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SUMMARY

Human thyroid epithelial tissue from 23 indi-
viduals was obtained from surgical tissue, and
cultured in vitro. Dose-response survival curves
showed thyroid cells, when compared to
mammary epithelial and skin fibroblast cells
of human origin, to be only slightly more radio-
sensitive to X rays. Cell survival curves from the
cell strains showed wide variability in radiation
sensitivity. Of the 23 cell strains tested, 21
strains displayed significant shoulders (nonzero
quasi-threshold (Dg) values and extrapolation
number (n) values greater than 1)* at low dose
exposures. The ability of human cells to recover
from radiation damage was further studied by
dose fractionation. Two cell strains were given
a total X-ray dose of 304 cGy in two equal
fractions separated by varying time intervals.
Maximal cell survival was observed when the
time interval exceeded two hours. When the
two cell strains were exposed to 152cGy of
X rays followed four hours later by second
graded doses, cell survival was enhanced as
compared to survival after single dose exposures.
However, no benefit of dose splitting was
observed when cells were exposed to low second
doses. These results support previous studies
showing that human cells are capable of repair
but require relatively large doses to elicit a repair
response.
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* n - the extrapolation number, is the value obtained by extrapolating the exponential portion of the survival

curve to the zero dose intercept; Dg - quasi-threshold dose.
n-SHE I EFHAROBEHRNBE T FEE (M) LTYME X b L5 OMHZzRT. D -HiH i,

1 Gy=100cGy =100rad

Approved 7&323 7 January 1985

1 Gray=1 Gy=100cGy=100rad
1 Gray =

Printed FI R September 1985



RERF TR 2-85

INTRODUCTION

In vitro cellular studies have used fibroblast
cells almost exclusively to examine the response
of human cells to ionizing radiation because
of the ease of establishing and maintaining
fibroblast cultures. While the results of radio-
sensitivity studies have relevance to the under-
standing of the response to radiation of actively
proliferating fibroblast cells in vivo, most human
cancers are of epithelial cell origin. The recent
technological advances'™” of in vitro culturing of
human epithelial cells have enabled investigators
to study epithelial cell responses to ionizing
radiation directly.

Epidemiologic studies® ! have shown that
human epithelial cells are sensitive to ionizing
radiation. The incidence of both breast cancer
and thyroid cancer in individuals exposed to
radiation accidently, therapeutically, occupa-
tionally, or during an act of war is increased
compared to matched controls. Yang et al'?
performed in vitro studies to examine the dose
response of human mammary epithelial cells to
X rays and found mean lethal dose (Dg) values™®
within the range of values routinely observed
for fibroblasts. However, the survival curves
were unshouldered and therefore suggested an
inability of the cells to repair sublethal damage.
Studies with rat mammary™® and rat thyroid '
epithelial cells, on the other hand, show that
cells are able to repair sublethal damage.

The present study examines the response of
human thyroid epithelial cells of 23 individuals
to x-irradiation. In two individuals, dose
fractionation techniques were used to elucidate
the radiation damage repair potential of
epithelial cells.

MATERIALS AND METHODS

Cell Culture

Cells, from normal tissue surrounding either
papillary carcinomas or follicular adenomas,
were obtained from excised tissue of the thyroid
during surgical treatment of previously untreated
patients at the Second Department of Surgery,
Hiroshima University School of Medicine.
Immediately after excision, surgical tissue was
placed in a container of sterile saline surrounded
with ice. Primary cultures were prepared as
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previously described . Briefly, tissue was
minced and enzymatically digested with
collagenase at 37°C to yield single cells and cell
clumps in suspension, The suspension was
filtered (53 um pore size) to remove undigested
stromal tissue and then centrifuged to separate
the cells from the supernatant. After removal
of the supernatant, cells were reconstituted
in a 1:1 mixture of aMEM and Ham’s F-12
growth medium containing 2.5% {etal bovine
serum, insulin (10wg/ml), hydrocortizone
(20 ng/ml), transferrin (5 ug/ml), glycl-1-histidyl-
L-lysine  acetate (10ng/ml), somatostatin
(10 ng/ml), epidermal growth factor (10 ng/ml),
glucose (2 g/liter), penicillin (100IU/ml), and
streptomycin (100 ug/ml). Cells were plated
into 60mm petri dishes, allowed to attach
overnight, then washed and refed with fresh
medium. Four to seven days later, cells had
amplified into numbers sufficient for experi-
mentation.

Experimental Procedure

Subconfluent primary cultures were trypsinized
and plated into dishes at various concentrations
depending on the estimated amount of cell loss
from plating (plating efficiency, PE)* and cell
killing by radiation (surviving fraction, SF)* so
that, after the two-week incubation period,
about 50 macroscopic colonies would appear
in each dish. After 18 hours incubation,
attached cells were x-irradiated at room temper-
ature using a Softex X-ray machine operated at
40kVp, 5SmA, with 0.2 mm aluminum external
filtration (786 cGy/min calculated dose rate).
Due to the poorly penetrating X rays produced
from this machine, medium was removed from
the dishes prior to irradiation and replaced with
fresh medium immediately after the exposure.
For both single and split dose exposures, cells
were returned to the incubator immediately
after each irradiation. After one week’s
incubation cells were refed with fresh medium.
At the end of the two-week incubation period,
cells were fixed in 10% formalin and stained with
Giemsa.
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* PE - plating efficiency determined by dividing the observed number of colonies from the control group at the
termination of an experiment by the original number of cells plated into the dishes; SF - surviving fraction is
the fraction of radiation-treated cells that have survived the treatment divided by the original number of cells

after adjusting for the PE.
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Statistical Analysis

For each experiment, the PE and the survival
parameters Dy, Dy, and n were determined by
the method of maximum likelihood which is
described elsewhere.!®> Briefly, the multitarget,
single hit model was fit to the data by the
method of maximum likelihood assuming the
numbers of colonies formed followed Poisson
probability distributions.

RESULTS

The responses of human normal cells in primary
culture to X-ray exposure are listed in Table 1.
Normal cell strains were derived from 19 females
and 4 males ranging in age from 31 to 75
yvears and who were being surgically treated
for either papillary carcinoma or follicular
adenoma of the thyroid. In addition, three
individuals (83.33N, 83.40N, and 84.03N) were
exposed to the Hiroshima atomic bomb.
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TABLE 1 NORMAL HUMAN THYROID CELL RADIOSENSITIVITY PARAMETERS
1 v bPEFRIRBHEIEOBEERZENNT A — 5 —

Cell Plating

Strains Efficiency Do Dq =

82.42N 0.038 88.4 (12.2) 0.0 (0.0) 0.9 ¢0.5)
83.02N 0.018 113.5 (1.4) 64.3 (6.7) 1.8 (0.1)
83.13N 0.123 934 (1.8) 89.0 (7.3) 2.6 (0.2)
83.18N 0.070 82.5 (3.5) 37.3(14.3) 1.6 (0.3)
83.26N 0.073 96.8 (3.6) 88.1(15.6) 2.5 (0.5)
83.29N 0.160 929 (2.3) 56.0 (10.0) 1.8 (0.2)
83.30N 0.042 72.5 (4.8) 17.9(17.0) 1.310.3)
83.33N 0.032 105.6 (9.8) 0.0 (0.0) 0.9 (0.4)
83.34N 1S - 89.2 (2.8) 74.6 (11.9) 2.3(0.4)
83.35N 0.078 926 (2.35) 80.6 (11.0) 2.4 (0.3)
83.36N 0.195 1137 (2.3) 36.7 (10.1) 1.4 (0.1)
83.37N 0:152 94.3 (2.1) ST {10.3) 1.8 (0.2)
83.38N 0.056 87.3 (4.0) 106.5 (14.5) 3.4 (0.7)
83.40N 0.110 90.7 (3.0) 94.8 (11.3) 2.8 (0.9)
83.42N 0.076 98.9 (2.9) 89.1(11.0) 2.5 (0.3)
84.03N 0.096 98.8 (3.4) 100.9 (12.8) 2.8(0.4)
84.16N 0.063 T3.1 3.1) 88.0 (13.7) 3.3(0.8)
84.18N 0.142 106.7 (2.8) 69.4 (10.5) 1.9 (0.2)
84.21N 0.022 705 13.1) 52.5 (12.3) 2.1(0.4)
84.23N 0.027 74.5 (4.8) 39.7 (16.8) 1.7 (0.4)
84.31N 0.088 110.9 (4.0) 0.0 (0.0) 1.0(0.1)
84.32N 0.067 76.8 (3.7) 41.8 (13.9) 1.7.40.3)
84.35N 0.085 91.6 (3.6) 70.4 (13.9) 2.2(0.4)

Parameter estimate (standard error of the estimate).
g A — g —REEM(IERANEHEEROBR®ERE)

Dg and Dy values are given in cGy.
Do fi & UF D iz cGy B{I TR L 7.



PE values for the 23 cell strains varied from 1.8%
to 16%. The dose-response survival curve
parameters Dy, Dg, and n varied substantially
between individuals. In all but three cases
(82.42N, 83.33N, and 84.31N), survival curves
had nonzero Dg values and n values greater
than 1. The average Dy, Dqy, and n values (£ SE)
for the 23 cell strains were 101.2(0.6)cGy,
57.8(2.6) cGy, and 1.8(0.0), respectively. Figure
1 shows the survival curve (solid line) generated
from the average parameter values. The shaded
area surrounding the curve represents the range
of actual dose-response survival curves for the
23 individuals. Single and two dose fractionation
experiments for cell strains 84.21N and 84.35N
are given in Figures 2a and b, respectively. The
results of both cell strains exposed to single
graded doses of X rays (labeled as ‘“‘single dose’’)
show survival curves with shoulders at low dose
exposures having Dy values of 52.5¢Gy and
70.4 cGy, respectively. At high doses, the
terminal slopes have D, values of 70.5 cGy and
91.6 cGy. For two-dose fractionation experi-
ments, cells were exposed to two equal doses of
152¢cGy X rays separated by various time
intervals from 0.5 to 5 hours. Immediately after
each exposure, cells were returned to the
incubator. As seen in Figures 2a and b, cell
survival was maximal when the time interval
exceeded two hours.
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Figure 1. The average-dose response survival curve of 23
cell strains. Shaded area shows the range of survival
curves for the individuals.
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FIGURE 2a
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Figure 2. Dose-response survival curves for cells exposed to single or two dose fractions of
X rays. a) cell strain 84.21N; b) cell strain 84.35N

2 XBE0O1EBHEIT2HNO0SEHBH AT~ & it K EE 7R,

a) Mifim 84.21N b) ifa 84.35N

Two-dose fraction exposures are also shown for
the two cell strains in Figures 2a and b. Cells
were irradiated with a first dose of 152 cGy
X rays, allowed to incubate at 37°C for four
hours, and then given second graded X-ray doses
from 38 to 453 cGy. At low doses, cells appear
to benefit little from the four hours interval
between dose fractions. However, at increasingly
higher doses, cell survival is significantly
enhanced by fractionation of exposure. By
dividing the amount of survival after dose frac-
tionation by survival after a single exposure for
each dose, the degree of recovery as a function
of dose can be evaluated.'® Figure 3 presents
the recovery ratio over a range of doses for the
two cell strains. Cellular recovery after a four-
hour time interval between the two doses is
minimal at low doses but rises sharply for cells
exposed to doses above 250 cGy.

X2a ZU'b Tk, 2HOMIZA T 5 2 [RFHRD
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bz HEEIASNEZVWEITHSE. LHL,
MARIZ L BI2o0, MREFRISEEHIZIELD
HEBIZILERATA. &R IcowT, BR5FIBEER
DEFRZINBBHEZOEGERTEHIZZ LIZLD,
MROMBE L TORBEEEZRDIZIENTE S.®
X31F, FEHERIZFTL2MOMANRIEREZRL -
LDOTHS, HERBGFGOMBEF4BMOSE, iz
ORBEFESETIRIIEEAERES LG VD, 250cGy
VEkoHRzBEgsh-Miaciy, [3#IIERT5.
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DISCUSSION

Dose-response survival curves show that for the
23 cell strains tested in this study, individual
variability results in a wide range of survival
parameter values. Dg values range from 70.5 to
113.7 cGy, Dq values vary from 0 to 106.5 cGy,
and n values vary from 0.9 to 3.4. Except for
three cell strains (82.42N, 83.33N, and 84.31N),
survival curves had 1initial shallow slopes
(shoulders) at low doses and steeper slopes at
higher doses. Previous studies have shown no
correlation between patient age at the time
of surgery,'*?® sex,”® or A-bomb hista::nr},r15
and the in vitro generated survival curves.
Additionally, the disease state of the patients
undergoing surgery had no significant influence
on cell survival parameters.’®

Although the range of Dg values suggests that
these cell strains are somewhat radiosensitive,
it is prudent to mention that the cells were
exposed to soft X rays. Zeitz et al'” have
reported a relative biological effectiveness
(RBE) of approximately 1.4 when comparing
Do values between ®®Co yrays and soft X rays.
Therefore, an RBE effect may account for at
least some of the apparent sensitivity of human
thyroid cells to X rays.
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Figure 3. Recovery ratios as a function of dose for two
cell strains (84.21N and 84.35N). Recovery ratio is
expressed as an ratio of surviving fractions after single
and fractionated X-ray exposures.
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The significant nonzero Dq values and n values
greater than 1 for most of the cell strains suggest
that human epithelial cells have the ability to
recover from radiation damage. Split dose
experiments with 2 of the 23 cell strains show
that these cells, when given sufficient time
between dose fractions, can recover from the
effects of the first dose before receiving the
second. It is interesting to note that if the
second dose fraction is small, there is little or
no apparent repair of damage by the second
dose. This is illustrated in Figure 3 where, at
low doses, very little enhancement in survival
is observed with dose splitting. However, at
high doses significant recovery ratios are
apparent.

Although recovery was not observed by Yang
et al'? when they examined the response of
cultured normal human mammary epithelial
cells to X rays, fibroblast cells of human origin
appear capable of recovery. Malcolm and Little'®
showed rapid repair of sublethal damage with
large dose fractions and Freeman et al'®
demonstrated recovery from damage with
fractionated doses and varying dose rates of
X rays. In vitro studies by Deschavanne et al*’
and in vivo studies by Dutreix?® and Arcangeli
et al*! suggest that repair of X-ray damage is
best observed with large dose fractions.

From the large sample size reported here it is
clear that human epithelial cells are capable of
recovery from radiation injury. However, in a
manner similar to fibroblast cells, recovery of
damage by epithelial cells is difficult to detect.
Dose fractionation experiments with relatively
high doses are necessary to observe cellular
recovery from X rays.
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