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Mothersill, C., Lyng, F., Seymour, C., Maguire, P., Lori-
more, S. and Wright, E. Genetic Factors Influencing Bystand-
er Signaling in Murine Bladder Epithelium after Low-Dose
Irradiation In Vivo. Radiat. Res. 163, 391–399 (2005).

Radiation-induced bystander effects occur in cells that are
not directly hit by radiation tracks but that receive signals
from hit cells. They are well-documented in vitro consequences
of low-dose exposure, but their relevance to in vivo radiobi-
ology is not established. To investigate the in vivo production
of bystander signals, bladder explants were established from
two strains of mice known to differ significantly in both short-
term and long-term radiation responses. These were investi-
gated for the ability of 0.5 Gy total-body irradiation in vivo
to induce production of bystander signals in bladder epithe-
lium. The studies demonstrate that irradiated C57BL/6 mice,
but not CBA/Ca mice, produce bystander signals that induce
apoptosis and reduce clonogenic survival in reporter HPV-G-
transfected keratinocytes. Transfer of medium from explants
established from irradiated animals to explants established
from unirradiated animals confirmed these differences in
bladder epithelium. The responses to the in vivo-generated by-
stander signal exhibit genotypic differences in calcium signal-
ing and also in signaling pathways indicative of a major role
for the balance of pro-apoptosis and anti-apoptosis proteins
in determining the overall response. The results clearly dem-
onstrate the in vivo induction of bystander signals that are
strongly influenced by genetic factors and have implications
for radiation protection, medical imaging, and radiotherapy.
q 2005 by Radiation Research Society

INTRODUCTION

Radiation-induced bystander effects are now well ac-
cepted as a consequence of exposure of cells to low doses
of ionizing radiation. The field has been reviewed compre-
hensively by several authors (1–4). Most of the recent ev-
idence comes from in vitro studies, and while anecdotal
evidence exists concerning persistent clastogenic or absco-
pal effects in vivo, many of these studies are old, and the

1 Present address and address for correspondence: Medical Physics and
Applied Radiation Sciences Unit, McMaster University, 1280 W. Main
Street, Hamilton, ON L8S 4K1, Canada; e-mail: mothers@mcmaster.ca.

results could have other explanations since the studies were
conducted before radiation-induced genomic instability and
radiation-induced bystander effects were recognized phe-
nomena in radiation biology. The reason radiation-induced
bystander effects are important is that they have been linked
with radiation-induced genomic instability in some systems
(5, 6). This phenomenon is also caused by low-dose ex-
posure to a variety of ionizing and nonionizing radiations
(3). Recent evidence suggests that bystander mechanisms
may be implicated in the process of genomic instability and
may determine the type of end point seen (6, 7). The trans-
ducing mechanism appears to involve persistent induction
of oxidative stress (8–10). There are many manifestations
of radiation-induced genomic instability, for example chro-
mosomal instability, micronucleus formation, delayed
death, delayed mutation, and delayed transformation, but
all have the common factor that the effects are induced at
very low radiation doses, appear to saturate at low doses,
and once induced are effectively permanent features of
what is really a new phenotype. There is evidence of ra-
diation-induced genomic instability and radiation-induced
induction or modulation of bystander effects by certain
chemicals as well (11, 12). A potential mechanism for an
indirect pathway in vivo is suggested by macrophages ex-
hibiting the phenotype of activated phagocytes after whole-
body irradiation (13). The characteristics of these macro-
phages are also features of inflammatory responses that are
known to have the potential for both bystander-mediated
and persisting damage as well as for conferring a predis-
position to malignancy. The observations are consistent
with bystander effects and instabilities reflecting interrelat-
ed aspects of inflammatory-type responses to radiation-in-
duced stress and injury.

Given that the dose range of importance for radiation-
induced bystander effects and radiation-induced genomic
instability is very low [the lowest dose for induction of the
processes by a-particle radiation is one track through one
cell in a population of millions of cells (14) and the lowest
g-radiation dose tested is 2 mGy, which gives the full effect
(15)], the mechanisms and relevance are of intense interest
in radiation protection. Key questions remain, however, and
one of these concerns the in vivo relevance of the effects.
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FIG. 1. Flow diagrams showing the procedures used in the experi-
ments.

TABLE 1
Cloning Efficiencies (means 6 SEM, n 5 4) for HPV-G-Transfected Reporter Cells
Treated with Culture Medium Harvested from Mouse Bladder Explants Established

from Nonirradiated Mice and Mice Exposed to 0.5 Gy Total-Body Irradiation

Explant medium added to HPV-G cells
Cloning efficiency

of HPV-G cells (%)

Cloning efficiency of
progeny of HPV-G

cells (%)

Explant established from unirradiated CBA/Ca mice 24.3 6 1.6 23.8 6 3.6 e
Explant established from irradiated CBA/Ca mice 21.4 6 2.7 22.5 6 2.7
Explant established from unirradiated C57BL/6 mice 22.5 6 2.7 21.9 6 2.4
Explant established from irradiated C57BL/6 mice 14.6 6 2.1* 12.9 6 1.4*

* P , 0.02.

Radiation-induced genomic instability has been shown to
occur in vivo (16) in mice and to have a genetic basis (17,
18). Radiation-induced bystander effects are more difficult
to demonstrate definitively, but studies that are highly sug-

gestive of radiation-induced bystander effects in vivo in-
clude those of Watson et al. (19) and Xue et al. (20). In
the present study, mouse strains previously shown to dem-
onstrate in vivo induction of radiation-induced genomic in-
stability were tested to assess whether in vivo whole-body
irradiation led to production of signals that could induce
bystander-type responses in vitro in an established reporter
assay.

METHODS

In Vivo Irradiations

Animal studies at the University of Dundee were carried out in accor-
dance with the guidance issued by the Medical Research Council and
Home Office Project Licence PPL 60/2841. All mice were bred and
housed on site to ensure consistency of health standards and to minimize
genetic drift. Adult CBA/Ca or C57BL/6 mice 8 to 10 weeks old were
exposed to 0.5 Gy total-body g radiation at a fixed dose rate of 0.45 Gy/
min using a CIS Bio International 637 Caesium irradiator. Bladders were
surgically removed under aseptic conditions, transferred into sterile trans-
port medium, and couriered overnight to Dublin. Controls were sham-
irradiated animals that were brought to the irradiator but not exposed.

In Vitro Irradiations

Where indicated, tissue cultures or reporter cells were irradiated in vitro
at room temperature using a cobalt-60 teletherapy unit (Theatron, Sie-
mens) in Saint Luke’s Hospital in Dublin at a flask-to-source distance of
80 cm. The dose rate during these experiments was approximately 1.8
Gy/min. These cultures served as checks for effects seen with the in vivo-
irradiated samples that could be compared to the work done previously
using explants and the reporter assay (7). Sham-irradiated controls were
always carried along with the irradiated samples to control for disturbance
effects due to movement of cultures or temperature effects. The tech-
niques are summarized in the flow diagrams (Fig. 1).

Bladder Explant Culture

Bladders were removed from mice in Dundee 1 h after total-body ir-
radiation (0.5 Gy) in vivo, using aseptic techniques. The time of 1 h was
chosen because this is the interval between irradiation and medium har-
vest used in our in vitro protocol. Bladders from four to six animals per
experimental group were pooled. These were placed in transport medium
that consisted of Earle’s Balanced Salt Solution (Gibco-Biocult, Irvine
Scotland) containing 5 ml penicillin–streptomycin solution (Gibco) and
5 mM L-glutamine solution. The bladders were shipped on ice to Dublin
using an overnight courier. On arrival, bladders were chopped into small
pieces of approximately 2 mm2 each. The explants were placed in 0.25%
trypsin solution containing 10 mg/ml collagenase type IV (Sigma, Poole
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TABLE 2
Mitochondrial Membrane Potentials Measured

using a Fluorescence Plate Reader 6 h after
Exposure of Reporter Cells to Medium Harvested

from Bladder Explants Cultured from CBA/Ca and
C57BL/6 Mice Exposed In Vivo to 0.5 Gy

Total-Body Irradiation

Mouse group

Mitochondrial
membrane potential

actual value
Percentage of

control

CBA/Ca control 7.8 6 0.9 100
C57BL/6 control 13.7 6 3.8 100
CBA/Ca TBI, 0.5 Gy 10.4 6 4 133
C57BL/6 TBI, 0.5 Gy 6.4 6 0.2 46.7

Notes. Controls were sham-irradiated. Results are means 6 SEM. * P
, 0.05.

Dorset) for 30 min. After this time the explants were plated singly in 25-
cm2 40-ml volume tissue culture flasks (NUNC, Uden, Denmark) con-
taining 2 ml tissue culture medium [RPMI 1640, with 20% fetal calf
serum, (Gibco) 100 IU insulin (Novo-Nordisk), 1 mg/ml hydrocortisone
(Sigma), and penicillin-streptomycin solution (Gibco)]. Culture medium
was harvested from the explants for the assays described below after 24
h. This was replaced with Clonetics serum-free medium (KGM, Clonetics
Corporation, San Diego, CA) except where indicated. Cultures were
maintained in KGM for 14 days. After this time they were fixed in 10%
unbuffered formalin and stained to detect expression of Bcl2, Trp53 and
Bax using an immunoperoxidase technique.

Transfer of Medium from Exposed to Unexposed Explants

To assess the effect of irradiated or control tissue conditioned medium
(ITCM or CTCM) on unirradiated bladder explants, medium was har-
vested from the in vivo- and in vitro-irradiated explants 24 h after they
were set up. The medium was passed through a 0.22-mm pore sterile
filter (Nalgene) and added to unirradiated explants. After a further 24 h
incubation, this medium was removed and the explants were placed in
KGM for the remainder of the time. They were fixed as described above
at the same time as the cultures from in vivo-irradiated mice.

Reporter Assay for Bystander Activity

The following procedure was used to set up the reporter assay. Flasks
of HPV-G-transfected keratinocytes, obtained originally as a kind gift
from Dr. J. DiPaolo, NIH, Bethesda, MD (21), were used. These were
85–90% confluent and had received a medium change the previous day.
Cells were removed from the flask using 0.25% w/v trypsin/1 mM EDTA
solution (1:1). When the cells had detached, they were resuspended in
medium, and an aliquot was counted using a Coulter counter model Z2

(Beckman Coulter Ltd., Dublin) set at a threshold calibrated for the cell
line using a hemocytometer. Three hundred cells were plated for the re-
porter assay to determine survival using the clonogenic assay technique
of Puck and Marcus (22). The cells were plated 6 h before they were
needed. Medium was harvested from the bladder explants, pooled and
then divided into aliquots. Some was reserved for assays to be described
later. The remainder was transferred to the keratinocyte cultures. Each
keratinocyte culture received 5 ml of medium harvested from the pooled
replicate bladder cultures. Controls for medium only and in vitro irradi-
ation effects were included in each experiment. Controls for transfer of
unirradiated and irradiated medium from densely seeded cultures to cul-
tures seeded at cloning densities were also always included to check that
the assay was working. Cultures were incubated in 5 ml of culture me-
dium in 25-cm2, 40-ml flasks (Nunclon, Denmark) in a humidified 378C
incubator in an atmosphere of 5% CO2 in air.

The HPV-G-transfected keratinocytes used here as reporter cells are
nontumorigenic, have about 30% wild-type Trp53 expression (23), and
have a normal epithelial pattern of cobblestone density-inhibited cell
growth. They are used because when they are exposed to autologous
irradiated cell-conditioned medium (ICCM), they give a stable bystander
effect of approximately 40% reduction in plating efficiency over a very
wide range of doses and exposure conditions (23). This allows compar-
ison of bystander-inducing signal strengths when the HPV-G-transfected
cells are exposed to signals from other cell lines or tissues. Response was
monitored by determining the cloning efficiency and by using two assays
indicative of early events in the cascade leading to apoptosis.

Protocol for Determination of Delayed Effects

The experiments were conducted as described above for the reporter
assay, but the effects were determined in progeny cells of those receiving
ITCM. Medium was harvested from the explant cultures and added to
the clonogenic cells. These were then grown to confluence and subcul-
tured as often as required. The end point used for instability was delayed
death (persistent reduction in the cloning efficiency of progeny cells).

Immunoperoxidase Staining Technique

Expression of proteins involved in the control of apoptosis or prolif-
eration was examined in the primary cultures after direct irradiation or
exposure to ITCM from in vivo-irradiated animals. Cultures were fixed
in 10% unbuffered formalin and stored at 48C until processed. Processing
always took place within 7 days of fixation. The explant outgrowth was
processed in situ on the flask bottom to enable spatial distribution to be
related to the type of cell and the degree of differentiation. Cultures were
stained for expression of the following proteins: Bcl2, Bax and Trp53.
The Trp53 and Bcl2 primary antibodies used were mouse monoclonals.
BAX was a rabbit polyclonal. All were obtained from DAKO Labora-
tories. All were recommended for immunohistochemistry with mouse tis-
sues. Immunochemistry was performed using an appropriate Vectastain
ABC kit (Burlingame, CA). Diaminobendizine (DAB) was used to ex-
press the positive reaction, and cultures were lightly counterstained with
Harris hematoxylin. At least three explant flasks were stained for each
antibody and over 200 cells scored per explant over five fields using a
Leica image analysis system. The detection threshold for positivity was
set using positive control sections from positive tissue blocks obtained
from the Cell Pathology service. The scores were calculated according to
the method used in that service; it sums separate scores for intensity and
for distribution of the staining. Positive and negative control sections
were carried with every immunocytochemistry run to correct for run var-
iability. This method was established in the laboratory several years ago
and is discussed fully in ref. (7).

Quantification of Apoptosis

The extent of growth was assessed in the stained explant cultures on
day 14 after irradiation or receipt of ITCM using a Leica Image Analysis
system. Numbers of apoptotic cells were scored using morphological cri-
teria under phase contrast using living cultures 48 and 72 h after plating
and exposure to ITCM (where indicated).

Assay of Apoptosis-Inducing Activity in ITCM

The morphological indicators of apoptosis are terminal, and since they
can result in cells being lost from the culture, they are indicative only.
Two early indicators of apoptotic activity are an increase in the level of
free calcium in the cells and a decrease in mitochondrial membrane po-
tential. Both these end points were examined using reporter cells that had
been exposed to medium harvested from the in vivo-exposed bladder
explant cultures.
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FIG. 2. Intracellular calcium levels in HPV-G cells after addition of medium from in vivo-irradiated C57BL/6 and
CBA/Ca mouse bladder explants and their controls. Medium was added at the time indicated by the arrow. The ratio
of fluorescence emissions from the calcium-sensitive dyes Fluo-3 and Fura Red provides an indication of intracellular
calcium levels. Panel A shows data for unused medium, panel B is for medium derived from CBA/Ca cells, and
panel C is for medium derived from C57BL/6 cells.
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FIG. 3. Ratio images of calcium levels in HPV-G cells before (t 5 0 s) and at various times after addition of medium from in vivo-irradiated CBA/
Ca (panel A) and C57BL/6 (panel B) mouse bladder explants. Blue indicates low levels of calcium while green, yellow and red indicate progressively
higher levels of calcium. A phase-contrast image is also shown alongside the fluorescence ratio images.
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FIG. 4. Zeiss confocal image (403) of HPV-G cells stained with JC-1 for 20 min after 6 h exposure to bystander medium. Panel A is a control
exposed to medium derived from unirradiated C57BL/6 cells and is typical of ‘‘healthy’’ HPV-G cells as indicated by clear red punctate staining. Panel
B is a similar image of HPV-G cells after 6 h exposure to C57BL/6 medium derived from in vivo-exposed animals. The depolarized mitochondrial
membranes are indicated by a diffusion of the red punctate staining of the mitochondria.

Ratiometric Measurement of Calcium

Intracellular calcium levels were determined relative to control levels
using two visible-wavelength calcium-sensitive dyes, Fluo-3 and Fura
Red (Molecular Probes, Leiden). Fluo-3 exhibits an increase in green
fluorescence upon binding to calcium, whereas Fura Red exhibits a de-
crease in red fluorescence upon binding to calcium. The ratio Fluo-3/Fura
Red is a good indicator of intracellular calcium levels. Cultures were
washed twice with a buffer containing 130 mM NaCl, 5 mM KCl, 1 mM
Na2HPO4, 1 mM CaCl2, and 1 mM MgCl2 (pH 7.4). Cells were loaded
with the calcium-sensitive dyes by incubation with 3 mM Fluo-3 and 3
mM Fura Red AM esters for 1 h in the buffer at 378C. Subsequently, the
cultures were washed three times with buffer. Fluo-3 and Fura Red were
excited at 488 nm and fluorescence emissions at 525 nm and 660 nm
were recorded simultaneously using a Zeiss LSM 510 confocal micro-
scope. Ratio images and time series data for the Fluo-3/Fura Red fluo-
rescence intensities were recorded every 2 s. Medium was added when
a stable baseline had been established. All measurements were performed
at room temperature.

Measurement of Mitochondrial Membrane Potential

Mitochondrial membrane potential was measured by using a fluores-
cent dye, JC-1 (Molecular Probes, Leiden). JC-1, with its two-color fluo-
rescence, clearly identifies depolarized mitochondria (25). HPV-G-trans-
fected cells were seeded at 1 3 104 in 98-well plates for the fluorescence
plate reader and seeded at high concentrations on glass cover slips for
confocal microscopy and incubated in medium until the cells had at-
tached. The medium was then removed and sample medium was added
to the cells. The cells were left in the incubator for 6 h. The sample
medium was then removed and the cells were washed in a Mg21/Ca21

buffer (130 mM NaCl, 5 mM KCl, 1 mM Na2HPO4 1 mM MgCl2, and 1
mM CaCl2). Cells were loaded with JC-1 (5 mg/ml) for 20 min at 378C
and subsequently washed twice in buffer.

Using a fluorescence plate reader, Victor2 (Perkin Elmer) or a Zeiss
LSM 510 confocal microscope, JC-1 was excited at 488 nm and fluores-
cence emissions were recorded at 525 nm and 590 nm.

Statistical Analysis

Data are presented as means 6 standard errors of the mean for four
independent experiments with at least three replicate flasks per experi-
ment. Significance was determined using the Student’s t test.

RESULTS

In clonogenic cultures of HPV-G-transfected cells treated
with medium obtained from bladder explants established
from C57BL/6 mice that had received 0.5 Gy total-body
irradiation, there was a significant reduction in plating ef-
ficiency from 22.5% to 14.6% (Table 1). In addition, sam-
ples of bulk cultures of HPV-G-transfected cells treated
with such bladder explant medium taken after 19 popula-
tion doublings exhibited a similarly reduced colony-form-
ing efficiency. This effect was not detected in HPV-G-trans-
fected cells after exposure to medium obtained from blad-
der explants established from unirradiated mice or from
bladder explants established from CBA/Ca mice that had
received 0.5 Gy total-body irradiation. When the HPV-G-
transfected reporter cells respond to a bystander signal, they
do so as a consequence of calcium signaling (Fig. 2). This
is demonstrated by the rapid and transient increase in in-
tracellular calcium after addition of medium harvested from
bladder explants established from irradiated C57BL/6 mice.
The CBA/Ca medium and the medium derived from the
two sham-irradiated control groups were not significantly
different from each other. In Fig. 3, the time sequence of
the pulse is shown in the confocal images, and this allows
the pulse to be tracked in individual cells. Using the same
system, mitochondrial membrane depolarization was mea-
sured (Fig. 4 and Table 2); only the medium samples from
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TABLE 3a
Characteristics of Explant Cultures Established from Nonirradiated Mice or Mice Exposed to 0.5 Gy

Total-Body Irradiation (TBI)

Cells Medium
Percentage apoptosis

at 48 h
Percentage apoptosis

at 72 h
Total cells at day 14 as
percentage of control

CBA/Ca CBA/Ca ,1 ,1 100
TBI CBA/Ca TBI CBA/CA ,1 ,1 112.4 6 2.7
CBA/Ca explants irradiated in vitro ,1 ,1 100
C57BL/6 C57BL/6 3.2 6 0.9 4.1 6 0.5 100
TBI C57BL/6 TBI C57BL/6 10.3 6 2.1 22.6 6 3.0 100
C57BL/6 explants irradiated in vitro 21.6 6 3.7 34.1 6 2.8 56.9 6 4.1
C57BL/6 TBI CBA/Ca 5.3 6 2.4 4.8 6 0.3 119.0 6 8.6
CBA/Ca TBI C57BL/6 2.1 6 0.3 3.9 6 0.5 98.6 6 6.5

TABLE 3b
Immunocytochemical Characteristics of Cells at Day 14 in Explant Cultures Expressed as

Percentage Positive Cells

Cells Medium Trp53 Bcl2 Bax

CBA/Ca CBA/Ca 44.5 6 8.7 3.5 6 0.6 0
TBI CBA/Ca TBI CBA/CA 43.6 6 5.1 86.3 6 1.4 2.4 6 0.2
CBA/Ca explants irradiated in vitro 48.6 6 4.1 100 5.9 6 1.1
C57BL/6 C57BL/6 5.1 6 1.8 0.5 6 0.1 0
TBI C57BL/6 TBI C57BL/6 76.8 6 4.6 7.4 6 0.5 100
C57BL/6 explants irradiated in vitro 87.3 6 4.9 10.2 6 2.0 100
CBA/Ca C57BL/6 44.2 6 4.1 3.6 6 0.6 0
CBA/Ca TBI C57BL/6 47.1 6 6.2 3.5 6 0.7 0.4 6 0.03
C57BL/6 CBA/Ca 5.3 6 2.0 15.3 6 2.1 0
C57BL/6 TBI CBA/Ca 10.7 6 2.1 67.3 6 4.8 0

the irradiated C57BL/6 mice induced a significant effect,
consistent with a downstream response after calcium re-
lease when the bystander signal is sectoring cells toward
apoptosis.

To explore further the genetic basis of the genotype-de-
pendent in vivo production of a bystander signal present in
the explant cultures, a series of experiments was conducted
in which medium harvested from cultured explants derived
from in vivo-exposed or sham-exposed bladder tissues were
added to unirradiated bladder explants of the same or the
other strain, and apoptosis in the early stages of culture and
total cellularity after 14 days in culture were assessed. The
results (Table 3a) are consistent with the conclusion that
exposure to medium from bladder explant cultures derived
from in vivo-irradiated animals reduces the growth of
C57BL/6-derived unirradiated autologous cultures but not
CBA/Ca-derived cultures (P , 0.2). Apoptosis was evident
at 72 h after explantation and was greater in C57BL/6 cells.
When explant medium was exchanged between mouse
strains, the CBA/Ca cells exhibited a CBA-type response
to C57BL/6-derived bystander signal and the C57BL/6
cells responded as CBA explants to the medium signals
produced by the CBA/Ca cells.

Using immunohistochemistry, Trp53 response and the
expression of the pro-apoptosis protein Bax and anti-apo-
ptosis protein Bcl2 were determined in the cultured bladder
explants (Table 3b). The expression of Trp53 was greater

in the control CBA/Ca cultures than in the cells from the
C57BL/6 strain (P , 0.05); Bcl2 expression was also high-
er but not significantly so (P 5 0.08). When the explants
established from irradiated mice received medium from
cells of their own strain, it was observed that Bax was up-
regulated relative to the controls in the C57BL/6 cells and
Bcl2 was up-regulated in the CBA/Ca cells. Again in the
cross strain medium exchange experiments, the CBA/Ca
response dominated.

DISCUSSION

The data presented in this paper provide direct evidence
that bystander factors in the form of long-lived medium-
soluble entities are produced by murine bladder tissues after
irradiation at a relatively low dose in vivo. These factors
are capable of inducing responses, including apoptosis, that
are characteristic of a direct radiation response, in unirra-
diated cells that have not been in contact with irradiated
cells. An important factor that influences direct radiation
responses is the differential activation of Trp53-response
genes, and it is now clear that differential induction of spe-
cific Trp53 target genes is a genetically modified process
(26, 27).

The data for hemopoietic cells are consistent with a ge-
notype-dependent Trp53-mediated transcriptional activation
of downstream target genes after irradiation tending to re-

Downloaded From: https://complete.bioone.org/journals/Radiation-Research on 28 Mar 2024
Terms of Use: https://complete.bioone.org/terms-of-use



398 MOTHERSILL ET AL.

duce (in CBA/Ca) or reinforce (in C57BL/6) the apoptotic
program (C57BL/6).

Directly irradiated murine urinary epithelium exhibits
similar genotype-dependent apoptotic responses that reflect
the range of responses seen in human uroepithelium (7).

We have now shown a similar genetic influence on re-
sponses to bystander signals produced in vivo, confirming
data obtained from in vitro studies using human and mouse
uroepithelial tissues, which showed a large variation in the
toxicity of bystander factors derived from irradiated explant
fragments (7). The response to the in vivo-generated by-
stander signal exhibits genotypic differences in calcium sig-
naling and also in signaling pathways indicative of a major
role for the balance of pro-apoptosis (C57BL/6) and anti-
apoptosis (CBA/CA) proteins in determining the overall re-
sponse. By using a ‘‘cross-genotype’’ approach, we were
able to demonstrate that while we could not detect a re-
sponse of CBA/Ca cells to self-derived signals, a CBA/Ca-
derived bystander signal was able to induce Bcl2 expres-
sion in C57BL/6 explants. Whether the absence of, for ex-
ample, the calcium flux in CBA/Ca mice means that no
signal is produced or that a different signal is produced is
not known. Also, the quantitative measurements of mito-
chondrial membrane depolarization show an increase in po-
tential in cells receiving CBA/Ca-derived medium but a
decrease in the cells exposed to C57BL/6-derived medium.
It is possible that in CBA/Ca mice an anti-apoptosis signal
prevents both the calcium flux and the downstream events
in the cascade leading to apoptosis. The fact that the CBA/
Ca pattern of response dominates in these experiments
when medium is exchanged would support this view.

The nature of the bystander signal is unknown, but it is
stable during transport for 24 h at room temperature, and
it persists in frozen samples. It is also persistently expressed
into culture medium by irradiated cells and tissues. These
observations make it unlikely that the bystander signal is
simply a consequence of radiation-induced radical forma-
tion and more likely that it is an induced long-term biolog-
ical response. Whatever the molecular mechanism, it is
strongly influenced by genetic factors, and the demonstra-
tion of bystander signals in vivo means that their relevance
to radiotherapy and diagnostic imaging need to be consid-
ered more seriously. It also means that if the type of ge-
notype-dependent differences demonstrated in these studies
can be extrapolated to humans, as is indicated by our pre-
vious studies of uroepithelial responses (7), then the re-
sponse of the recipient of a low dose of radiation may be
more important than the actual dose to which they are ex-
posed. It is of course important to recognize that there may
be a distinction between bystander effects from signals that
result from exposed cells receiving very many hits and pos-
sibly dying (such as after the 0.5-Gy dose used in this pa-
per) and bystander effects from signals that arise after a
much lower dose when only some cells would be hit, and
then only once, and would not die. These signals may be
different. The latter situation could arise, for example in a

whole-body exposure to low-LET radiation at a dose K1
mGy, while the former (authors’ conditions) may occur in
a partial-body (therapeutic) exposure. Clearly more work
needs to be done with in vivo systems over a range of
relevant doses. The expression of bystander effects and the
potential consequences of such effects in tissues appear to
reflect a balance between the type of bystander signals pro-
duced and the responses of cell populations to such signals,
both of which may be significantly influenced by genotype.
Thus, as well as targeted effects of damage induced directly
in cells by radiation, a variety of bystander effects may also
make important short-term and long-term contributions to
determining overall outcome after radiation exposures.
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