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To examine the capacity of chemical protectors to mitigate
damage caused by chronic irradiation by incorporated radionu-
clides in vitro, cells must be maintained in the presence of the
protector during the course of the irradiation. Such long expo-
sures to chemical protectors at concentrations high enough to
afford protection usually results in extreme chemotoxicity. To
overcome this problem, experimental conditions were devel-
oped to allow Chinese hamster V79 cells to be maintained in
5% DMSO for prolonged periods (up to 72 h) with no observable
chemotoxicity. Under these conditions, the capacity of DMSO to
protect against damage to V79 cells caused by unbound *’P and
*H,0 and DNA-incorporated *'IdU, [*H]dThd and '*IdU was
examined. The dose modification factors for 32P, *H,0, *'IdU,
[*H]dThd and '»1dU were 2.6 + 0.5, 2.3 + 0.3, 1.0 + 0.1, 1.16 + 0.07
and 1.07 + 0.02, respectively. These results show that 5% DMSO
is capable of protecting cultured V79 cells against lethal damage
caused by B particles emitted by unbound 3P and *H,0, whereas
little or no protection is afforded against damage caused by
B particles emitted by DNA-incorporated *'T and *H or low-energy
Auger electrons emitted by DNA-incorporated . © 1998 by Radiation

Research Society

INTRODUCTION

Many radionuclides used in medical diagnosis such as
131, 'In and *'TI decay via electron capture and/or inter-
nal conversion. These radionuclides emit numerous low-
energy Auger electrons, resulting in highly localized energy
deposition in the immediate vicinity of the decay site (7, 2).
The radiotoxicity of Auger electron emitters depends
strongly on the subcellular distribution of the radionuclide
(3-7). When the prolific Auger electron emitter I is local-
ized in the cytoplasm of the cells, its radiotoxicity is similar
to that of radiations having low linear energy transfer
(LET) such as external X rays (6, 8, 9). In contrast, when
the same radionuclide is incorporated into the DNA via
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BLiododeoxyuridine (**’IdU), its relative biological effec-
tiveness (RBE) is about the same as that of 5.3 MeV « par-
ticles emitted by *°Po (10, 11).

Ionizing radiation imparts damage to biological tissue by
two mechanisms: direct and indirect. Direct effects are the
result of energy deposited directly in critical molecular struc-
tures within the cell. Indirect effects are due to interactions
between the critical molecules and the variety of free radicals
(OH", H", etc.) produced in the radiolysis of water (12). The
biological damage caused by high-LET radiations such as
a particles has been attributed primarily to direct effects (13),
whereas the biological effects of low-LET radiations (e.g.
B particles, X rays) is caused primarily by indirect effects (12).

Over the last several years we have reported on the
capacity of a variety of chemical agents to provide protec-
tion against damage caused by chronic irradiation by incor-
porated radionuclides in vivo (6, 7, 14-19). These studies
showed that radical scavengers such as dimethyl sulfoxide
(DMSO) (19) and vitamin C (15, 16) provided substantial
and equal protection in vivo against the damage caused
by internal radionuclides (similar to that caused by low-
LET radiation) and damage caused by DNA-incorporated
Auger electron emitters (similar to that caused by high-
LET radiation). In contrast, no protection was provided
against the high-LET-type damage caused by a-particle
emitters (16, 19). These and other studies with the chemical
protectors cysteamine (MEA) (6, 7), S-(2-aminoethyl)iso-
thiouronium bromide hydrobromide (AET) (17), soybean
oil (18) and vitamin A (I8) have provided strong evidence
that the mechanism by which Auger electron emitters
impart high-LET-type damage is largely indirect in nature.
In contrast to these findings, Hofer and Bao (20) have sug-
gested that indirect effects do not play a major role in the
biological action of Auger electrons. They showed that
when cultured Chinese hamster ovary (CHO) cells containing
IdU were frozen for accumulation of decays, both high-
and low-LET-type effects were imparted depending on the
length of time the cells were allowed to progress through
the cell cycle prior to being frozen at -196°C in culture
medium containing DMSO. When MEA was added prior
to freezing, protection was afforded against the low-LET-
type effects while no protection was provided against the
high-LET-type effects of '*I. Based on these findings

Radiation Research Society
is collaborating with JSTOR to digitize, preserve, and extend access to

Radiation Research NGRS ®
WWW.j

stor.org




392

obtained under frozen in vitro conditions, Hofer and Bao
suggested that the mechanism by which Auger electrons
impart high-LET-type biological damage does not appear
to be indirect in nature. This implication contradicts our
earlier conclusions based on in vivo data obtained using the
same radioprotector, MEA (6), as well as more recent data
with AET (17) and other radioprotectors (19).

Unlike our in vivo studies, Hofer and Bao (20) carried
out their in vitro radioprotection experiments using frozen
cells, where radicals and protectors were not free to migrate.
Accordingly, we have been interested in investigating the
capacity of chemical agents to provide protection against
damage caused by chronic irradiation by incorporated
radionuclides in vitro in a liquid water environment, where
radicals and protectors are free to migrate. Our early efforts
were hampered by the extreme chemotoxicity of standard
radioprotectors such as DMSO, cysteamine, WR-2721 and
WR-1065 when cultured Chinese hamster cells were chroni-
cally exposed to these agents for a 1-week colony-forming
period at 37°C. The maximum nontoxic concentrations for
DMSO, cysteamine, WR-2721 and WR-1065 were only 1%
(v/v), 1 pg/ml, 0.2 pg/ml and 0.08 pg/ml, respectively
(unpublished data). These concentrations were not high
enough to afford any chemical protection against the effects
of internal emitters. To circumvent this problem, we have
established cell culture conditions that have allowed us to
elevate the concentration of the chemical protector DMSO
to levels that are sufficient to provide radioprotection, yet
are not chemotoxic. Dimethyl sulfoxide is a well-known
radioprotector whose protective action is the result of
free radical scavenging (21-23). Many researchers have
observed the radioprotective property of DMSO using dif-
ferent experimental end points (19, 21, 24-27). As a radical
scavenger, the ability of DMSO to protect against the direct
action of high-LET « particles is expected to be minimal
(19, 27). Hence DMSO is well suited for studying the mech-
anisms of the action of radiation. In this work, the capacity
of DMSO to protect against lethal damage to cultured Chi-
nese hamster V79 cells in a liquid water environment
caused by chronic irradiation by unbound **P and *H,0
and DNA-incorporated "*'I, *H and '*I is reported.

MATERIALS AND METHODS

Radiochemicals

Tritiated water (*H,0), tritiated thymidine ([*H]dThd) and *?P ortho-
phosphate were obtained from New England Nuclear (Boston, MA) as
aqueous solutions at concentrations of 925, 37 and 370 MBg/ml, respec-
tively. '*IdU, dissolved in water, was obtained from ICN Radiochem-
icals (Irvine, CA) at a concentration of 37 MBg/ml, and "*'IdU was
synthesized and purified by high-performance liquid chromatography
(HPLC) in our laboratory according to procedures reported previously
(18). All radiochemical solutions were sterile with no carrier added.

The activities of *?P and *H were ascertained with a Beckman LS5500
liquid scintillation counter and an Ecoscint (National Diagnostics,
Manville, NJ) scintillation cocktail with detection efficiencies of 1.0 and
0.5, respectively. The I activity was quantified with a Packard (Meri-
den, CT) automatic gamma counter equipped with a 3-inch sodium
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iodide well crystal (efficiency = 0.5); *'I activity was quantified with a
Canberra HpGe well detector (photopeak efficiency = 0.812).

Cell Culture

Chinese hamster V79 lung fibroblasts (kindly provided by A. I. Kassis,
Harvard Medical School) were used in these studies; clonogenic survival
was the biological end point. The cells were cultured in minimum essen-
tial medium (MEM) supplemented with 2 mM L-glutamine, 10% fetal
bovine serum, 50 U/ml penicillin and 50 pg/ml streptomycin. The pH of
the culture medium was adjusted to 7.0 with NaHCO,;. Media and sup-
plements were from Gibco (Grand Island, NY). Cells were maintained
in Falcon 75-cm? sterile tissue culture flasks at 37°C and 5% CO, and
95% air and were subcultured twice weekly.

Rationale for Design of Protocol

As stated earlier, the primary purpose of the studies presented here
was to determine whether DMSO could provide protection for cultured
V79 cells against damage caused by chronic irradiation from radionu-
clides. However, protection against damage imparted by a chronic irradi-
ation regimen necessarily requires the protector to be present during
most if not all of the irradiation period. For clonogenic survival assays
with cultured cells containing intracellular radioactivity (11, 28), this ide-
ally requires the radioprotector to be present during all phases of the
experiment including the 0.25-18-h period of cellular uptake of
radioactivity and the 7-day colony-forming period. However, chemical
radioprotectors are highly chemotoxic, and consequently cultured cells in
37°C environments can usually withstand chronic exposures to only
extremely low concentrations of these chemicals. Therefore, it was neces-
sary to find a liquid environment whereby cells could withstand high
enough concentrations of chemical protectors to afford radioprotection
under chronic irradiation conditions.

Survival of V79 Cells after Chronic Hypothermia and Exposure to DMSO

Chinese hamster V79 cells growing as monolayers in 75-cm? flasks were
washed with 10 ml of phosphate-buffered saline, trypsinized and sus-
pended at 4 X 10° cells/ml in calcium-free MEM. Aliquots of 1 ml were
placed in sterile 17 X 100-mm Falcon polypropylene round-bottom culture
tubes and placed on a rocker-roller for 4 h at 37°C in an atmosphere of 95%
air and 5% CO,. After this conditioning period, an additional 1 ml of MEM
was added and all but two tubes were transferred onto a rocker-roller in
refrigerated environments with temperatures ranging from 3°C to 10.5°C
and maintained there for 72 h. The remaining two tubes were immediately
serially diluted (three 10X dilutions) and 1 ml of the final dilution
(~200 cells) was seeded into triplicate 25-cm? Falcon tissue culture flasks
containing 4 ml of MEM. These flasks were placed in an incubator at 37°C,
95% air and 5% CO, for 1 week for colony formation. Meanwhile, after
the refrigerated tubes had been chilled for 72 h, the tubes were removed
and processed similarly for colony formation. The resulting colonies were
washed with 0.9% saline, fixed with methanol, stained with crystal violet
and scored. The fraction of cells surviving 72 h in the refrigerated environ-
ment compared to unrefrigerated controls is shown in Fig. 1. It is apparent
that V79 cells are able to withstand prolonged periods of exposure to tem-
peratures as low as 10.5°C; however, when the temperature was main-
tained below this level, the surviving fraction dropped precipitously. It was
also noted that cell division was suspended when the cells were maintained
at 10.5°C. Therefore, 10.5°C was selected as the optimal temperature for
studies involving chronic exposure from radionuclides.

Additional studies were carried out to ascertain the chemotoxicity of
the chemical protector DMSO at 10.5°C and 37°C. As described above,
1 ml of calcium-free MEM with 4 X 10° cells/ml was placed in culture
tubes and conditioned on a rocker-roller. After conditioning, the cells
were pooled, serially diluted to 200 cells/ml, seeded into flasks containing
4 ml MEM with various concentrations of DMSO (Sigma Chemical Co.,
St. Louis, MO), and placed in an incubator at 37°C, 95% air and 5%
CO,. After 1 week, the colonies were stained and scored, and the surviv-
ing fraction compared to controls maintained in MEM without DMSO
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FIG. 1. Survival of Chinese hamster V79 cells after a 3-day exposure
to various temperatures. Error bars represent the standard deviation of
the mean.

was calculated. Figure 2 shows that at 37°C, the V79 cells can withstand
chronic exposure to DMSO (with no chemotoxicity) only when the con-
centration in the culture medium is under 1% (v/v). For the studies at
10.5°C, the tubes containing conditioned cells were transferred to ice and
1 ml of MEM containing various concentrations of DMSO was added.
The tubes were capped tightly and immediately transferred to a rocker-
roller at 10.5°C. After 72 h, the cells were centrifuged at 2000 rpm at 4°C,
washed three times with 10 ml of cold MEM, resuspended in 2 ml MEM,
serially diluted and seeded into flasks containing MEM (0% DMSO) for
colony formation. As shown in Fig. 2, there was no chemotoxicity when
the V79 cells were maintained at 10.5°C for 72 h in culture medium con-
taining 5% DMSO.

Sutvival of V79 Cells after Exposure to Unbound P

Culture tubes containing 1 ml of conditioned V79 cells (4 X 10’ cells/ml)
were transferred to an ice bath and 1 ml of calcium-free MEM containing
*2p orthophosphate (0-2.5 MBq/ml) and 0% or 10% DMSO was added.
Thus, for each concentration of P, two tubes were prepared with final
DMSO concentrations of 0% and 5%, respectively. The tubes were then
capped tightly and placed on a rocker-roller at 10.5°C. After 72 h, the tubes
were removed from the refrigerated environment and aliquots of the cell
suspension were taken to determine cellular uptake using well-established
procedures (11, 29). Briefly, 100 pl of cell suspension was overlaid on 300 pl
of calf serum in a 400-pl microcentrifuge tube and the tube was centrifuged
for 1 min. The tubes, prepared in triplicate, were immediately frozen in lig-
uid nitrogen and the tip containing the pellet was cut off and counted for
radioactivity. An additional 100 pl of cell suspension was used to determine
the cell concentration. Finally, using these data, the activity per cell was cal-
culated. The culture tubes containing the remaining cell suspension were
centrifuged at 2000 rpm, 4°C for 10 min, and the pellet was washed three
times with cold MEM. After the cells were resuspended in 2 m! MEM, they
were serially diluted, seeded for colony formation and placed in an incuba-
tor at 37°C, 95% air and 5% CO,. The resulting colonies after 1 week of
incubation were stained and scored. The cellular uptake was 2.6 mBg/cell
for the highest *P concentration and did not depend on the presence of
DMSO. It can be shown using standard procedures (30) that the cellular
absorbed dose delivered by this intracellular *?P activity was less than 2% of
the total absorbed dose. Therefore, the unbound 3P is the only significant
source of radiation in the P studies.

Survival of V79 Cells after Exposure to DNA-Incorporated 14U,
PH}dThd or *1dU
Our past studies on the radiotoxicity of !**IdU in proliferating
V79 cells showed that the mean intracellular '»T activity in a population
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FIG. 2. Chemotoxicity of DMSO when V79 cells are exposed to the
chemical at 10.5°C for 72 h () or 37°C for 1 week (®). Standard devi-
ations for individual data points are of the order of the dimensions of the
symbols.

of cells increases linearly in time when incubated in the presence of
151dU at 37°C (11). In the present work involving radioprotection by
DMSO, one would ideally like to have 5% DMSO present while the
cells are incorporating *'1dU, [*H]dThd or '*IdU. However, as noted in
Fig. 2, this concentration of DMSO is highly chemotoxic at 37°C. There-
fore, the cells were incubated at 37°C, 95% air and 5% CO, for 12 h in
culture medium containing *'1dU, [*H]dThd or '®I1dU without DMSO.
This was the minimum time deemed necessary to ensure that most cells
incorporated the radioactivity in view of the 9-h cell cycle time (31) of
these cells and the fact that thymidine and its analog iododeoxyuridine
are taken up by cells only during S phase.

One milliliter of MEM containing various concentrations of either
BlIdU, [*H]dThd or '*1dU was added to culture tubes containing 1 ml of
conditioned V79 cells (4 X 10° cells/ml). The tubes were then returned to
the rocker-roller at 37°C, 95% air and 5% CO,. After 12 h, the tubes
were removed and centrifuged at 2000 rpm, 4°C for 10 min. The pellet
was washed three times with 10 ml of MEM, resuspended in 2 ml of
ice-cold MEM containing either 0% or 5% DMSO, and placed on a
rocker-roller at 10.5°C. Parallel controls were strictly maintained for
each experiment. After 72 h at 10.5°C, the cells were washed three times
with 10 ml of MEM, resuspended in 2 ml of MEM, serially diluted,
seeded into 25-cm? flasks and placed in an incubator at 37°C, 95% air
and 5% CO,. Aliquots were taken from each tube before and after the
72-h rolling period, and the mean activity per cell was determined. The
flasks were removed from the incubator after 1 week and the resulting
colonies were stained and scored. The surviving fraction compared to
parallel controls was determined in each case.

Survival of V79 Cells after Exposure to 3 H,0

To culture tubes containing 1 ml of conditioned V79 cells
(4 X 10° cells/ml) 0.9 ml of calcium-free MEM containing different con-
centrations of *H,O (0-100 MBq/ml) was added. The tubes were then
capped loosely and returned to the rocker-roller at 37°C, 95% air and
5% CO,. After 12 h, an additional 0.0 or 0.1 ml of DMSO was added
while vortexing, the caps were snapped on tightly, and the tubes were
transferred to a rocker-roller at 10.5°C. After 72 h, the tubes were
removed from the cooled environment and centrifuged at 2000 rpm
at 4°C for 10 min, and the pellet was washed three times with cold
MEM. After the cells were resuspended in 2 ml MEM, they were serially
diluted, seeded for colony formation and placed in an incubator at
37°C, 95% air and 5% CO,. Parallel controls were strictly maintained
for each experiment. The resulting colonies after 1 week of incubation
were stained and scored. :
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RESULTS
Survival after Exposure to Unbound 2P or’H,0
Figure 3 shows the survival of V79 cells after a 72-h expo-
sure at 10.5°C to various concentrations (0-1.5 MBq/ml) of
unbound *P in the absence and presence of 5% DMSO.
The data for four experiments are shown, each fitted by
least squares to the relationship

S§=1-(1-e %", (1)
where S is the surviving fraction, C is the activity concentra-
tion, and C, and 7 are analogous to the D, and # in the single-
hit multitarget model (32), respectively. Since the absorbed
dose received by the cells is directly proportional to the con-
centration of *P in the culture medium, the dose modification
factor (DMF), or the degree of protection provided by DMSO
against the lethal effects of P B-particle irradiation, is given by
the ratio of the Cy’s in the presence and absence of DMSO:
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FIG. 3. Survival of V79 cells after a 72-h exposure at 10.5°C to various
concentrations of *2P in the culture medium in the absence (A) and pres-
ence (A) of 5% DMSO. The data from four independent experiments are
shown in panels A, B, C and D, respectively. Least-squares fits of the data
are shown. Standard deviations for individual data points are of the order
of the dimensions of the symbols.
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When the DMF was calculated for each individual **P
experiment (Table I), the mean value for the four experi-
ments was DMF (*P, 5% DMSO) = 2.6 + 0.5.

Figure 4 shows the survival of V79 cells after exposure to
3H,0 in the absence and presence of 5% DMSO. The
results for three independent experiments are shown. Each
data set was fitted by least squares to a single-component
exponential function (i.e. n = 1), the mean lethal concentra-
tion of 3H20 was determined, and the DMF was calculated.
Table I gives the mean lethal concentrations and DMFs for
each individual experiment. The mean DMF for the three
experiments was DMF (*H,0, 5% DMSO) =2.3 + 0.3.

Survival after Exposure to DNA-Incorporated ' 1dU,
PH)dThd or P 1dU

Figures 5-7 show the survival of V79 cells as a function
of *'IdU, [*H]dThd and '®IdU activity incorporated into
the cell, respectively. The activity was incorporated into the
cells during a 12-h uptake period at 37°C, after which the
cells were washed free of extracellular activity, maintained
at 10.5°C for 72 h and plated for colony formation. The data
for each experiment were fitted to the relationship

S=1-(1-e*), (3)

where A is the mean activity per cell at the end of the 12-h
uptake period, and A, and #n are analogous to the Dy and n
in the single-hit multitarget model (32), respectively. The
DMF is simply the ratio of the values of A, in the presence
and absence of DMSO. A value of n = 1 was used for the fit
to the data for [’H]dThd and ®IdU. As shown in Table II,
the mean DMFs for protection by DMSO against the lethal
effects of DNA-incorporated *'IdU, [*’H]dThd and '*I1dU
are 1.0 £ 0.1, 1.16 + 0.07 and 1.07 + 0.02, respectively.

DISCUSSION

Typical cell survival experiments in vitro using DMSO as a
radioprotector involve acute radiation exposures in the pres-
ence of DMSO concentrations as high as 15-20% (v/v) (24).
The cells are usually washed free of the radioprotector imme-
diately after the irradiation and plated for colony formation.
When cells are irradiated by incorporated radionuclides, the
radiation dose is delivered chronically at 37°C while the
radioactivity is taken up by the cells during the colony-form-
ing period (17). To examine the capacity of radioprotectors to
protect against effects caused by chronic irradiation by incor-
porated radionuclides, the chemical agent should be present
throughout the irradiation period. However, chronic expo-
sure of cultured cells to chemical protectors at 37°C leads to
extreme chemotoxicity, particularly when levels sufficient to
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TABLE 1
Dose Modification Factors for Unbound Radionuclides
Experiment 5% DMSO 0% DMSO
Radiochemical number n C; (MBg/ml) n C, (MBg/ml) DMF
2p 1 1.14 0.417 3.55 0.176 236
32p 2 1.70 0.449 215 0.232 1.94
32p 3 1.10 0.682 2.38 0.237 2.88
2p 4 0.90 0.629 1.91 0.208 3.03
26+05
°*H,0 1 1 253 1 9.63 2.63
’H,0 2 1 2.1 1 10.9 2.03
H,0 3 1 285 1 12.0 2.36
23+03

afford protection are used. The results show (Figs. 1 and 2)
that this problem can be overcome by maintaining the cells at
10.5°C. Under these conditions, the V79 cells did not divide,
and no chemotoxicity was observed for either control or
treated cells when the DMSO concentration was maintained
at or below 5%. While higher concentrations of DMSO are
desirable for maximum protection (24), these conditions were
the best we were able to achieve.

When cells were chronically irradiated by unbound *P in
the presence of 5% DMSO, a DMF of 2.6 + 0.5 was observed.
Given that the radionuclide **P emits low-LET B particles
with a mean energy of 695 keV (33), the observed protection
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FIG. 4. Survival of V79 cells after a 12-h exposure at 37°C followed by a
72-h exposure at 10.5°C to various concentrations of *H,O in the culture
medium in the absence (V) and presence (V) of 5% DMSO. The data
from three independent experiments are shown in panels A, B and C,
respectively. Least-squares fits of the data are shown. Standard deviations
for individual data points are of the order of the dimensions of the symbols.

is within the expected range (24). Similarly, DMSO yielded
a DMF of 2.3 + 0.3 when the V79 cells were maintained in
culture medium containing *H,O and thus were irradiated by
low-energy B particles emitted by *H. In contrast, when
the *H was incorporated into the DNA with [’H]dThd, a
DMF of only 1.16 + 0.07 was observed. Considering the
experimental errors involved, one can conclude that only
slight protection was observed for DNA-incorporated *H.
This radionuclide emits B particles with a mean energy of
5.7keV (33) with a corresponding LET in water of 3.3 keV/um
(34). Interestingly, the RBE for cell killing for *H,O is only
about 1.3 (35), whereas the RBE of [°’H]dThd for cell
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FIG. 5. Survival of V79 cells as a function of intracellular activity of
BIdU in the absence () and presence () of 5% DMSO in the culture
medium. The data from three independent experiments are shown in
panels A-C along with the corresponding least-squares fits. Standard
deviations for individual data points are of the order of the dimensions of
the symbols.
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FIG. 6. Survival of V79 cells as a function of intracellular activity of
[*H]dThd in the absence (OJ) and presence (M) of 5% DMSO in the culture
medium. The data from three independent experiments are shown in pan-
els A-C. Least-squares fits of the data are shown. Standard deviations for
individual data points are of the order of the dimensions of the symbols.

killing in vitro has been shown to be about 3 (35). A similar
absence of protection was observed (DMF = 1.0 + 0.1)
against DNA-incorporated "*'I, which emits B particles
with mean energy of about 191 keV (LET in water of about
0.3 keV/um). Finally, when the V79 cells were exposed to
514U, a DMF of 1.07 + 0.02 was observed, indicating that no
significant protection was afforded by 5% DMSO in this case
either. The radionuclide '®1 is a prolific Auger electron emit-
ter which is known to impart high-LET-type damage similar
to that caused by a particles (80-100 keV/um) when incorpo-

Cellular Uptake (mBg/cell)

FIG. 7. Survival of V79 cells as a function of intracellular activity of
514U in the absence (O) and presence (@) of 5% DMSO in the culture
medium. The data from three independent experiments are shown in pan-
els A-C. Least-squares fits of the data are shown. Standard deviations for
individual data points are of the order of the dimensions of the symbols.

rated into the DNA via IdU, and has an RBE of 9 (11).
Hence the results suggest that DMSO at the concentration
employed (5%) is able to protect against damage caused by
chronic irradiation by low-LET **P and medium-LET
’H B particles when the emitter is not bound to DNA. How-
ever, the DMSO is unable to protect against lethal damage
caused by the DNA-incorporated radionuclides. It is also
interesting to note that the high-LET-type damage caused by
B[dU, the relatively lower-LET-type damage caused by
[*H]dThd, and the low-LET-type damage caused by *'IdU are

TABLE II
Dose Modification Factors for DNA-Incorporated Radionuclides
Experiment 5% DMSO 0% DMSO
Radiochemical number n Ay (mBg/cell) n Ay (mBg/cell) DMF
Bldu 1 1.52 225 228 2.41 0.93
Bldu 2 420 2.61 4.19 2.35 1.11
Blqu 3 6.20 2.10 6.38 213 0.99
1.0+0.1
[*H]dThd 1 1 0.455 1 0.415 1.09
[PH]dThd 2 1 1.56 1 1.28 1.22
[*H]dThd 3 1 1.20 1 1.04 1.16
1.16 + 0.07
Z1qu 1 1 0.355 1 0.339 1.05
Z1qu 2 1 0.203 1 0.190 1.07
Z1qu 3 1 0.163 1 0.149 1.09

1.07 + 0.02
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FIG. 8. Changes in temperature and the presence of DMSO (shaded
regions) during exposure to the activity of nonincorporated radionu-
clides (**P, *H,0) or intracellular radionuclides (**'IdU, [*H]dThd,
1251dU). The units of activity are arbitrary. Panel A: Irradiation with
DNA-incorporated *'IdU, [PH]dThd and '®IdU. Intracellular activity of
BlIdU, [*H]dThd or *IdU as a function of time. The area under the
curve is proportional to the cumulated decays in the V79 cell nucleus.
The period of 0-12 h represents the uptake of the radiochemical at 37°C,
after which the cells were washed free of extracellular activity. The
shaded region represents the 72-h period where the cells were main-
tained at 10.5°C in culture medium containing 0% or 5% DMSO. Finally,
the curved region corresponds to the 1-week colony-forming period at
37°C where the cellular activity has an effective half-time of ~12 h (11).
As denoted by the shaded region, 76% of the intracellular decays occur
when the cells were maintained at 10.5°C with 0% or 5% DMSO.
Panel B: Irradiation with unbound *P. The concentration of *P in the
culture medium containing the V79 cells was held constant over 72 h at a
temperature of 10.5°C. Samples were maintained in 0% or 5% DMSO by
volume during the 72-h period. The cells were subsequently washed,
plated for colony formation and maintained at 37°C for 1 week. As
denoted by the shaded region, 100% of the irradiation occurred during
the 72-h period at 10.5°C with 0% or 5% DMSO. Panel C: Irradiation
with unbound *H,0. The concentration of *H,O in the culture medium
was held constant for 12 h at 37°C and was maintained for an additional
72 h at 10.5°C in the presence or absence of 5% DMSO. The cells were
subsequently washed, plated for colony formation and maintained at
37°C for 1 week. As denoted by the shaded region, 86% of the irradiation
occurred during the 72-h period at 10.5°C with 0% or 5% DMSO.
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equally unaffected in these experiments. Given that DMSO
can protect against the indirect effects of 2P and *H,0, and
cannot protect against the high-LET-type effects of 14U or
the effects of [’H]dThd and *'IdU, which are presumably of
an indirect nature, one can postulate that 5% DMSO cannot
provide protection in vitro against damage caused by
DNA-incorporated radionuclides regardless of whether the
damage is caused by direct or indirect effects. This may
suggest that, under our experimental conditions, DMSO
cannot scavenge within a few angstroms of the DNA atoms.
These in vitro results for DMSO are somewhat different
from those obtained for DMSO i vivo (19). When spermato-
gonial cell killing in the mouse testis was used as the biologi-
cal end point, substantial protection was observed against the
high-LET-type damage caused by DNA-incorporated '*IdU
as well as the low-LET-type effects of cytoplasmically local-
ized I with DMF values of 3.1 + 1.0 and 4.4 + 1.0, respec-
tively (19). The observed differences between the in vitro
and in vivo results may be due to the substantial differences in
radiosensitivity and repair mechanisms between the V79 and
spermatogonial cells (36). Furthermore, Vos and Kaalen (24)
have shown that the protection afforded by DMSO against
damage caused by exposure to acute vy rays in vitro is linearly
dependent on the concentration, requiring as much as 15%
for maximum protection. In our experiments involving
chronic irradiation by incorporated radionuclides, a maxi-
mum DMSO concentration of only 5% could be used to
avoid chemotoxicity. Hence it is possible that concentrations
greater than 5% are required to protect against biological
damage caused by DNA-incorporated radionuclides in vitro.
In the studies with DNA-incorporated radionuclides,
DMSO was not present during the 37°C uptake period when
radioactivity was being incorporated into the cells or during
the 37°C colony-forming period. In fact, about 24% of the
total intracellular 'I, °’H and I decays occurred at 37°C
and in the absence of DMSO (Fig. 8A). In contrast, the
experiments involving irradiation of V79 cells by unbound
2P were carried out at 10.5°C and DMSO was present
throughout the irradiation period (Fig. 8B). Therefore, tem-
perature differences during a portion of the irradiation and
the absence of DMSO during these periods could be partly
responsible for the absence of protection observed in the
cases of the DNA-incorporated radionuclides compared to
the substantial protection observed for unbound **P and
’H,0. However, this premise is largely negated by our stud-
ies with *H,O, where 14% of the irradiation was carried out
at 37°C in the absence of DMSO (Fig. 8C) and, despite this,
a DMF of 2.3 was obtained. Therefore, it is unlikely that
temperature or absence of DMSO during a portion of the
irradiation period had a major impact on the degree of
protection observed for '1dU, [*’H]dThd and ®IdU.

CONCLUSIONS

This work introduces an experimental procedure which
enables examination of the capacity of chemical agents to
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protect against the biological effects of chronic exposure of
cultured cells to incorporated radionuclides in a liquid
environment. DMSO (5% v/v) provided substantial protec-
tion against the lethal effects caused by chronic exposure of
cultured Chinese hamster V79 cells to unbound **P and
H,0. Little or no protection against the lethal effects of
chronic exposure to DNA-incorporated *'I, "I and *H was
observed. These results suggest that 5% DMSO is not
capable of protecting against lethal damage caused by
DNA -incorporated radionuclides in vitro.

ACKNOWLEDGMENTS

The authors appreciate the technical assistance of Wenhui Li, a visiting
scientist from the People’s Republic of China. This work was supported
in part by USPHS Grant No. CA-54891.

Received: January 6, 1997; accepted: May 21, 1998

REFERENCES

1. K. S.R. Sastry, Biological effects of the Auger emitter ’I: A review.
Report No. 1 of AAPM Nuclear Medicine Task Group No. 6. Med.
Phys. 19, 1361-1370 (1992).

2. R. W. Howell, Radiation spectra for Auger-electron emitting
radionuclides: Report No. 2 of AAPM Nuclear Medicine Task
Group No. 6. Med. Phys. 19, 1371-1383 (1992).

3. K. G. Hofer, C. R. Harris and J. M. Smith, Radiotoxicity of intra-
cellular Ga-67, I-125, H-3. Nuclear versus cytoplasmic radiation
effects in murine L1210 leukaemia. Int. J. Radiat. Biol. 28, 225-241
(1975).

4. A.I Kassis, R. W. Howell, K. S. R. Sastry and S. J. Adelstein, Posi-
tional effects of Auger decays in mammalian cells in culture. In DNA
Damage by Auger Emitters (K. F. Baverstock and D. E. Charlton,
Eds.), pp. 1-14. Taylor & Francis, London, 1988.

5. D. V.Rao, K. S. R. Sastry, H. E. Grimmond, R. W. Howell, G. F.
Govelitz, V. K. Lanka and V. B. Mylavarapu, Cytotoxicity of some
indium radiopharmaceuticals in mouse testes. J. Nucl. Med. 29,
375-384 (1988).

6. D.V.Rao, V. R. Narra, R. W. Howell and K. S. R. Sastry, Biological
consequence of nuclear versus cytoplasmic decays of '*I: Cys-
teamine as a radioprotector against Auger cascades in vivo. Radiat.
Res. 124, 188-193 (1990).

7. D. V.Rao, V. R. Narra, R. W. Howell, V. K. Lanka and K. S. R. Sas-
try, Induction of sperm head abnormalities by incorporated radionu-
clides: Dependence on subcellular distribution, type of radiation,
dose rate, and presence of radioprotectors. Radiat. Res. 125, 89-97
(1991).

8 V.R. Narra, R. W. Howell, R. S. Harapanhalli, K. S. R. Sastry and
D. V. Rao, Radiotoxicity of some iodine-123, iodine-125 and iodine-
131-labeled compounds in mouse testes: Implications for radiophar-
maceutical design. J. Nucl. Med. 33, 2196-2201 (1992).

9. A.I Kassis, F. Fayad, B. M. Kinsey, K. S. R. Sastry, R. A. Taube and
S. J. Adelstein, Radiotoxicity of '*I in mammalian cells. Radiat. Res.
111, 305-318 (1987).

D. V. Rao, V. R. Narra, R. W. Howell, G. F. Govelitz and K. S. R.
Sastry, In-vivo radiotoxicity of DNA-incorporated *°I compared
with that of densely ionising alpha-particles. Lancet II, 650-653
(1989).

11. R. W. Howell, D. V. Rao, D-Y. Hou, V. R. Narra and K. S. R. Sas-
try, The question of relative biological effectiveness and quality fac-
tor for Auger emitters incorporated into proliferating mammalian
cells. Radiat. Res. 128, 282-292 (1991).

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

HOWELL ET AL.

H. Dertinger and H. Jung, Molecular Radiation Biology. Springer
Verlag, Heidelberg, 1970.

R. Roots, A. Chatterjee, P. Chang, L. Lommel and E. A. Blakely,
Characterization of hydroxyl radical-induced damage after sparsely
and densely ionizing irradiation. Int. J. Radiat. Biol. 47, 157-166
(1985).

V. R. Narra, R. S. Harapanhalli, R. W. Howell, K. S. R. Sastry and
D. V. Rao, Chemical protection against radionuclides in vivo: Impli-
cations to the mechanism of the Auger effect. In Biophysical Aspects
of Auger Processes (R. W. Howell, V. R. Narra, K. S. R. Sastry and
D. V. Rao, Eds.), pp. 319-335. American Institute of Physics, Wood-
bury, NY, 1992.

V.R. Narra, R. W. Howell, K. S. R. Sastry and D. V. Rao, Vitamin C
as a radioprotector against "*'I in vivo. J. Nucl. Med. 34, 637-640 (1993).

V. R. Narra, R. S. Harapanhalli, R. W. Howell, K. S. R. Sastry and
D. V. Rao, Vitamins as radioprotectors in vivo. I. Protection by
vitamin C against internal radionuclides in mouse testes: Implica-
tions to the mechanism of the Auger effect. Radiat. Res. 137,
394-399 (1994).

V. R. Narra, R. S. Harapanhalli, S. M. Goddu, R. W. Howell and
D. V. Rao, Radioprotection against biological effects of internal
radionuclides in vivo by S-(2-aminoethyl)isothiouronium bromide
hydrobromide (AET). J. Nucl. Med. 36,259-266 (1995).

R. S. Harapanhalli, V. R. Narra, V. Yaghmai, M. T. Azure, S. M.
Goddu, R. W. Howell and D. V. Rao, Vitamins as radioprotectors
in vivo. II. Protection by vitamin A and soybean oil against radiation
damage caused by internal radionuclides. Radiat. Res. 139, 115-122
(1994).

S. M. Goddu, V. R. Narra, R. S. Harapanhalli, R. W. Howell and
D. V. Rao, Radioprotection by DMSO against the biological
effects of incorporated radionuclides in vivo. Acta Oncol. 35,
901-907 (1996).

K. G. Hofer and S-P. Bao, Low-LET and high-LET radiation action
of ™1 decays in DNA: Effect of cysteamine on micronucleus forma-
tion and cell killing. Radiat. Res. 141, 183-192 (1995).

M. J. Ashwood-Smith, Radioprotective and cryoprotective proper-
ties of DMSO. In Dimethyl Sulfoxide (S. W. Jacob, E. E. Rosenbaum
and D. C. Wood, Eds.), pp. 147-187. Marcel Dekker, New York, 1971.

A. P. Reuvers, C. L. Greenstock, J. Borsa and J. D. Chapman,
Studies on the mechanism of chemical radioprotection by dimethyl
sulfoxide. Int. J. Radiat. Biol. 24, 533-536 (1973).

D. R. Singh, J. M. Mahajan and D. Krishnan, Effect of dimethyl sulf-
oxide (DMSO) on radiation-induced heteroallelic reversion in
diploid yeast. Mutat. Res. 37, 193-200 (1976).

O. Vos and M. C. A. C. Kaalen, Protection of tissue-culture cells
against ionizing radiation II. The activity of hypoxia, dimethyl
sulphoxide, dimethyl sulphone, glycerol and cysteamine at room
temperature and at -196°C. Int. J. Radiat. Biol. 5, 609-621 (1963).

M. Watanabe, M. Suzuki, K. Suzuki, Y. Hayakawa and T. Miyazaki,
Radioprotective effects of dimethyl sulfoxide in golden hamster
embryo cells exposed to -y rays at 77 K: II. Protection from lethal,
chromosomal, and DNA damage. Radiat. Res. 124, 73-78 (1990).

R. F. Hagemann, T. C. Evans and E. F. Riley, Modification of radi-
ation effect on the eye by topical application of dimethyl sulfoxide.
Radiat. Res. 44, 368-378 (1970).

G. D. D. Jones, T. V. Boswell, J. Lee, J. R. Milligan, J. F. Ward and
M. Weinfeld, A comparison of DNA damages produced under con-
ditions of direct and indirect action of radiation. Int. J. Radiat. Biol.
66, 441-445 (1994).

R. W. Howell, A. 1. Kassis, S. J. Adelstein, D. V. Rao, H. A. Wright,
R. N. Hamm, J. E. Turner and K. S. R. Sastry, Radiotoxicity of
195mp¢ labeled trans-platinum(II) in mammalian cells. Radiat. Res.
140, 55-62 (1994).

A. 1 Kassis and S. J. Adelstein, A rapid and reproducible method for
the separation of cells from radioactive media. J. Nucl. Med. 21,
88-90 (1980).



30.

31.

32.

RADIOPROTECTION AGAINST DAMAGE CAUSED BY CHRONIC IRRADIATION

S. M. Goddu, R. W. Howell, L. G. Bouchet, W. E. Bolch and D. V.
Rao, MIRD Cellular S Values: Self-Absorbed Dose per Unit Cumu-
lated Activity for Selected Radionuclides and Monoenergetic Electron
and Alpha Particle Emitters Incorporated into Different Cell Com-
partments. Society of Nuclear Medicine, Reston, VA, 1997.

A. L. Kassis, K. S. R. Sastry and S. J. Adelstein, Kinetics of uptake,
retention, and radiotoxicity of **TUdR in mammalian cells: Implica-
tions of localized energy deposition by Auger processes. Radiat. Res.
109, 78-89 (1987).

ICRU, Quantitative Concepts and Dosimetry in Radiobiology.
Report 30, International Commission on Radiation Units and Meas-
urements, Bethesda, MD, 1979.

33.

34.

35.

36.

399

D. A. Weber, K. F. Eckerman, L. T. Dillman and J. C. Ryman,
MIRD: Radionuclide Data and Decay Schemes. Society of Nuclear
Medicine, New York, 1989.

A. Cole, Absorption of 20 eV to 50,000 eV electron beams in air and
plastic. Radiat. Res. 38, 7-33 (1969).

T. Straume and A. L. Carsten, Tritium radiobiology and relative bio-
logical effectiveness. Health Phys. 65, 657-672 (1993).

R. W. Howell, V. R. Narra, D. Y. Hou, D. A. Terrone, R. S. Hara-
panhalli, K. S. R. Sastry and D. V. Rao, Relative biological effective-
ness of Auger emitters for cell inactivation: In vitro versus in vivo. In
Biophysical Aspects of Auger Processes (R. W. Howell, V. R. Narra,
K. S. R. Sastry and D. V. Rao, Eds.), pp. 290-318. American Insti-
tute of Physics, Woodbury, NY, 1992.



	Article Contents
	p. 391
	p. 392
	p. 393
	p. 394
	p. 395
	p. 396
	p. 397
	p. 398
	p. 399

	Issue Table of Contents
	Radiation Research, Vol. 150, No. 4 (Oct., 1998), pp. 375-496
	Front Matter
	In Situ Detection of Chromosome Bridge Formation and Delayed Reproductive Death in Normal Human Embryonic Cells Surviving X Irradiation [pp. 375-381]
	The Nucleus Is the Target for Radiation-Induced Chromosomal Instability [pp. 382-390]
	Radioprotection against Lethal Damage Caused by Chronic Irradiation with Radionuclides In Vitro [pp. 391-399]
	Biological Dosimetry of Beta-Ray Exposure from Tritium Using Chromosome Translocations in Human Lymphocytes Analyzed by Fluorescence In Situ Hybridization [pp. 400-405]
	Radiation Fields Backscattered from Material Interfaces: I. Biological Effectiveness [pp. 406-415]
	Recovery from Sublethal Damage Is Reversibly Inhibited by Hypertonic Saline: The Effects of 0.23 M Sodium Chloride [pp. 416-422]
	Differential Sensitivity of Three Sublines of the Rat Dunning Prostate Tumor System R3327 to Radiation and/or Local Tumor Hyperthermia [pp. 423-430]
	Moderate Doses of Intraoperative Radiation Severely Suppress Early Strength of Anastomoses in the Rat Colon [pp. 431-435]
	Effects of Volume Irradiated on the Function of the Canine Ureter [pp. 436-441]
	Induction of Mammary Tumors in Rats by Single-Dose Gamma Irradiation at Different Ages [pp. 442-450]
	The Influence of Estrogen Treatment on Induction of Mammary Carcinoma in Rats by Single-Dose Gamma Irradiation at Different Ages [pp. 451-458]
	Chromosome Aberrations in Radiation Workers with Internal Deposits of Plutonium [pp. 459-468]
	The Effect of High-Linear Energy Transfer Ions on the Electron Paramagnetic Resonance Signal Induced in Alanine [pp. 469-474]
	Autoxidation of Ferrous Ion Complexes: A Method for the Generation of Hydroxyl Radicals [pp. 475-482]
	Effectiveness of Protons and Argon Ions in Initiating Lipid Peroxidation in Low-Density Lipoproteins [pp. 483-487]
	Short Communication
	Effects of Gamma Rays on the Stability and Size of DNA [pp. 488-491]

	Meeting Report
	F Values as Cytogenetic Fingerprints of Prior Exposure to Different Radiation Qualities: Prediction, Reality and Future [pp. 492-494]

	In Memoriam
	Howard I. Adler (1931-1998) [pp. 495-496]

	Back Matter



