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To investigate the biological effects of nonuniform distribution
of radioactivity in mammalian cells, we have developed a novel
three-dimensional tissue culture model. Chinese hamster V79
cells were labeled with tritiated thymidine and mixed with un-
labeled cells, and multicellular clusters (;1.6 mm in diameter)
were formed by gentle centrifugation. The short-range b parti-
cles emitted by 3H impart only self-irradiation of labeled cells
without significant cross-irradiation of unlabeled bystander cells.
The clusters were assembled in the absence or presence of 10%
dimethyl sulfoxide (DMSO) and/or 100 mM lindane. DMSO is a
hydroxyl radical scavenger, whereas lindane is an inhibitor of
gap junctional intercellular communication. The clusters were
maintained at 10.58C for 72 h to allow 3H decays to accumulate
and then dismantled, and the cells were plated for colony for-
mation. When 100% of the cells were labeled, the surviving frac-
tion was exponentially dependent on the mean level of radioac-
tivity per labeled cell. A two-component exponential response
was observed when either 50 or 10% of the cells were labeled.
Though both DMSO and lindane significantly protected the un-
labeled or bystander cells when 50 or 10% of the cells were
labeled, the effect of lindane was greater than that of DMSO. In
both cases, the combined treatment (DMSO 1 lindane) elicited
maximum protection of the bystander cells. These results suggest
that the bystander effects caused by nonuniform distributions of
radioactivity are affected by the fraction of cells that are labeled.
Furthermore, at least a part of these bystander effects are ini-
tiated by free radicals and are likely to be mediated by gap
junctional intercellular communication. q 2001 by Radiation Research Society
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INTRODUCTION

There is substantial interest in the role of bystander ef-
fects in the biological response of mammalian cells to ion-
izing radiation. It has long been believed that the principal
genetic effects of ionizing radiation in mammalian cells are
the direct result of DNA damage in irradiated cells that has
not been repaired adequately. Therefore, when cells are ex-
posed to external beams of radiation, only those cells that
receive ‘‘hits’’ from the emitted radiations would be dam-
aged. No effects would be observed in cells that are not
‘‘hit.’’ These cells are referred to as bystanders. Studies
from a number of laboratories suggest that these bystander
cells do indeed incur damage as a consequence of being in
the neighborhood of irradiated cells (1). Nagasawa and Lit-
tle (2) first showed that Chinese hamster ovary (CHO) cells
exposed to very low fluences of a particles exhibited a
much higher incidence of cells with sister chromatid ex-
changes (SCEs) than expected based on the number of cells
that were traversed by a particles. These authors found sim-
ilar results when induction of HPRT mutations was used as
the end point, thereby confirming that genetic damage does
occur in bystander cells that are not irradiated (3). Desh-
pande et al. (4) reported increases of more than eightfold
in the percentage of primary human fibroblast cells express-
ing an increased level of SCE over the actual number of
nuclei traversed by an a particle. Hickman et al. (5) doc-
umented that a particles induced accumulation of the Tp53
tumor suppressor protein in rat lung epithelial cells in a
higher percentage of cells than expected based on the num-
ber that would have received a direct nuclear traversal. Az-
zam et al. (6) made similar observations with altered ex-
pression of TP53, CDKN1A (also known as p21Waf1), CDC2
(also known as p34cdc2), cyclin B1 and RAD51 in human
diploid fibroblast cells. Prise et al. (7) reported a higher
frequency of apoptotic and micronucleated human fibro-
blast cells in cultures irradiated with a charged 3He21 par-
ticle microbeam. Mothersill and Seymour (8) demonstrated
that addition of medium from epithelial cells irradiated with
g rays led to increased cell death and apoptosis of unirra-
diated cells.
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Although consistent support for the existence of bystand-
er effects is available in the literature, studies that probe
the mechanisms that lead to damage in bystander cells are
limited. Bystander effects have been attributed to the pro-
duction of extracellular factors that lead to the generation
of reactive oxygen species (ROS) (9–11). More recently,
Iyer and Lehnert (12) have postulated that transforming
growth factor b1 is the mediator of a-particle-induced by-
stander responses. Gap junctional intercellular communi-
cation (GJIC) has also been implicated as one of the mech-
anisms (6, 13). It has also been suggested that other mech-
anisms such as extranuclear-originating signal pathways,
secreted diffusible factors, and apoptosis-inducing factors
may be involved in the responses of bystander cells (14,
15). These findings suggest that different mechanisms may
be operational for bystander effects depending on the cell
type, the type of radiation, and other experimental condi-
tions, including the end points studied.

The issue of bystander effects is relevant to the biological
effects of nonuniform distribution of radioactivity; how-
ever, there is a paucity of data. This is of major importance
to risk estimation in diagnostic nuclear medicine and radi-
ation protection (e.g. inhalation of radon/radon progeny) as
well as clinical outcome in therapeutic nuclear medicine.
One of the major obstacles to predicting the biological re-
sponse of tissues with nonuniform distribution of radioac-
tivity is the absence of suitable experimental models that
allow precise control of the degree of nonuniformity. To
overcome this problem, we have recently developed a novel
three-dimensional tissue culture model (13). Using this
model, we have shown evidence of pronounced bystander
effects in the form of decreased cell survival when 3H is
localized in the DNA of Chinese hamster lung fibroblast
(V79) cells and is distributed nonuniformly in multicellular
clusters (13). In the present communication, the same mul-
ticellular cluster model is used to investigate the impact of
different magnitudes of nonuniform distribution of radio-
activity on bystander effects. The underlying mechanisms
of bystander effects that arise from nonuniform distribution
of radioactivity are also studied.

MATERIALS AND METHODS

Radiochemical and its Quantification

Tritiated thymidine ([3H]dThd) was obtained from NEN Life Science
Products (Boston, MA) as a sterile aqueous solution at a concentration
of 37 MBq/ml with a specific activity of 3000 GBq/mmol. The activity
of 3H was measured with a Beckman LS3800 automatic liquid scintilla-
tion counter (Fullerton, CA). The detection efficiency for the b particles
emitted by 3H was 0.65.

Cell Culture

V79 cells, kindly provided by Dr. A. I. Kassis (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 GJIC (16–18). The different minimum essential
media (MEMA, MEMB and wash MEMA) and culturing conditions have

been described in detail previously (13). The plating efficiency was about
64%.

Assembly of Multicellular Clusters

The protocols were as described earlier (13). Briefly, V79 cells were
conditioned in 1 ml MEMB in 17 3 100-mm Falcon polypropylene cul-
ture tubes placed on a rocker-roller for 3–4 h in an incubator at 378C,
5% CO2, 95% air (2 or 4 3 106 cells/ml). Thereafter, 1 ml MEM con-
taining various activities of [3H]dThd was added and the tubes were re-
turned to the rocker-roller. After 12 h, the cells were washed three times
with wash MEMA, resuspended in 2 ml of MEMA, and passed several
times through a 21 gauge needle. Additional tubes containing cells not
labeled with 3H were processed identically. The radiolabeled cells were
then mixed with unlabeled cells to get 100, 50 or 10% radiolabeled cells,
pelleted and transferred directly to a sterile 400-ml polypropylene micro-
centrifuge tube (Helena Plastics, San Rafael, CA). The tubes were cen-
trifuged at 1000 rpm for 5 min at 48C to form clusters with diameter
;1.6 mm (4 3 106 cells).

Treatment with DMSO and/or Lindane

To study the mechanisms underlying bystander effects, the multicel-
lular clusters were assembled in the presence of the free radical scavenger
DMSO and/or an inhibitor of GJIC, lindane (Sigma Chemical Co., St.
Louis, MO). To achieve radioprotection, a DMSO concentration of 10%
(1.28 M) was required as per our previous studies (19). Lindane was
dissolved in DMSO (5 mg/ml) and subsequently diluted with MEMA to
a final concentration of 100 mM lindane–0.58% DMSO. These concen-
trations of lindane and DMSO were not cytotoxic (13).

Cell Survival

The microcentrifuge tubes containing the clusters were maintained at
10.58C for 72 h to allow decay of 3H in the absence of cell division.
Under these conditions, V79 cells can withstand prolonged exposure to
10% DMSO and 100 mM lindane without significant loss of plating ef-
ficiency (13, 19). The supernatant was then carefully removed and the
tubes were vortexed to disperse the cell clusters. The cells were washed
three times with 10 ml of wash MEMA, resuspended in 2 ml of wash
MEMA, passed several times through a 21-gauge needle (resulting in a
single cell suspension with a doublet frequency of only 2.4%), serially
diluted, seeded in triplicate into 60 3 15-mm Falcon tissue culture dishes,
and incubated at 378C with 95% air and 5% CO2. Aliquots were taken
from each tube before serial dilution as above, and the mean radioactivity
per cell was determined. After 7 days, the surviving fraction compared
to control cells was determined.

Kinetics of Radioactivity in Cells

To ascertain the absorbed dose received by the cells, the kinetics of
uptake and clearance of the radioactivity from the cells was followed.
Multicellular clusters were prepared with 100% of the cells labeled as
described above. At various times after the clusters were placed at 10.58C,
a cluster was dismantled and the level of radioactivity per cell was de-
termined. Additionally, cells from clusters that had been maintained at
10.58C for 72 h were washed with wash MEMA, and 1 3 106, 5 3 105,
2.5 3 105 and 2.5 3 105 cells were finally plated in duplicate into 75-
cm2 culture flasks. On each of the following 4 days, duplicate flasks with
the same number of cells plated (in descending order) were removed from
the incubator and the activity per cell was determined.

Monitoring of Radioactivity in Labeled and Unlabeled Cells

Studies were carried out to trace radioactivity in the labeled and un-
labeled cells. The radiolabeled cells were dyed with 0.05 mM carboxy-
fluorescein diacetate succinimidyl ester (CFDA SE) in phosphate-buff-
ered saline (PBS) at 378C for 15 min using a Vybranty cell tracer kit
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FIG. 1. Survival of V79 cells as a function of activity per labeled cell
wherein 100% of the cell population was labeled with [3H]dThd. Cells were
maintained in MEMA as multicellular clusters in the absence (V) and
presence (v) of 10% DMSO, or as suspensions in the absence of DMSO
(□). Data points represent the average of eight (V), three (v) and two
(□) experiments, respectively. Standard errors are shown accordingly.

(Molecular Probes, Eugene, OR). CFDA SE passively diffuses into cells,
where its acetate groups are cleaved by intercellular esterases to yield the
highly fluorescent carboxyfluorescein succinimidyl ester that reacts with
intracellular amines forming well-retained fluorescent conjugates. The ra-
diolabeled and dyed cells (2 3 106) were mixed with an equal number
of unlabeled, undyed cells. The pooled cells were used to form clusters
containing a total of 4 3 106 cells (50% of the cells were radiolabeled
and dyed) and the clusters were maintained at 10.58C. After 72 h, the
cells from two clusters were pooled, washed with PBS, resuspended in 5
mM EDTA in PBS to a concentration of 107 cells/ml, and passed through
a 21-gauge needle five times to produce a single cell suspension. The
cells were subjected to fluorescence-activated cell sorting (FACS) using
a FACSCalibur flow cytometer (Becton Dickinson, San Francisco, CA).
An air-cooled 488-nm argon-ion laser was used to excite the dye. The
excitation and emission peaks of the fluorescent dye are 492 and 517 nm,
respectively. Fluorescence in the FL-1 channel was collected along with
forward-angle and 908 light scatter. The cells were sorted for dye-negative
cells. A gate was applied around the cell population to evaluate cellular
events. Single-parameter histograms based on 10,000 events were ana-
lyzed using CellQUEST software (Becton Dickinson). After sorting, the
dye-negative cells (unlabeled and undyed) were collected, pooled, washed
and finally resuspended in 2 ml of 5 mM EDTA in PBS. Aliquots were
used to determine the mean activity per cell. An additional 0.5 ml of the
suspension was subjected to FACS for the second time to check the purity
of sorted cells (i.e. absence of dye-positive cells).

Assessment of GJIC by Flow Cytometry

The presence of functional GJIC between V79 cells in multicellular
clusters maintained at 10.58C in the absence and presence of lindane was
monitored by flow cytometry. The method of Goldberg et al. (20) was
used with modifications. Cells (4 or 2 3 106) were loaded with calcein
AM (Molecular Probes). This fluorescent dye becomes membrane im-
permeant when it enters the cell. However, it can traverse functional gap
junctions (21). The loading was achieved by incubating cells for 25 min
at 378C in the presence of 2 ml of 20 mM dye in PBS. The cells were
then washed with PBS, resuspended in prewarmed MEMA, incubated at
378C for 30 min, and centrifuged, and the supernatant was decanted.
Undyed cells were treated similarly. These cells were used to form mul-
ticellular clusters containing 100 or 50% dyed cells. The clusters with
50% dyed cells were prepared in the presence or absence of 100 mM
lindane. The clusters were then maintained at 10.58C for 72 h. The cells
from clusters were washed with PBS and resuspended in 1 ml of 5 mM
EDTA in PBS. In the lindane-treated cells, all steps after the dyeing
procedure, including washes and resuspensions, were carried out in the
presence of lindane. GJIC was interpreted as the ability of the dye to
pass from pre-dyed cells to undyed cells. This was determined by mea-
suring the fluorescence of cells with the FACSCaliber flow cytometer
with a 530-nm band pass filter using the technique of Tomasetto et al.
(22). Fluorescent signals were processed over a four-decade logarithmic
range. The clusters containing 100% dyed and undyed cells served as
positive and negative controls. A no-dye-transfer control for the 50%
dyed cell clusters was prepared by mixing equal volumes of the final
suspensions of the 100% dyed and undyed cells, and the resulting mixture
was immediately analyzed with the flow cytometer.

RESULTS

100% Labeling: Response of Multicellular Clusters and
Cell Suspensions

Figure 1 illustrates the surviving fraction of cells main-
tained in multicellular clusters for 72 h as a function of 3H
activity (mBq) per labeled cell. Also shown is the survival
curve obtained when cells were prepared identically except
for maintenance as a single-cell suspension for 72 h at

10.58C [see ref. (19) for experimental details]. The data
were fitted by least squares to the relationship

2A/A 2A/ASF 5 (1 2 b)e 1 b e ,1 2 (1)

where SF is the surviving fraction, A is the activity per
labeled cell, and b, A1 and A2 are the fitted parameters. The
parameters A1 and A2 are analogous to D0 values for the
first and second components, respectively. With b 5 0 for
monoexponential response, the fitted values of A1 for clus-
ter and suspension are 0.80 6 0.02 and 0.76 6 0.04 mBq/
cell, respectively. The response of the cells to incorporated
[3H]dThd is essentially the same whether the cells are ar-
ranged in the form of a cluster or are maintained as a single-
cell suspension. Therefore, this suggests that the cells with-
in the cluster do not receive any significant exposure to
radiation from their neighbors (i.e. no cross-irradiation).

100% Labeling: Modification of Response by DMSO and
Lindane

The surviving fractions of cells in multicellular clusters
assembled and maintained in the presence or absence of
10% DMSO are also shown in Fig. 1. A least-squares fit
of the data for each treatment condition to Eq. (1) with b
5 0 gives A1 values of 1.5 6 0.08 and 0.80 6 0.02 mBq/
cell for 10% and 0% DMSO, respectively (Table 1). The
dose modification factor (DMF), which indicates the degree
of protection provided to the labeled cells by 10% DMSO,
is expressed by the ratio of A1 values in the presence and
absence of DMSO as follows (19, 23):

3DMF([ H]dThd, 10% DMSO)

A (with DMSO)15 . (2)
A (without DMSO)1

As shown in Table 1, a DMF value of 1.9 6 0.12 is ob-
tained, which indicates that 10% DMSO is able to protect
V79 cells against lethal damage in clusters when all cells
are labeled with [3H]dThd. As reported earlier (13), 100
mM lindane did not have any effect on the survival of cells
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TABLE 1
Fitted Parameters for Survival Curves and Bystander Modification Factor for Multicellular Clusters

Treatment

Percentage
of cells
labeled

Number of
experiments b

A1
a

(mBq/labeled cell)
A2

a

(mBq/labeled cell)

Bystander
modification

factorb

[3H]dThd
[3H]dThd 1 10% DMSO
[3H]dThd
[3H]dThd 1 10% DMSO
[3H]dThd 1 100 mM lindane
[3H]dThd 1 10% DMSO 1 100 mM lindane
[3H]dThd
[3H]dThd 1 10% DMSO
[3H]dThd 1 100 mM lindane
[3H]dThd 1 10% DMSO 1 100 mM lindane

100
100
50
50
50
50
10
10
10
10

8
2
4
5
3
3
2
2
2
2

0
0

0.61 6 0.09
0.52 6 0.08
0.68 6 0.03
0.61 6 0.03
0.87 6 0.02
0.84 6 0.02
0.82 6 0.02
0.86 6 0.03

0.80 6 0.02c

1.5 6 0.08
0.29 6 0.16
1.5 6 0.28

0.72 6 0.15
1.1 6 0.20

0.96 6 0.40
1.4 6 0.65
1.4 6 0.77
3.5 6 1.8

—
—

4.8 6 1.1
11.1 6 2.1
18.2 6 2.0
29.5 6 2.8
49.4 6 1.9
67.0 6 4.3
91.0 6 6.7

112.4 6 7.5

—
1.9 6 0.12d

—
2.3 6 0.68
3.8 6 0.94
6.1 6 1.5

—
1.4 6 0.10
1.8 6 0.15
2.3 6 0.17

a A1 and A2 are analogous to the D0’s of the first (labeled cells) and second (bystander cells) components of the fitted survival curve (Eq. 1).
b A2 (with treatment)/A2 (without treatment).
c Mean 6 SE.
d For 100% labeling, this quantity represents the traditional dose modification factor (DMF).

FIG. 2. Survival of V79 cells as a function of activity per labeled cell
in which 50% (panel A) or 10% (panel B) of the cells were labeled with
[3H]dThd and used to form multicellular clusters. The clusters were main-
tained in MEMA (V), 10% DMSO in MEMA (#), 100 mM lindane in
MEMA (□), or 10% DMSO 1 100 mM lindane in MEMA (n). Data
from two to five independent experiments are presented for each treat-
ment. Standard errors for each data point are of the order of the dimen-
sions of the symbols.

from a multicellular cluster when all cells were labeled with
[3H]dThd. This suggests that the bystander effect does not
significantly contribute to the killing of radiolabeled cells.

50% Labeling: Modification of Response by DMSO and/
or Lindane

Figure 2A shows the cell surviving fraction as a function
of the level of radioactivity per labeled cell for multicellular
clusters in which 50% of the cells were labeled with
[3H]dThd. The clusters were maintained in the presence of
(1) MEMA, (2) 10% DMSO in MEMA, (3) 100 mM lin-
dane in MEMA, or (4) 10% DMSO 1 100 mM lindane in
MEMA. As shown in Fig. 2A, a two-component exponen-
tial survival curve emerges when the data from each ex-

perimental condition are fitted to Eq. (1). As expected, the
transition from the first to second component occurs near
50% survival. Table 1 summarizes the fitted parameters for
the different treatment conditions. The fitted parameters for
cases (1) and (3) are slightly different from those obtained
previously (13) because the new values include results of
additional experiments not reported earlier. In the absence
of any treatment, as the activity per labeled cell increases,
the surviving fraction drops sharply to about 50% and then
continues to drop, albeit with a shallower slope. The first
component of the two-component survival curve represents
killing of the radiolabeled cells, whereas the second com-
ponent represents killing of unlabeled bystander cells (13).
Addition of 10% DMSO afforded significant protection
against lethal damage to unlabeled bystander cells. In fact,
the value of A2 changes from 4.8 6 1.1 to 11.1 6 2.1 mBq/
labeled cell (Table 1). If one considers this change a con-
sequence of modification of the bystander effects imparted
by the labeled cells to unlabeled cells, then the bystander
modification factor (BMF) is defined as3

A (with treatment)2BMF 5 . (3)
A (without treatment)2

The bystander modification factor for 10% DMSO in mul-
ticellular clusters containing 50% cells labeled with
[3H]dThd is 2.3 6 0.68 (Table 1). A greater degree of pro-
tection of the bystander cells was achieved with 100 mM
lindane (bystander modification factor 5 3.8 6 0.94). This
value is within statistical uncertainties of the previously re-
ported value of 3.5 6 1.0 (13). The most dramatic protec-
tion of the bystander cells was manifested by a combined
treatment of 10% DMSO and 100 mM lindane, which yields

3 In our previous communication, we designated the ratio of the A2

values as a bystander blocking factor. This name was selected because
lindane is a gap junction inhibitor in V79 cells. The change in name to
bystander modification factor acknowledges the fact that other agents
such as DMSO can modify the response through other mechanisms.
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FIG. 3. Intracellular 3H activity in V79 cells as a function of time. The
period 0–12 h represents the uptake of the radiochemical. The period 12–
84 h represents the 72-h period in which the cells were maintained at
10.58C. The period beyond 84 h corresponds to the 1-week period of
colony formation, when the cellular activity has an effective half-time of
;12 h. The area under the curve is proportional to the cumulative decays
in the V79 cell nucleus. Approximately 76% of the intracellular decays
occur when the cells were maintained at 10.58C.

FIG. 4. Evidence of no migration of radioactivity from labeled to un-
labeled cells in multicellular cluster containing 50% labeled cells. V79
cells were radiolabeled with [3H]dThd, dyed with CFDA, and mixed with
unlabeled and undyed cells, and cell clusters were prepared and main-
tained at 10.58C for 72 h. Panel A: After 72 h, flow cytometry analysis
shows that 49.6% of the cells remained dyed (M1). Panel B: The undyed
cells (M2) were separated from the dyed cells (M1) by FACS. No sig-
nificant radioactivity was found in the undyed cells.

a sharp drop in the response curve to about 50% survival
and only limited cell killing at higher activities per labeled
cell (Fig. 2A). Under this experimental condition, a by-
stander modification factor of 6.1 6 1.5 was obtained.

10% Labeling: Modification of Response by DMSO and/
or Lindane

The multicellular clusters were also prepared with a mix-
ture of 10% radiolabeled cells and 90% unlabeled cells. As
in the case for 50% labeling, Fig. 2B shows a similar two-
component exponential response for each treatment condi-
tion. As expected, the transition from the first to second
component for 10% labeling occurs near 90% survival. The
parameters resulting from least-squares fits to Eq. (1) are
given in Table 1. The bystander modification factors cor-
responding to 10% DMSO, 100 mM lindane, and 10%
DMSO 1 100 mM lindane are 1.4 6 0.10, 1.8 6 0.15, and
2.3 6 0.17, respectively (Table 1). These values for the
case of 10% labeling were of lesser magnitude than those
for the 50% labeling. However, like the data for 50% la-
beling, the data for 10% labeling show that the killing of
unlabeled bystander cells does not saturate even though the
number of labeled cells that come in contact with unlabeled
cells is five times less than in the case of the 50% labeling.

Biokinetics of [3H]dThd in Cells

The uptake, maintenance and clearance of [3H]dThd in
V79 cells as they proceed through different stages of the
experiment are depicted in Fig. 3. The area under the curve
is proportional to the cumulated activity (decays) of 3H in
V79 cell nuclei. The period of 0–12 h represents the uptake
of the radiochemical at 378C. Previous studies have shown
that the uptake is linear in time during this period (23). The
period of 12–84 h represents the 72-h period in which the
cells were maintained at 10.58C in the cluster configuration.

As expected, the cellular activity did not change during this
period. Finally, the curved region corresponds to the 1-
week period of colony formation at 378C, where the cellular
activity has an effective half-time of ;12 h, which is in
agreement with previous data (23). Integration under the
curve and normalizing to 1 mBq give the mean cumulated
activity (decays) in a labeled cell, Ã 5 343 Bq s per mBq
in the cell. Finally, it should be noted that about 76% of
the intracellular decays occurred while the cells were main-
tained in the cluster configuration at 10.58C (23).

No Migration of Radioactivity in Multicellular Clusters

The multicellular clusters consisting of 50% radiolabeled
and dyed cells and 50% unlabeled and undyed cells were
maintained at 10.58C for 72 h, dispersed, and analyzed by
flow cytometry to verify percentage of cells dyed. The anal-
ysis of CFDA-positive and CFDA-negative cells is shown
in Fig. 4A. The data confirm that 49.6% of the cells were
dye-positive (M1 gate) and hence labeled with [3H]dThd.
The dye-negative cells (M2 gate) were then sorted and
again analyzed by flow cytometry (Fig. 4B). Figure 4B
shows that the undyed cells (M2 gate) were separated to a
purity of ;97%. Aliquots of these cells were counted for
radioactivity, and it was determined that they contained an
average of 0.013 mBq/cell. The M1-gated (dye-positive)
cells shown in Fig. 4A contained 1.5 mBq/cell. Since the
dye-negative cells have a 3% contamination of radiolabeled
and dyed cells, this population should have an average of
at least 0.045 mBq/cell. This is well above the 0.013 mBq/
cell observed. Therefore, these data provide strong evi-
dence that there is no migration of [3H]dThd from radio-
labeled cells to surrounding unlabeled cells under the ex-
perimental conditions used.

Absorbed Dose to Labeled and Unlabeled Cells

The short-range b particles emitted by 3H have a spec-
trum of energies from 0–18.6 keV (24), with ranges in wa-
ter from 0–7 mm. The mean energy of the electron is only
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FIG. 5. Single-parameter histogram from flow cytometry of V79 cells
from a multicellular cluster containing (panel A) 0%, (panel B) 100% or
(panel C) 50% dyed cells, (panel D) 50% dyed cells in the presence of
100 mM lindane, or (panel E) an equal mixture of 0% and 100% dyed
cells followed by immediate analysis. Transfer of the fluorescent dye
calcein AM from dyed to undyed cells in the case of 50% dyed cells is
seen in the right lateral shift in the peak position corresponding to the
cells that were initially undyed (panel C). Addition of lindane dramati-
cally reduces the degree of dye transfer (panel D) as seen in the similarity
to the 50% control histogram, where no dye transfer was possible (panel
E).

5.7 keV, and it has a range of 1 mm in water. The mean
diameter of a V79 cell is 10 mm, and the mean diameter
of its nucleus is 8 mm (25). Using the model of Goddu et
al. (26) and the full 3H b-particle spectrum, the mean self-
absorbed dose to the nucleus of a labeled cell per unit cu-
mulated activity in the nucleus of the labeled cell is
Sself(labeled←labeled) 5 2.61 3 10–3 Gy/Bq s. The mean
self-absorbed dose to the nucleus, Dself(labeled), is Ã
Sself(labeled←labeled) 5 0.895 Gy per mBq in the cell.
Therefore, the mean lethal dose for 100% labeling is D37

5 0.80 mBq (0.895 Gy/mBq) 5 0.72 Gy. In contrast, the
mean cross-dose to a neighboring unlabeled cell per unit
cumulated activity in a single labeled cell is
Scross(unlabeled←labeled) 5 3.03 3 10–6 Gy/Bq s. For 50%
labeling, each unlabeled cell has 12 neighbors, 6 of which
are labeled (26). Therefore, (unlabeled←labeled) 5totalScross

1.82 3 10–5 Gy/Bq s and (unlabeled←labeled) 5totalDcross

0.00624 Gy mBq–1 in the labeled cell. Therefore, the dose
to the labeled cell is over 140 times that to the unlabeled
cell.

Functional GJIC in Multicellular Clusters

The fluorescent dye calcein AM was used to ascertain
the presence of functional GJIC. As shown in Fig. 5A, the
background fluorescence associated with undyed cells re-
sulted in a single low-intensity peak with a geometric mean
of 2.9. When 100% of the cells were dyed, a single broad
and intense peak was observed with a geometric mean of
290 (Fig. 5B). When 50% of the cells were loaded with the
dye, two peaks emerged with geometric means of 13 and
203, respectively (Fig. 5C). The peak corresponding to ini-
tially undyed cells has shifted markedly to the right, indi-
cating that dye has been transferred from dyed to undyed
cells. Hence functional GJIC is present in the V79 multi-
cellular clusters maintained at 10.58C. Addition of lindane
inhibited dye transfer, as shown by the similarity of its his-
togram (Fig. 5D, geometric means of 9 and 225) to that of
the 50% control culture, where no dye transfer was possible
(Fig. 5E, geometric means of 6 and 260). These data sup-
port the capacity of lindane to attenuate GJIC under the
present experimental conditions.

DISCUSSION

The present study has used a three-dimensional tissue
culture model (13) to quantify the lethal effect of nonuni-
form distributions of [3H]dThd. This model affords a high
degree of control over the percentage of radiolabeled cells
in the cluster. The short range of the 3H b particles prevents
significant irradiation of unlabeled cells by radioactivity in
the labeled cells (13). This is supported by the data in Fig.
1 that show that the mean lethal 3H activity per cell required
to achieve 37% survival is essentially the same for 100%
labeling regardless of whether the cells are maintained as
clusters (0.80 6 0.02 mBq/cell) or in suspension, where no

cross-dose is possible (0.76 6 0.04 mBq/cell). It is also
supported by theoretical calculations for 50% labeling (see
Results section) that yield mean absorbed doses to the la-
beled and unlabeled cells of 0.895 and 0.00624 Gy mBq–1

per labeled cell, respectively. Since the activity per labeled
cell required to effect 1% survival is about 20 mBq per
labeled cell (Fig. 2A), the dose to the unlabeled cells in
this case would be about 0.12 Gy. Assuming an equal ef-
fectiveness per gray between self- and cross-irradiation
(worst-case scenario), this would produce an SF of 0.84 in
the unlabeled cells which comprise 50% of the population.
If all of the labeled cells were killed, and the killing of
unlabeled cells was due to irradiation of their nuclei, this
would yield an expected SF for the entire population of
about 0.42. Similar results emerge for the case of 10% la-
beling. The difference between 0.42 and the observed SF
of 0.01 suggests that mechanisms other than cross-irradia-
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tion play the principal role in the observed killing of un-
labeled bystander cells.

Three different radiolabeling conditions were investigat-
ed in which 100, 50 or 10% of the cells within the multi-
cellular clusters were labeled, each resulting in markedly
different survival curves. The data for 100% labeling in
Fig. 1 yielded an exponential survival curve with a mean
lethal cellular activity of 0.80 mBq/cell. In contrast, the
data for 50 and 10% labeling required fits to a two-com-
ponent exponential function (Fig. 2A, B). These fits and the
resulting parameters (Table 1) indicate that about 50 and
10% of the cells are killed at relatively low activities per
labeled cell because only the labeled cells are killed. How-
ever, the second components (Fig. 2) indicate that unlabeled
cells are killed even though they do not receive significant
irradiation. This strongly suggests that bystander effects are
responsible for killing of unlabeled cells. Furthermore, the
linearity of the second components suggests that the by-
stander signal increases exponentially with the dose to the
labeled (irradiated) cells. This finding appears to differ from
the data of Wu et al. (27), who found a saturation in the
dose response for mutation induction in AL cells irradiated
through the cytoplasm with an a-particle microbeam. They
observed a similar saturation in response when cell survival
was used as the end point (data available only down to
about 70% survival). They postulated that the saturation
after eight a-particle traversals may have been due to the
fact that the traversals were split between only two areas
in the cytoplasm (27), suggesting that a more uniform ir-
radiation of the cytoplasm may have eliminated the satu-
ration. While this may be the case, the present data do not
involve irradiation of the cytoplasm of the same cell; rather
they involve death of unlabeled bystander cells adjacent to
cells whose nucleus is irradiated by b particles emitted by
[3H]dThd. Therefore, given the very different irradiation
conditions (cytoplasm of the same cell compared to the
nucleus of a neighboring cell), it is possible that different
mechanisms are operational, which could lead to different
dose–response relationships. Furthermore, considering oth-
er differences between the experimental protocols (e.g. ra-
diation type, cell type, dose of radiation to target cells, tem-
perature, cell geometry), it is not surprising that differences
were observed.

A more recent report from the same laboratory examined
the mutagenic response in the surviving bystander cell pop-
ulation after irradiation of 0, 5, 10 or 20% of the cell nuclei
with 20 a particles from the microbeam (28). Under these
irradiation conditions, which were somewhat similar to
those in the present study, they found a linear increase in
the mutant fraction of bystander cells as the percentage of
cell nuclei in the population that were hit with the 20 a
particles was increased. A plateau was reached when 10%
of the nuclei were hit such that there was no significant
difference in mutation fraction when 20% of the cells in
the population were hit. As indicated by the authors, this
was perhaps expected in their two-dimensional monolayer

model because the number of unirradiated cells in direct
contact with an irradiated cell is not much different in the
two cases. The data in the present work also suggest that
percentage of cells labeled is an important determinant for
bystander effects. However, in the present work, higher per-
centages of labeling appear to impart bystander effects
more efficiently in the three-dimensional cluster model. The
fitted values for A2 (Table 1) differ by about 10-fold for
10% and 50% labeling, despite only a 5-fold difference in
the percentage of cells labeled. Therefore, the efficiency of
the transfer of bystander effects is reduced by a factor of
two for 10% labeling compared to 50% labeling. It is pos-
sible that coupling of an average of about 1.2 radioactive
cells to each bystander cell (10% labeling) results in trans-
mission of damage signals to a single region of the bystand-
er cell compared to a more uniform transmission when 6
radioactive cells are coupled to each bystander cell (50%
labeling). This could lead to less efficient killing of the
coupled bystander cell. Although we are not aware of any
experimental data to support this hypothesis, this argument
is analogous to that of Wu et al. (27) for cytoplasmic ir-
radiation.

Gap junctional intercellular communication has been im-
plicated as an important mediator of radiation-induced by-
stander effects (6). Gap junctions are intercellular mem-
brane channels that directly link the interiors of neighboring
cells. These channels have diameters of 1.5–2 nm and per-
mit the direct passage of small (,2,000 Da) molecules be-
tween the cytoplasm of neighboring cells (29). V79 cells
were reported to have some GJIC at physiological temper-
ature (16–18, 30). It has also been shown by scrape-loading
and dye transfer that V79 cells retained GJIC even when
maintained for 72 h at 10.58C as a confluent monolayer
(13). While this served as evidence of GJIC in monolayers
at 10.58C, it was necessary to demonstrate the presence of
functional coupling of V79 cells in multicellular clusters
maintained at 10.58C. This was studied in the present work
by monitoring the transfer of the fluorescent dye calcein
AM, which can traverse gap junctions, by flow cytometry.
Figure 5 shows that functional gap junctions are indeed
formed between the neighboring cells within the cluster, as
shown by the transfer of calcein AM from dyed to undyed
cells. Moreover, the current study also shows that GJIC
between V79 cells in the multicellular cluster can be inhib-
ited to some degree by lindane. This is in agreement with
earlier findings (17, 31). It is perhaps not surprising that
functional coupling occurs at 10.58C. Ward et al. (32) have
shown that V79 cells are able to repair DNA single-strand
breaks at 108C, albeit at a reduced rate. Double-strand
breaks were not repaired at this temperature. Therefore,
while 10.58C does not represent normal body temperature,
many important physiological processes such as repair and
GJIC remain operational.

To elucidate the potential mechanisms responsible for
bystander effects observed with 50 and 10% labeling,
DMSO and/or lindane was added to the culture medium
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before the multicellular clusters were formed. Our results
show that 10% DMSO offered a fair degree of protection
of bystander cells in both labeling situations (Table 1). A
better protective effect was afforded by 100 mM lindane.
However, concurrent treatment with DMSO and lindane
brought about maximum protection of the bystander cells.
For 50% labeling, the effect of a combined treatment was
more prominent than for 10%, with bystander modification
factor values of 6.1 6 1.5 and 2.3 6 0.17, respectively.
This difference may be explained in light of the interactions
between the labeled and unlabeled cells. The metabolic
generation of ROS due to oxidative stress after exposure to
ionizing radiation has recently been hypothesized as a me-
diator of bystander responses in unirradiated cells (10, 33).
Exposure to high concentrations of ROS results in a wide
spectrum of DNA damage, cell cycle arrest, senescence,
and eventually cell death (1, 34–36). In the present study,
significant protection (DMF 5 1.9 6 0.12) was afforded
by DMSO against killing of cells in multicellular clusters
in which 100% of the cells were labeled. The intracellular
generation of •OH by 3H decays may be the principal cause
of cell death. DMSO is a potent scavenger of •OH (37),
and it is therefore expected to attenuate the effect of
[3H]dThd provided that an adequate concentration of
DMSO is used (19). However, •OH are short-lived and can
diffuse only about 4 nm (38). Thus, while these •OH may
account for lethal damage to labeled cells in the case of
100% labeling, no transmissible lethality to unlabeled by-
stander cells should occur with this source of •OH. How-
ever, it is possible that there could be more persistent pro-
duction of •OH from another source such as superoxide
(O2

•2) (10, 39). It is possible that free radicals, particularly
•OH, produced through these mechanisms could lead to
membrane lipid peroxidation and consequent formation of
a number of free radicals capable of producing DNA dam-
age and cell death (40–42). While DMSO could block some
of the above events in labeled cells and thereby reduce the
concentration of free radicals in bystander cells, it is pos-
sible that some of the long-lived radicals that are not scav-
enged by DMSO may escape through gap junctions, reach
the neighboring cells, and subsequently inflict lethal dam-
age on these cells. The ability of lindane to block gap junc-
tions may prevent the radicals from reacting with the DNA
of bystander cells. However, lindane may not entirely abol-
ish GJIC and provide complete protection against damage
to the bystander cells by ROS originating in the labeled
cells. This is likely in view of the fact that lindane affects
GJIC by altering the permeability of gap junction channels
and the number of gap junctions (16, 43). Further support
for this is provided by the data in Fig. 5D, which shows
that GJIC-mediated dye transfer was not completely
blocked by lindane. Based on the above arguments, the
presence of both DMSO and lindane might be expected to
have an impact on both the •OH-initiated events in the la-
beled cells and their propagation through gap junctions to
the bystander cells. This may explain why the bystander

modification factor is greater for the combined treatment
with DMSO and lindane compared to treatment with either
agent alone (Table 1).

Our results with lindane indicating the involvement of
GJIC in bystander effects caused by nonuniform distribu-
tions of incorporated radioactivity are consistent with those
of Azzam et al. (6), who reported a similar reduction of a-
particle-induced bystander effects in human diploid fibro-
blast cell population by lindane. Recently, Zhou et al. (28)
have provided evidence that irradiation of human–hamster
AL cells induces a bystander mutagenic response in unir-
radiated neighboring cells that can be inhibited by lindane
but not by DMSO. They concluded that a signal transduc-
tion pathway other than •OH-mediated oxidative stress
might play a role in mediating the bystander responses for
a particles. Although the present study with b particles
implicates •OH as the primary oxidant species responsible
for the initiation of damage to bystander cells, it is also
possible that other signaling mechanisms triggered by ROS
may be involved as proposed by Iyer and Lehnert (12). In
this context, it should be mentioned that oxidative stress
has been correlated with the induction of signal transduc-
tion that is linked to a variety of deleterious effects of ra-
diation (34, 44–46).

In conclusion, the present study provides new data on
the biological effects of nonuniform distributions of incor-
porated radioactivity using a novel approach to specifically
control the degree of nonuniformity. This study also estab-
lishes the response of V79 multicellular clusters to incor-
porated radioactivity and furnishes substantial evidence that
bystander effects play a significant role in determining the
biological effect of incorporated radioactivity. Furthermore,
these data suggest that at least a part of the observed by-
stander effects are initiated by free radicals and mediated
through gap junctions. These findings may ultimately en-
hance our capacity to predict the biological response of
tumor and normal tissue in nuclear medicine and from en-
vironmental exposure to radioactivity.
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