sity o, Gy™ B Gy™
time (hr) {95% C.1.) (95% C.1.)
0 0.4048 +:0.0804 0.0357 £ 0.0142
6 0.0208+06025  0.0565*0.1067
24 ~0.0236 £0.4600  0.0545*0,0818
o* 0.0517*

Note, * ; adjusted values of 24hr in situ time parameters
by Fertil & Malaise’s equation



irradiation in situ time increased. In linear regres-
sion equation for LQ model, there was a conspicu-
ous change of a. (Fig. 5) In cell-survival curves by
LQ model, widening of shoulder region in low dose
range was major curvature change by increasing
postirradiation in situ incubation time while negli-
gible effect could be obtained in high dose range.
(Fig. 6)

SFR in LQ model dependend upon radiation
dose. In 6 hr in situ time, SFR at 1,3,6, and 9 Gy were
1.43, 2.58, 4.65, and 5.88, respectively. And in 24 hr
in situ time, SFR at 1,3,6 and 9 Gy were 1.51, 3.05, 6
64 and 10.31, respectively. Therefore, SFR in-
creased as to radiation dose upto 9 Gy with sig-
moid pattern in both conditions. (Fig. 7)

Dose modifying factor (DMF), ratio of dose
needed for same SF in immediate subculture to
dose needed in delayed subcultures, exponentially

N 24 DP r=-0.90
N 6 DP r=-0.87
[P r=-0.99

1P

01 2 3 45 6 7 8 9 1011 12
Gy
Fig.5. Inactivation data of Vero cells plotted as (In
SF/D) versus radiation dose D in Gy. SF =
surviving fraction. DP means delayed plating
; IP, immediate plating,
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Fig. 6. Single-dose cell survival curves of plateau phase
Vero cells by the linear quadratic model, The
plotted points represent average of surviving
fractions obtained from 4 dishes and bars
indicate S.E. DP means delayed plating ; IP,
immediate plating.
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Fig. 7. Surviving fraction ratio (SFR) as a function of
radiation dose by the linear quadratic model,
DP means delayed plating.
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Fig. 8. Dose modifying factors in delayed platings compared with imme-
diate plating by the linearquadratic model. DP means delayed pla-

ting.

Table 4. Survival Parameters by Multitarget Model

Post-irradiation n Do, Gy Dqg*, Gy
in situ time {hr} {95% C.1.) (95% C.1.) {95% C. 1.}
0 1.31£0.20 1.65 £0.20 0451 0.27
6 8.50 £8.12 1.18 £0.42 253 +1.46
24 26118388 223t445 214 £8.74

Note, Dq : quasithreshold

decreased as SF decreasd in log scale, thatis, DMF
in low dose range below 3 Gy was 3 or 4 times as
high as DMF in high dose range if subculture time
was equal. (Fig. 8)

Among the parameters by multitarget model,
significant change was noted in Dq, especially
between immediate subculture and 6 hr delayed
subculture, meanwhile other parameters, Do and n,
were not affected greatly by the post-irradiation in
situ incubation time. This also meaned that increase
in SF by delayed subculture after irradiation mainly
resulted in widening of the initial shoulder region at
cell survival curve. (Table 4)

DISCUSSION
Increase in viable cell number by selective deta-

chment of dead cells from flask or cell proliferation
did ndt cause SF of Vero cels to increase after

postirragiation incubation in situ. Because there
was no increase in numbers of cells that were
detached and floating freely in the media till 24
hours’ incubation and, what is more important,
irradiated celis were in the plateau phase when cell
number was stationary and environmental factors
inducing cellular proliferation were not applied to
the plateau-phase cells. Therefore this must be
caused by repair of damaged cells during postir-
radiation incubation.

Assuming that Nt is the number of viable col-
onies formed from Vero cells which were incubated
again in situ for t hours after irradiation and then
were subcultured, Nt can be expressed as follow-

ing;
Nt = N + SLDRT + PLDRt

where
N=colony No. from cells without damage



SLDRt=colony No. from cells repaired from SLD
PLDRt=colony No. from cells repaired from PLD
t=in situ incubation time, hours
So difference between Nt and No (immediate sub-
culture) is;

Nt-No = (SLDRt- SLDRo) + (PLDRt - PLDRo)

Because cells had single irradation and cell density
was constant at the time of irradiation, SLD amount
was equal and SLDR was also equal without regard
1o in situ time,*® thus SLDRt = SLDRo. And at t=0,
all cells with PLD had to be dead and did not form
a colony at all, and consequently PLDRo=0
because immediate subculture after irradiation in
fresh nturient media provided Vero cells with opti-
mal qrowth condition enough to express PLD.
Ther mre above equation can be shortened as

Nt-No = PLDRt or Nt = No + PLDRt (No = N)

Consequently, increase in SF, observed in cells
incubated in situ for t hours immediatly after irradia-
tion and before subculture, was due to the addition-
ally formed colonies from cells recovered from
PLD during that period, otherwise be lethal by PLD
expression.

When feeder cells, heavily irradiated plateau-
phase Vero cells, only were cultured, No=0 and
Nz, =2+1 (95% Cl). So had the feeder cells in the
experiment PLDR potential. Because feeder cells
were added to the cells to be tested for colony
forming ability just before subculture in fresh nutri-
ent media in low cell density, feeder cells and their
PLDR ability did not affect and confound Vero cells’
recovery from PLD and ability of colony formation.

in ‘general, surviving fraction increased rapidly
and reached saturated level by PLDR when cells
were irradiated in vitro in plateau phase and left in
situ. Kinetic analyses of PLDR showed a range of
Tmax from 2~4 hours®” to 4~6 hours®17:2549 gnd
that of T!/, 1~2 hours'®?®_ In a report*®, PLDR was
observed to start 3 minutes after postirradiation
incubation. Thus the rate of PLDR seems to be fast
irrespective of cells types. Another important
aspect of PLDR is that the magnitude of PLDR on
saturated level is dependent on radiation dose. In
this experiment, saturated magnitude showed dose
dependent pattern with saturating tendency. Dose
threshold for PLDR suggested by a report that PLD
was not repaired below 7.5 Gy?*? is not confirmed in
this study.

The more radiation dose to Vero cells, the faster
the rate of PLDR and the shorter Tuaz or T!/,. These
results are consistent with a report that the higher

the relative pyrimidine dimer load on the DNA of
fibroblasts by ultraviolet irradiation, the faster the
rate of its removal, suggesting that the overall
reaction is dependent on the concentration of the
substrate??.

Surviving fraction ratio at Tmax with 5 to 10 Gy
ranged 1.5 to 30 in other ceéll lines™?, and so that
ranged 10 to 13 in this study is of moderate magni-
tude. Surviving fraction around 1, which meaned
complete repair of PLD, with 1 and 3 Gy indicates
that reparability of Vero cells has high potential
enough to overcome damages induced by low
dose radiation.

Cotroversy about effect of PLDR on cell survival
curve still remains. Traditional belief was that PLDR
decreased the terminal slope of the multitarget
model (Do: mean lethal dose)!#26:3237:45:46) Tq the
contrary, recent analyses have shown that PLDR
mainly increased shoulder region without changing
Do®*1%21.3335  And some of recent workers even
insists on ‘in situ repair’ and ‘contact effect’ as
indepdent components of PLDR. In this study, Do
was not affected but Dg was significantly in-
creased, and a decreased greatly but £ increased
minimally, a result indicates that single-hit damage
expressed as a is the site of PLDR. In LQ model,
double-strand breaks of DNA is expressed as a,
parameter of cell killing by single-hit mechanism,
and is more irreparable than single-strand breaks
of DNA which expressed as g, parameter of cell
killing by double-hit mechanism. But it was recently
reported that a large component of the linear
mechanism of cell inactivation could be protected
by scavenging the indirect action of OH radicals®.
PLDR decreased both, @ and g in a report” and
evidence consistent with this experiment was publi-
shed that a fibroblast deficient of glutathione
synthetase which is involved in DNA repair and
scavenging free radicals induced by irradiation had
the higher value of & than and about the same vaue
of B as a normal fibroblast had®. In these respect,
it might be said that the main type of damage
affected by PLDR after low-LET radiation is the
damage expressed as a parameter in LQ model.

When SFR was extrpolated, it decreased after
maximum value (Fig. 7). This suggests that after
certain dose limit the reparability of PLD might
decrease or the amount of reparable PLD itself
might decrease. And higher DMF observed in low
dose region (Fig. 8) strongly reflects appearing of
shoulder region with great curvature by PLDR.

Although we cannot apply the results obtained



by in vitro assay directly to in vivo system, it has a
particular meaning that cell lines derived from
osteosarcoma or malignant melanoma, clinically
radioresistant, showed ever-increasing patterns of
PLDR after conventional cell lines reached saturat-
ing level of PLDR®*#® and that PLDR has been
observed not only after delivery of ionizing radia-
tion or ultraviolet but also treatment of
antimetabolites or cytotoxic agents®*¥. Molecuiar or
genetic investigation of debated and unsettled
nature and patterns of potentially lethal damage
repair will lead to understanding of cellular repair
mechanism in detail, modification of conventional
treatment against malignant tumor, and develop-
ment of controlling method of PLDR itself for tumor
control.
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