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A new in vitro multicellular cluster model has been devel-
oped to assess the impact of nonuniform distributions of ra-
dioactivity on the biological response of mammalian cells, and
the relative importance of bystander effects compared to con-
ventional radiation effects. Chinese hamster V79 cells are la-
beled with tritiated thymidine ([?H]dThd), mixed with unla-
beled V79 cells, and centrifuged gently to form multicellular
clusters about 1.6 mm in diameter. The short range of the *H
B particles effectively allows only self-irradiation of labeled
cells and no cross-irradiation of unlabeled cells. The percent-
age of labeled cells is controlled precisely by varying the num-
ber of labeled cells mixed with unlabeled cells prior to assem-
bling the cluster. The clusters are assembled in the absence
or presence of 100 pM lindane, a chemical that is known to
inhibit formation of gap junctions. After the clusters are
maintained at 10.5°C for 72 h, the cells are dispersed and
plated for colony formation. In the case of 100% labeling, the
survival of cells in the cluster depends exponentially (SF =
e 41%) on the cluster activity A (in kBq), and lindane has no
effect on the response. A two-component exponential response
is obtained for 50% labeling in the absence of lindane (SF =
0.33 e 4081 + (.67 e +''%), and lindane has a marked effect
on the response (SF = 0.33 e~4/¢ + (.67 e +/1%), These data
suggest that bystander effects play an important role in the
biological response of V79 cells when the *H is localized in the
cell nucleus and distributed nonuniformly among the cells. In
contrast, bystander effects cannot be detected above tradi-
tional radiation effects (i.e. direct + indirect) when the 3H is
localized in the cell nucleus and distributed uniformly among
the cells. These results indicate that this multicellular cluster
model is well suited for studying the effects of nonuniform
distributions of radioactivity, including bystander and “hot-
particle” effects. Furthermore, these results suggest that by-
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stander effects may play an important role in the prediction
of the biological effects of radiopharmaceuticals used in med-

ical diagnosis and treatment. © 1999 by Radiation Research Society

INTRODUCTION

Over the past several years there have been several re-
ports that cells that have received no radiation exposure
suffer biological consequences when they are in the pres-
ence of cells that have been irradiated (/-5). This phenom-
enon has been termed the bystander effect. Nagasawa and
Little (/) used acute external beams of « particles to irra-
diate monolayers of Chinese hamster ovary cells with low
doses. These exposures led to the formation of sister chro-
matid exchanges in 30-50% of the cells despite the fact
that statistically only about 1% of the cell nuclei could have
been traversed by an a particle. They concluded that ge-
netic damage can be imparted to ‘‘bystander” cells when
cell populations are exposed to low doses from « particles.
Similar observations were made by Deshpande et al. (2).
Azzam et al. (5) studied the mechanisms of the bystander
effect by showing that the expression levels of TP53,
CDKNI1A, CDC2, CCNBI1 and RADSI1 are significantly
modulated when human diploid cell populations are irra-
diated with low doses of o particles where only a small
fraction of the nuclei are actually hit. They also found that
the extent of modulation was significantly reduced when
lindane, an inhibitor of gap-junction intercellular commu-
nication (6, 7), was present during the irradiation period.
These data suggest that gap-junction intercellular commu-
nication may play an important role in the bystander effect.

While the studies described above involve the use of a
particles, Mothersill and Seymour (4) have irradiated cells
with +y rays to study the bystander effect. In this case, the
gap-junction inhibitor phorbol myristate acid actually in-
creased killing by the bystander effect. Based on these data,
they suggested that signal transduction mechanisms, as op-
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posed to the release of a factor that is directly cytotoxic,
may control death or survival due to the bystander effect.

The studies of Nagasawa and Little (), Deshpande et
al. (2) and Mothersill and Seymour (4) raise interesting
points regarding the biological effects of ionizing radiation,
in particular the bystander effect. As noted by these authors
and others (3, 8, 9), the bystander effect is particularly rel-
evant to the “hot-particle” problem as well as the biolog-
ical effects of incorporated radionuclides in general. How-
ever, there remain several aspects to be addressed such as:
(1) What is the significance of the bystander effect com-
pared to the overall effect to the cell when it experiences
damage from both bystander and traditional radiation ef-
fects (i.e. direct + indirect)? (2) Can bystander effects be
observed in three-dimensional tissue models? (3) Do by-
stander effects indeed result from nonuniform distributions
of radioactivity? (4) If so, what types of ionizing radiation
produce significant bystander effects? The present work at-
tempts to address some of these questions using a novel
three-dimensional cell culture model and precisely con-
trolled nonuniform distributions of incorporated radionu-
clides to deliver radiation exposures.

MATERIALS AND METHODS
Radiochemical and Quantification of Radioactivity

Tritiated thymidine ([*H]dThd) was obtained from NEN Life Science
Products (Boston, MA) as a sterile aqueous solution at a concentration
of 37 MBg/ml and a specific activity of 3000 GBg/mmol. The activity
of *H was measured with a Beckman LS3800 automatic liquid scintilla-
tion counter (Fullerton, CA) by transferring aliquots of radioactive culture
medium into 6 ml of Aquasol® liquid scintillation cocktail (NEN Re-
search Products, Boston, MA). The detection efficiency for the 5.7 keV
B particles emitted by *H was 0.65. The radionuclide *H has a physical
half-life of 12.3 years and emits f particles with a mean energy of 5.67
keV (10) corresponding to a mean range in water of about 1 pm (/7).

Cell Line

Chinese hamster V79 lung fibroblasts (kindly provided by A. L. Kas-
sis, Harvard Medical School, Boston, MA) were used in the present study,
with clonogenic survival serving as the biological end point. V79 cells
are known to exhibit some degree of gap-junction intercellular commu-
nication at 37°C (12, 13). The cells were cultured in minimum essential
medium (MEM) supplemented with 10% heat-inactivated (57°C, 30 min)
fetal calf serum with 2 mM L-glutamine, 50 U/ml penicillin and 50 wg/
ml streptomycin (MEMA). The pH of the culture medium was adjusted
to 7.0 with NaHCO,. All media and supplements used in this study were
from Life Technologies (Grand Island, NY). Cells were maintained in
175-cm? Falcon sterile tissue culture flasks (Becton Dickinson, Lincoln
Park, NJ) at 37°C and 5% CO,, 95% air, and were subcultured twice
weekly or as required.

Radiolabeling and Assembly of Multicellular Clusters with 50% of
Cells Labeled

V79 cells growing as monolayers in 175-cm? Falcon flasks were
washed with 10 ml of phosphate-buffered saline, trypsinized with 0.05%
trypsin—0.53 mM EDTA, and suspended at 2 X 106 cells/ml in calcium-
free MEM with 10% heat-inactivated (57°C, 30 min) fetal calf serum, 2
mM L-glutamine, 50 U/ml penicillin and 50 pg/ml streptomycin
(MEMB). Aliquots of 1 ml were placed in two sets of sterile 17 X 100-
mm Falcon polypropylene round-bottom culture tubes (10 tubes in each

Unlabeled Radiolabeled
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2x 106 2 x 108
4 x 106 cells
Multicellular
, Cluster
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FIG. 1. Assembly of multicellular cluster of V79 cells in which 50%
of the cells are radiolabeled with [*H]dThd.

set) and placed on a rocker-roller (Fisher Scientific, Springfield, NJ) for
3-4 h at 37°C in an atmosphere of 95% air and 5% CO,. After this
conditioning period, 1 ml of MEMB containing various activity concen-
trations (0-296 MBq) of [*H]dThd was added to the first set of culture
tubes containing 1 ml of V79 cells. Only 1 ml of MEMB was added to
the other set of tubes. All tubes were then returned to the rocker-roller
at 37°C, 95% air and 5% CO,. After a 12-h period of labeling with
radioactivity, the first set of tubes were removed and centrifuged at 2000
rpm at 4°C for 10 min. Aliquots of the supernatant were used to check
the concentrations of radioactivity added. The cells were washed three
times with 10 ml of MEM with 10% heat-inactivated (57°C, 30 min) calf
serum, 2 mM L-glutamine, 50 U/ml penicillin and 50 .g/ml streptomycin
(wash MEMA). The cells in the second set of tubes (unlabeled) were
similarly washed and the contents of a given tube transferred to one of
the first set of tubes containing radiolabeled cells. Finally, the pooled
cells in each tube were suspended in 400 w1 of MEMA or 0.58% DMSO
(Sigma Chemical Co., St. Louis, MO) in MEMA or 0.58% DMSO-100
uM lindane (hexachlorocyclohexane, y-isomer from Sigma) and trans-
ferred directly to a sterile 400-wl polypropylene microcentrifuge tube
with attached cap (Helena Plastics, San Rafael, CA) (Fig. 1). The con-
centration of lindane (i.e. 100 wM) was selected based on a separate study
as described below, and DMSO served as a control for lindane. The 400-
pl tubes were centrifuged at 1000 rpm for 5 min at 4°C to form a mul-
ticellular cluster ~1.6 mm in diameter. The resulting clusters contained
a total of 4 X 10¢ cells, of which 50% were labeled (Fig. 1). The capped
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microcentrifuge tubes containing the clusters were placed in a perforated
microcentrifuge tube rack and transferred to a refrigerator at 10.5°C. This
temperature was selected because V79 cells can remain in the cluster
configuration at this temperature for long periods (up to 72 h) without a
decrease in plating efficiency. This was also true for V79 cells in sus-
pension culture (/4). Therefore, the cells accumulate the preponderance
of their radioactive decays while in the cluster configuration as opposed
to the radiolabeling and colony-forming periods. After 72 h at 10.5°C,
the supernatant was carefully removed and the tube was vortexed to dis-
perse the cell cluster. The cells were resuspended in MEMA, transferred
to 17 X 100-mm Falcon polypropylene tubes, washed three times with
10 ml of wash MEMA, resuspended in 2 ml of MEMA, passed through
a 21-gauge needle five times to disperse cells, and serially diluted (four
10X dilutions), and 1 ml of the appropriate dilutions (approximately 200
cells for control tubes) was seeded in triplicate into 60 X 15-mm Falcon
tissue culture dishes. The dishes were then placed in an incubator at 37°C
with 95% air and 5% CO,. Aliquots were taken from each tube before
serial dilution, and the mean radioactivity per cell was determined (15).
The tissue culture dishes were removed from the incubator after 1 week,
and the resulting colonies were washed 3 times with normal saline and
2 times with methanol and finally stained with 0.05% crystal violet. The
colonies were counted under fluorescent light. A colony count of 25-250
was considered as a valid data point for each tissue culture dish. The
surviving fraction compared to the parallel control was determined for
each radioactivity concentration employed.

Chemotoxicity and Optimum Concentration of Lindane

Multicellular clusters were prepared wherein 50% of the cells were
labeled with a fixed activity concentration of [*’H]dThd (148 MBgq/ml) as
described above. The clusters were maintained at 10.5°C for 72 h in the
presence of 20-200 pM of lindane. To achieve this, lindane was first
dissolved in DMSO (5 mg/ml), filtered through a Millex®-HV filter (Mil-
lipore Corporation, Bedford, MA), and subsequently diluted with MEMA
to a final concentration 20-200 M lindane, 0.58% DMSOQ. Parallel con-
trols were established where clusters of unlabeled cells were maintained
at the same concentrations of lindane with 0.58% DMSO. Thus, for each
concentration of lindane, two tubes were prepared—one having a cluster
of radiolabeled cells (50%) and one having a cluster of unlabeled cells.
After 72 h the cluster was dismantled, the mean activity per cell was
determined, and the cell survival was compared to that of its matched
control using the procedure outlined above.

Assembly of Multicellular Clusters with 100% Radiolabeled Cells

Multicellular clusters in which 100% of the cells were radiolabeled
were assembled using the cells prepared as above. In short, | ml of
MEMB containing different concentrations of radioactivity was added to
culture tubes containing 1 ml of conditioned cells (4 X 10¢ cells). Half
of the concentrations used for the 50% labeling experiment were used to
maintain approximately the same cluster activity. After an incubation pe-
riod of 12 h at 37°C in an atmosphere of 95% air and 5% CO,, the
radiolabeled cells (4 X 10°) were washed as above, suspended in 400 pl
of MEMA, 0.58% DMSO in MEMA, or 0.58% DMSO-100 pM lindane
in MEMA, and transferred to a 400-pl microcentrifuge tube and centri-
fuged as described above. The microcentrifuge tubes containing the cell
clusters were maintained at 10.5°C for 72 h, after which the surviving
fraction of cells was determined as described above.

Response of Multicellular Clusters to Chronic and Acute Exposure to
External y Rays

Microcentrifuge tubes containing multicellular clusters prepared with
4 X 10° unlabeled cells as described above were transferred to a refrig-
erator at 10.5°C. The tubes were placed at different distances from a 370-
MBq “’Cs source housed in a small stainless steel capsule. Two control
tubes were similarly maintained at 10.5°C without radiation exposure.
The cumulated absorbed dose to the irradiated cells was measured using
a Thomson-Nielson (Ottawa, Canada) miniature MOSFET dosimeter sys-

tem. After 72 h of chronic irradiation, the cells were processed as de-
scribed above to determine the surviving fraction. Cumulated doses of
2.4 to 12.7 Gy were delivered over 72 h at dose rates from 3 to 18 cGy/
h, depending on the distance from the source. The response of the mul-
ticellular cluster to acute '*’Cs <y rays was also studied by maintaining
identically prepared multicellular clusters at 10.5°C for 72 h and then
irradiating them acutely at the same temperature in a J. L. Shepherd Mark
I irradiator (San Fernando, CA). The acute dose rate was ~1-1.7 Gy per
minute and total doses ranged from 1 to 12.5 Gy. After the acute irra-
diation, the cells were processed as above and the surviving fraction was
determined compared to that for unirradiated control cells.

Gap-Junctional Intercellular Communication at 10.5°C

The scrape-loading and dye transfer technique of El-Fouly er al. (12)
was used with slight modification. Approximately 4 X 10¢ cells were
thawed from a stock of V79 cells maintained at —70°C, washed with
MEMA, and immediately plated in a 30-mm Corning tissue culture dish
(Corning, NY) with 2 ml of fresh MEMA. The dish was placed in an
incubator at 37°C, 95% air and 5% CO, for 1 h and was then transferred
to a refrigerator at 10.5°C. After 72 h, the confluent cell population was
rinsed three times with Ca?*-Mg?*-free PBS. Two milliliters of PBS con-
taining 0.05% Lucifer yellow (Molecular Probes, Inc., Eugene, OR) was
added to the dish at room temperature and the monolayer was scraped
along three parallel lines using a sterile scalpel blade. The dish was placed
in the dark for 5 min to complete dye transfer. As Lucifer yellow is a
hydrophilic fluorescent dye with a low molecular weight (mol. wt. 457.2),
it can traverse gap junctions and therefore is an efficient means by which
to monitor gap-junctional intercellular communication. The dye solution
was decanted, the dish was rinsed three times with fresh PBS, and 2 ml
of PBS was added to the dish. The plate was observed with an Olympus
BX60 epifluorescence phase-contrast microscope illuminated with an Os-
ram HBO 200 W lamp.

RESULTS
Response of Multicellular Clusters to External y Rays

Figure 2 shows the dose-response curves for multicel-
lular clusters of V79 cells exposed to chronic (3-18 cGy/
h) and acute (1-1.7 Gy/min) '¥Cs vy irradiation. A least-
squares fit of these data to the linear-quadratic model [SF
= exp(—aD — BD?)] yielded a(chronic) = 0.0440 *
0.0183 Gy~!, B(chronic) = 0.00391 * 0.00231 Gy2,
a(acute) = 0.118 * 0.025 Gy !, and B(acute) = 0.00566
+ 0.0042 Gy

Response of Multicellular Clusters to [?’H]dThd

Figure 3 shows the surviving fraction of cells in the
multicellular cluster as a function of the *H activity in the
cluster when either 50% or 100% of the cells are radiola-
beled. The response curve for 100% labeling is exponential,
whereas the curve for 50% labeling is two-component ex-
ponential. A least-squares fit of these data to a two-com-
ponent exponential function yields

SF = (1 — b) e + b e, ¢y)

where SF is the surviving fraction, A is the cluster activity,
and b, A,, and A, are the fitted parameters. For 50% label-
ing, the fitted parameters b, A,, and A, are 0.67 = 0.12,
0.81 * 0.56 kBq, and 11.8 * 3.1 kBq, respectively. In the
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FIG. 2. Survival of V79 cells after acute () and chronic (<) irra-
diation of multicellular clusters with *’Cs <y rays. Irradiations were car-
ried out at 10.5°C. The acute dose rate was ~1-1.7 Gy per minute. For
chronic irradiation, the tubes containing clusters were placed at different
distances from a 370-MBq '*’Cs source housed in a small stainless steel
capsule. After the acute and chronic irradiation, the clusters were dis-
mantled, cells were processed, and the surviving fraction was determined
compared to cells from unirradiated control clusters. Representative stan-
dard deviations are indicated by the error bars. Solid curves represent
least-squares fits to the linear-quadratic model.

case of 100% labeling, with b = 0, the fitted value of A,
is 2.44 * 0.11 kBq.

Chemotoxicity of Lindane

Figure 4 shows the fraction of surviving cells in multi-
cellular clusters of V79 cells after a 72-h exposure to dif-
ferent concentrations of lindane in the culture medium. The
surviving fraction compared to that for untreated controls
remains close to unity up to about 100 wM lindane, where-
upon a significant decrease is observed. These data suggest
that concentrations in excess of 100 wM are not desirable
for experiments involving inhibition of gap-junction inter-
cellular communication due to associated cytotoxicity.

Optimum Concentration of Lindane to Inhibit Bystander
Effect

Determination of the optimum concentration of lindane
to minimize bystander effects is an essential element of the
present study. Figure 5 shows the surviving fraction of V79
cells in multicellular clusters as a function of lindane con-
centration in the cell culture medium. In these experiments,
50% of the cells in the cluster are radiolabeled with ap-
proximately 4.8 mBgq/cell of [°’H]dThd for a total cluster
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FIG. 3. Survival of V79 cells as a function of cluster activity of
[*H]dThd. Data are shown for experiments where 50% (@, O) or 100%
(A, A) of the cells were radiolabeled in multicellular clusters which were
maintained at 10.5°C for 72 h and then the surviving fraction was deter-
mined compared to unlabeled cells. Data from two independent experi-
ments are plotted for each labeling condition and are differentiated by
open and closed symbols. Representative standard deviations are indi-
cated by the error bars.
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FIG. 4. Chemotoxicity of lindane when V79 multicellular clusters
were exposed to the chemical at 10.5°C for 72 h. Representative standard
deviations for individual data points are shown. Data from three inde-
pendent experiments are indicated by different symbols (O, [J, A).
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FIG. 5. Effect of lindane concentration on survival of V79 cells from
multicellular clusters in which 50% of the cells are labeled with [*’H]dThd.
The surviving fraction increased steadily with increasing lindane concen-
tration up to 100 wM, after which no additional protective effect was
observed. Data from three independent experiments are indicated by three
symbols (@, ll, A). Representative standard deviations are indicated by
the error bars.

activity of about 19 kBq. Multicellular clusters treated with
neither [*H]dThd nor lindane served as controls. The con-
centration of lindane in the culture medium has a marked
impact on the surviving fraction of cells in the cluster, el-
evating the fraction from about 10% at 0 wM lindane to
about 50% at 100 pM lindane for multicellular clusters with
50% labeled cells. No further significant increase in sur-
viving fraction was observed at lindane concentrations in
excess of 100 pM. These data indicate that 100 pM is the
optimum concentration of lindane for carrying out detailed
studies of bystander effects in V79 cell multicellular clus-
ters.

Response of Multicellular Clusters to [?’H]dThd in the
Absence and Presence of Lindane

Figure 6 shows the surviving fraction of cells in the mul-
ticellular cluster as a function of the H activity in the cluster
when only 50% of the cells are radiolabeled. In the absence
of lindane, when the cluster activity increases, the surviving
fraction decreases sharply to about 50% and then continues
to decrease albeit with a more shallow slope. Essentially the
same curve is obtained when these clusters are maintained
in the presence of 0.58% DMSO. In contrast, clusters that
were maintained in the presence of 0.58% DMSO + 100
pM lindane show a similar sharp decrease in the slope of
the response curve to about 50% survival and only limited
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FIG. 6. Survival of V79 cells as a function of cluster activity of
[*H]dThd when 50% of the cells were labeled. Multicellular clusters were
maintained at 10.5°C for 72 h in the presence of (1) [*H]dThd (V, V;
data reproduced from Fig. 3); (2) [*H]dThd + 0.58% DMSO (M, O); or
(3) [’H]dThd + 0.58% DMSO + 100 wM lindane (4, ¢). Data from
two independent experiments are plotted for each treatment condition and
are differentiated as open and closed symbols. Representative standard
deviations are indicated by the error bars. The short-dashed, long-short
dashed, and solid curves represent least-squares fits of the data to Eq. (1)
for cases 1, 2 and 3, respectively.

cell killing at higher cluster activities. A least-squares fit of
these data to Eq. (1) in the case of 100 wM lindane gives
values of 0.67 = 0.03, 1.6 = 0.3 and 41.6 *= 5.8 kBq for
b, A, and A,, respectively. The fitted parameters for the three
irradiation conditions are summarized in Table 1.

The surviving fraction of cells in multicellular clusters
assembled with 100% of the cells radiolabeled with
[*H]dThd is shown in Fig. 7 as a function of the cluster
activity for the three experimental conditions: (1) [*H]dThd,
(2) [*H]dThd + 0.58% DMSO, and (3) [*H]dThd + 0.58%
DMSO + 100 pM lindane. The fraction of cells surviving
compared to untreated controls was calculated in each case.
The survival curves in all three cases are single-component
exponential, which is commensurate with our earlier studies
that examined the radiotoxicity of [*H]dThd in V79 cells
maintained in suspension culture (/4). Least-squares fits of
these data to Eq. (1) with b = 0 give A, values of 2.7 *
0.1, 2.7 = 0.2, and 2.8 * 0.1 kBq for cases 1, 2 and 3,
respectively. The fitted parameters for the three irradiation
conditions are summarized in Table 1.

Evidence of Gap-Junctional Intercellular Communication
at 10.5°C

To verify the capacity of V79 cells to form intercellular
communication through gap junctions during maintenance
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TABLE 1
Fitted Parameters for Survival Curves for Multicellular Clusters-

Percentage cells

Treatment labeled b A, (kBq) A, (kBq)

[*H]dThd® 100 0 2.7 £0.1 —
[*H)dThd + 0.58% DMSO* 100 0 27 £02 —
[*H]dThd + 0.58% DMSO + 100 pM lindane? 100 0 28 £ 0.1 —
[*H]dThd* 50 0.67 £ 0.12 0.81 £ 0.56 11.8 = 3.1
[*H]}dThd + 0.58% DMSO* 50 0.75 £ 0.04 0.70 = 0.17 93 £0.7
[*H]dThd + 0.58% DMSO + 100 wM lindane* 50 0.67 = 0.03 1.6 = 0.3 416 £ 538

« Standard errors are indicated.

¢ Least-squares fit to data in Fig. 7.

< Least-squares fit to data in Fig. 6.
at 10.5°C for 72 h, the transfer of Lucifer yellow dye be-  Multicellular Model

tween neighboring cells was studied in cells in monolayers.
As shown in Fig. 8, Lucifer yellow was transferred into
contiguous cells after the parallel lines were scraped in the
monolayer with a scalpel. The highest intensity of Lucifer
yellow was noticed in cells at the periphery of the scraped
areas, and a gradient of decreasing intensity is evident as
the dye spreads further into contiguous cells through gap
junctions.

DISCUSSION

Radiopharmaceuticals are used widely in clinical medi-
cine to diagnose and treat a variety of medical conditions.
It is well known that when radiopharmaceuticals are ad-
ministered to the patient, the radioactivity localizes in dif-
ferent tissues in the body and its distribution at the mac-
roscopic and microscopic levels is nonuniform. The degree
of nonuniformity can vary widely depending on a variety
of factors. The biological consequences of nonuniform dis-
tributions of radioactivity in a given tissue can also vary
substantially. Despite these well-known facts, current inter-
nationally accepted methods for assessing risks from di-
agnostic nuclear medicine procedures assume that the ra-
dioactivity is distributed uniformly in organs and tissues
and that the biological response depends principally on ab-
sorbed dose, radiation type and tissue radiosensitivity (16).
Bystander effects and other potential consequences of non-
uniform distributions of radioactivity are ignored in these
risk estimates. The same assumption is frequently made in
assessing risks from environmental (e.g. *Rn) and acci-
dental (e.g. '¥Cs, '*) exposures to radioactivity. Adelstein
et al. (17) and Makrigiorgos et al. (18) have raised impor-
tant concerns regarding the assumption of uniform distri-
bution of radioactivity and their impact on risk estimates.
However, one of the major stumbling blocks to predicting
the biological response of tissues with nonuniform distri-
butions of radioactivity has been the absence of experi-
mental models that allow tight control over the distribution
of the radioactivity.

The data in the present work have been obtained with a
new three-dimensional tissue culture model that has been
designed specifically to quantify the impact of nonuniform
distributions of radioactivity in tissues on the biological ef-
fect of the incorporated radionuclides. It is demonstrated
that multicellular clusters can be assembled by mixing sus-
pensions of radiolabeled and nonradiolabeled cells to
achieve a controlled degree of nonuniformity of radioactiv-
ity in an in vitro multicellular cluster model (Fig. 1). This
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FIG. 7. Survival of V79 cells as a function of cluster activity of
[*H]dThd when 100% of the cells were labeled. Multicellular clusters
were maintained at 10.5°C for 72 h in the presence of (1) [*H]dThd (V,
V); (2) [PHldThd + 0.58% DMSO (M, (J); 3) ['H]dThd + 0.58%
DMSO + 100 pM lindane (¢, ¢). Data from two independent experi-
ments are plotted for each treatment condition and are differentiated as
open and closed symbols. Representative standard deviations are indi-
cated by the error bars. The short-dashed, long-short dashed, and solid
curves represent least-squares fits of the data to Eq. (1) for cases 1, 2
and 3 respectively.
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FIG. 8. Transfer of the fluorescent dye Lucifer yellow through gap junctions in V79 cells maintained as a

monolayer culture at 10.5°C for 72 h.

new model affords a high degree of control over the per-
centage of radiolabeled cells in the cluster. The use of dif-
ferent radiochemicals can provide further control over the
subcellular distribution of the radioactivity in the labeled
cells. These degrees of control over the model are a major
departure from past in vitro multicellular cluster models
wherein multicellular spheroids are prepared prior to treat-
ment with radioactivity, thus leading to a condition where
only cells at the periphery of the cluster are effectively
labeled (19, 20).

The response of the multicellular clusters used in the
present work to external beams of '*7Cs <y rays is charac-
terized in Fig. 2 for both acute and chronic irradiation. The
dose-response curves with shoulders are characteristic of
the response of mammalian cells to radiations of low linear
energy transfer (LET). The acute doses were delivered at

dose rates of 1-1.7 Gy/min, whereas the chronic irradiation
was carried out at a dose rate of 3-18 cGy/h. The latter
dose rates are more in keeping with those encountered in
therapeutic nuclear medicine. Clearly, dose rate has a sig-
nificant impact on the response.

The survival curves in Fig. 3 correspond to the case
where V79 cells are labeled with [*H]dThd. The dose re-
sponses for 50% and 100% labeling are markedly different
from those observed when the cells are irradiated with ex-
ternal -y rays. In the case of 100% labeling of the cells in
the cluster, the dose-response curve is exponential with a
value of A, of 2.44 kBq. This exponential response is com-
mensurate with the response of suspension cultures of V79
cells labeled with [*H]dThd (/4). In contrast, the dose—
response curve for 50% labeling is two-component expo-
nential, with the second component having a relatively
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shallow slope compared to the first component as charac-
terized by the parameters A, = 0.81 kBq and A, = 11.8
kBq. In other words, for a given amount of *H radioactivity
in the cluster, the two labeling conditions (50%, 100%)
yield very different surviving fractions. Therefore, the dis-
tribution of radioactivity in the cluster plays an important
role in the biological response of the cells in the cluster.
This is an important aspect of this new model that can be
exploited to obtain quantitative data on the response of
multicellular systems to nonuniform distributions of radio-
activity.

Another significant feature of this new model is that typ-
ical cell survival experiments in vitro using radioprotectors
or gap-junction inhibitors involve acute radiation exposures
in the presence of chemotoxic concentrations of these
agents. The cells are usually washed free of the agent im-
mediately after the irradiation and plated for colony for-
mation. When cells are irradiated by incorporated radio-
nuclides, the radiation dose is delivered chronically. To ex-
amine the capacity of radioprotectors or gap-junction in-
hibitors to modify effects caused by chronic irradiation by
incorporated radionuclides, the chemical agent should be
present throughout the irradiation period (21). However,
chronic exposure of cultured cells to these chemical agents
at 37°C leads to extreme chemotoxicity, particularly when
levels sufficient to afford protection are used (21). The re-
sults in Figs. 4 and 5 show that this problem can be over-
come by maintaining the cells at 10.5°C. Under these con-
ditions, the V79 cells did not divide and only minimal
chemotoxicity was observed for both control and treated
cells when the lindane concentration was maintained at or
below 100 pM.

Chinese hamster V79 cells maintained at 37°C have been
shown to exhibit intercellular communication through gap
junctions. This has been demonstrated by freeze-fracture
coupled with quantitative morphology (1/3) as well as the
scrape-loading and dye transfer technique (72). However,
to the best of our knowledge, the capacity of V79 cells to
form gap junctions at 10.5°C has not been demonstrated.
In the present study, this aspect has been explored by main-
taining confluent monolayers of V79 cells at 10.5°C for 72
h and then studying the transfer of the fluorescent dye Lu-
cifer yellow to detect gap-junctional intercellular commu-
nication. Figure 8 shows that V79 cells indeed retain their
ability to form membrane channels through gap junctions
even at 10.5°C, a process that can be seen efficiently
through positive dye transfer into contiguous cells.

In view of the versatility and reproducibility of this new
multicellular cluster model, it is possible that it may merit
consideration for assessing bystander effects as set forth by
Mill et al. (8) in their recent Letter to the Editor. Mill et
al. (8) have argued that to clearly establish the existence
of a bystander effect in the case of hot particles (and non-
uniform activity distributions in general), “an internation-
ally validated in vitro assay together with an internationally
validated dosimetry protocol” is needed. The present ex-

perimental in vitro model, coupled with our theoretical mul-
ticellular dosimetry model (22), may be considered as a
candidate for this purpose. It should be noted, however, that
the current experimental protocol uses a maintenance tem-
perature of 10.5°C, which may have an impact on metabolic
processes such as DNA repair and cell proliferation. Ward
et al., (23) have shown that irradiated V79 cells are capable
of repairing DNA single-strand breaks at temperatures as
low as 10°C, albeit at a reduced rate. Double-strand breaks
were not repaired at this temperature. However, despite the
dependence of repair on temperature, a 3-h incubation of
the irradiated cells at this temperature had no impact on
cell survival. Nevertheless, the maintenance temperature in
the present model can be increased to 37°C; this will reduce
the capacity to introduce adequate concentrations of chem-
ical modifiers such as DMSO and lindane without leading
to undesired chemotoxicity.

The Bystander Effect

The B particles emitted by *H have a spectrum of en-
ergies from 0-18.6 keV (Z/0) with corresponding ranges in
water from 0-7 pm (24). The mean energy is only 5.7 keV,
which corresponds to a range of only 1 pm in water (24).
The mean diameter of a V79 cell is 10 pm and its nucleus
has a mean diameter of 8 wm (27). Since the *H is incor-
porated into the DNA of the nuclei of labeled cells, the
nuclei in these cells will be efficiently self-irradiated by the
low-energy B particles emitted by the radionuclide. How-
ever, B particles emitted by *H decays in the cell nucleus
must travel 2 wm (range of 10 keV electron, ref. 24) just
to get from the perimeter of the nucleus of a labeled cell
to the perimeter of a nucleus of an unlabeled cell. The
distance to the nucleus of the unlabeled cell is considered
important because the nucleus presumably contains the pri-
mary radiosensitive targets. Since the electrons are emitted
by decays occurring randomly throughout the nucleus,
nearly all of the B particles will have to travel substantially
more than 2 pum just to reach the nucleus of an unlabeled
cell. Given that very few of the B particles emitted are in
excess of the minimum requirement of 10 keV, the cross-
dose received by cells in the cluster is negligible. This pre-
mise is supported by the multicellular dosimetry calcula-
tions of Goddu et al. (22) that show that cross-dose for
electrons in this energy range is negligible when the radio-
activity is localized in the cell nucleus. Therefore, in the
absence of bystander effects, one anticipates essentially no
killing of unlabeled cells, which should translate into a 50%
surviving fraction in the case of 50% labeling at high clus-
ter activities. The steep first component (A, = 0.81 kBq)
of the two-component dose-response curve in Fig. 3 shows
that about 50% of the cells are indeed killed. However, the
second component (A, = 11.8 kBq) indicates that the un-
labeled cells continue to be killed as the activity in the
labeled cells is increased even though the unlabeled cells
are not significantly irradiated. This suggests that a bystand-
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er effect is responsible for the killing of unlabeled cells and,
unlike the results of Mothersill and Seymour (4), the effect
does not saturate with increasing dose (i.e. activity in the
labeled cells).

To elucidate the potential mechanisms responsible for
the bystander effect observed in Fig. 3, the gap-junction
inhibitor lindane was added to the culture medium prior to
formation of the multicellular clusters in which 50% of the
cells were labeled. Figure 6 shows that 100 wM lindane has
a marked impact on the survival of V79 cells with the value
of A, in Eq. (1) changing from 11.8 kBq to 41.6 kBq. The
solvent 0.58% DMSO had no impact on the response of
the V79 cells. If the bystander effect blocking factor (BBF)
is defined as the ratio

A, (with lindane)

BBF = ,
A, (without lindane)

€3]

then the bystander effect blocking factor for 50% labeling
of cells in the multicellular cluster with [*H]dThd and main-
tenance in culture medium with 0.58% DMSO + 100 pM
lindane is 3.5 *= 1.0. Since lindane is known to be a gap-
junction inhibitor (6, 7), and it has been demonstrated in
the present study that V79 cells form gap junctions at
10.5°C, it is likely that the bystander effects observed when
50% of the cells in the cluster are labeled with [*H]dThd
are due primarily to intercellular communication processes
that depend on the formation of gap junctions which con-
nect adjacent cells (25).

While lindane is known to be an inhibitor of gap-junc-
tion intercellular communication, it is also known to affect
other processes that may pertain to its apparent ability to
decrease bystander effects. For example, lindane may in-
crease levels of superoxide dismutase and the extent of lipid
peroxidation (26, 27) and cause alterations in intracellular
free calcium and mitochondrial transmembrane potential
(28). It may also increase the activity of NADPH-cyto-
chrome P450 and the ratio of superoxide anion production/
superoxide dismutase activity (29) and the formation of re-
active oxygen species that result from the metabolism of
lindane (30). Therefore, it is possible that mitigation of by-
stander effects by lindane may be due not only to inhibition
of gap-junctional intercellular communication but also to
these other processes.

Bystander Effects Relative to Conventional Radiation
Effects

To assess the relative importance of bystander effects
compared to conventional radiation effects (i.e. direct +
indirect), the clusters were assembled such that 100% of
the cells were again labeled with [*H]dThd. Figure 7 shows
the response of multicellular clusters treated with [*H]dThd,
[*H]dThd + 0.58% DMSO, or [*H]dThd + 0.58% DMSO
+ 100 pM lindane. The response of the V79 cells to the
three treatment regimens is essentially the same within ex-
perimental uncertainties. Each of the cells in the cluster is

surrounded by approximately 13 neighbors (22). Hence the
biological effect imparted to a given target cell in the clus-
ter is due not only to the *H decays that occur in the target
cell but also to the sum of the bystander effects imparted
by the neighboring cells. Therefore, since lindane had no
impact on cell survival, the contribution of the bystander
effect appears to be negligible for this biological end point
in the case of 100% labeling, at least over the range of
activities considered.

It thus stands to reason that the impact of the bystander
effect on cell survival depends on the percentage of cells
in the cluster that are labeled, with the effect being most
pronounced at low labeling percentages and when cross-
irradiation between cells is absent or minimal. Accordingly,
it is anticipated that a somewhat smaller bystander effect
may be observed when cells are labeled with radionuclides
that emit particles with ranges of several cell diameters or
more (e.g. '*'I) because cross-irradiation plays a more im-
portant role in these cases (22).

Finally, it should be noted that the arguments made
above are based on cell survival data alone. While it is not
expected that data based on other biological end points will
point toward very different conclusions than those reached
above, the importance of examining other end points is rec-
ognized.
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