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The potential for irradiated cells to induce biological effects in
their unirradiated neighbors (known as the bystander effect) has
been observed repeatedly in vitro. However, whether bystander
effects occur in vivo under the specific conditions relevant to low-
dose radiation protection is still unclear. To test this, the fate of
bystander cells in the mouse spleen was examined using an
adoptive transfer method designed to replicate the rare,
irradiated cells in an organ that might be expected after a
low-dose-rate, low-LET radiation exposure. Splenic lympho-
cytes radiolabeled with low activities of 3H-thymidine were
introduced into the spleens of unirradiated recipient mice. In this
study, the apoptotic and proliferative response of the neighbor-
ing bystander spleen cells was compared to the response of
spleen cells in parallel control recipients that received sham-
irradiated cells. Neither the local area surrounding lodged
radiolabeled cells nor the spleen as a whole showed a change in
apoptosis or proliferation either 1 or 3 days after adoptive
transfer. Increasing the irradiated cell numbers, increasing the
mean 3H-thymidine activity per cell, or exposing cells ex vivo to
an acute X-ray dose also had no effect. Possible reasons for the
absence of a bystander effect in the spleen under these conditions
are discussed. g 2010 by Radiation Research Society

INTRODUCTION

At radiation exposures above 100 mSv, carcinogenic
risk can be determined directly from available epidemi-
ology data (1, 2). For the purposes of radiation
protection, the carcinogenic risk of radiation doses below
100 mSv is currently estimated on the premise that the
risk remains linearly proportional to radiation dose down
to background exposure levels (3–5). The actual risk

posed by low-dose radiation might deviate from the risk
predicted by such a linear no-threshold model, given the
observation of two low-dose radiation phenomena, the
radioadaptive response and radiation-induced bystander
effects (4, 6–9). The adaptive response, originally
described in vitro (10–13), has now also been observed
in vivo for cancer end points at very low doses (0–
100 mSv) (14–19). On the other hand, although radia-
tion-induced bystander effects have been demonstrated
clearly in vitro, the effect has yet to be shown in vivo for
exposures in this low-dose range (6, 20–25).

The term radiation-induced bystander effects has been
used to describe many different observations of inter-
cellular communication after radiation exposure, both in
vitro and in vivo (6, 26). While all of these effects might
be conceptually related, not all phenomena described as
bystander effects are relevant to the question of low-
dose radiation risk, and they should not be considered
interchangeably. When exposed to low fluences of
photons and/or particulate radiations, in the range
where carcinogenic risk is uncertain, isolated cells in a
tissue can receive energy depositions that result in a wide
range of absorbed doses in irradiated cells while
neighboring bystander cells receive no energy deposition
at all (27–30). Even with constant exposure to sparsely
ionizing, low-LET radiation (100 kVp X rays) at 20 mSv
per year [the occupational exposure limit (31)], the
fraction of cells receiving any energy deposition within a
1-h period is ,0.25% (29). It follows that to replicate
exposures that result in the majority of cells remaining
unirradiated, the dose to the irradiated cells should be
equivalent to single electron tracks (of the order of a few
mGy). The majority of bystander studies with low-LET
radiations do not emulate these circumstances and fail to
approximate single low-dose irradiated cells surrounded
by unirradiated cells. When considering exposures to
high-LET particles such as a particles emitted by radon
progeny in the lung or from diagnostic nuclear medicine
procedures, the dose delivered to an irradiated cell can
exceed 100 mGy, but the proportion of irradiated cells
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per unit dose can be considerably smaller. The technical
difficulties associated with delivering low radiation
doses to identifiable isolated cells within a living animal
has proven to be a significant barrier to creating these
conditions in vivo.

Therefore, we set out to develop a method for
studying low-dose and low-dose-rate radiation-induced
bystander effects in vivo. The system was designed to
replicate the conditions relevant to determining the
carcinogenic risk associated with exposure to low
absorbed doses. The experiments were aimed at moni-
toring key factors that could alter carcinogenic risk
(apoptosis and proliferation) in unirradiated cells within
the mouse spleen when in the vicinity of single cells
exposed to dose rates as low as ,3 mGy/h (,1 tritium
disintegration per hour in 1/500 to 1/10,000 cells) or a
single X-ray dose of 100 mGy (to <1/10,000 cells). This
experimental system seeks to determine whether the
wealth of low-dose in vitro bystander effect data that
have been accumulated thus far can be observed in vivo.

MATERIALS AND METHODS

Mice

Male and female C57BL/6J mice were purchased from the University
of Adelaide (Adelaide, Australia). Male and female pKZ12/2 and
pKZ1z/2 transgenic mice were obtained from an existing colony at
Flinders Medical Centre (Adelaide, Australia). The pKZ1 transgenic
mice, previously described in detail by Matsuoka et al. (32) and Sykes et

al. (33), are bred on a C57BL/6J background and contain an Escherichia

coli lacZ reporter gene to detect chromosomal inversions. For the
purposes of these experiments, the pKZ1 mice are phenotypically
equivalent to the C57BL/6J mice. Mice were group housed in micro-
isolator cages with food and water provided ad libitum. The Flinders
University Animal Ethics Welfare Committee approved all experiments.

Adoptive Transfer Method

The adoptive transfer method to introduce rare, irradiated cells
into an unirradiated mouse spleen is outlined in Fig. 1. Donor splenic
lymphocytes were irradiated either by incorporation of 3H-thymidine
or by acute irradiation with 6 MeV X rays. Irradiated donor cells or
their sham-irradiated counterparts were labeled fluorescently and
injected intravenously into unirradiated recipient mice.

1. 3H-radiolabeled donor cells

Donor mice were killed humanely by CO2 asphyxiation and spleens
were isolated. Cells were expelled from the spleen by perfusing the
spleen with RPMI medium [RPMI 1640 (CSL Limited, Australia)
supplemented with 5% v/v FCS (Trace Scientific Ltd., Australia), L-
glutamine (0.29 g/liter; Trace Scientific) penicillin (50 IU/ml; Trace
Scientific), and streptomycin (50 mg/ml; Trace Scientific) and buffered
with 0.21% w/v sodium bicarbonate] and gently massaging the
capsule. Mononuclear cells were isolated from the cell suspension by
underlaying with polysucrose/sodium ditrizoate solution at a density
of 1.083 g/ml (Sigma-Aldrich Corp., St. Louis, MO) and centrifuging
at 1050g for 10 min. Cells that collected at the polysucrose/medium
interface were isolated and washed twice (380g, 10 min) in fresh
RPMI medium.

T lymphocytes were obtained by negative selection with biotiny-
lated monoclonal antibodies (CD11b, CD45R (B220), DX5 and Ter-

119) against non-T-lymphocyte cell-surface markers (Pan T Cell

Isolation Kit, Miltenyi Biotec GmbH, Germany) according to the

manufacturer’s instructions. The purity and specificity of the

separation technique were measured by staining positively and

negatively selected cell fractions with anti-CD90-FITC and anti-

biotin-PE antibodies (Miltenyi Biotec) and analyzing by flow

cytometry (FACScanXTM

, Becton Dickinson, Franklin Lakes, NJ).

Isolated T lymphocytes at 106 cells/ml were microcultured in RPMI

medium supplemented with a total of 10% v/v FCS and 50 mM b-

mercaptoethanol in 96-well plates. Cells were stimulated with 5 mg/ml

concanavalin A (Sigma-Aldrich), and plates were incubated for 25 h

in a humidified incubator (37uC, 10% CO2 in air).

After the cultures were established, donor cells were radiolabeled

with various activities of [methyl-3H]-thymidine (37 MBq/ml, specific

activity 3.18 TBq/mmol, GE Healthcare, WI) with control cells

incubated in parallel with the equivalent molar concentration of

unlabeled thymidine (Sigma-Aldrich). The intracellular-binding

fluorescent dye CellTrackerXTM

Orange CMRA (Invitrogen, Carlsbad,

CA) resuspended in pure DMSO (BDH Merck, Australia) was

simultaneously added to a final CMRA concentration of 2.5 mM.

After 18 h exposure with 3H-thymidine or unlabeled thymidine,

sample wells were pulsed for 30 min in fresh RPMI medium

containing 0.465 nM unlabeled thymidine. These cells were then

centrifuged onto slides, fixed in 4% formaldehyde [from paraformal-

dehyde in PBS (pH 7.4), Sigma-Aldrich], dehydrated through graded

ethanol, and dipped in fine-grain autoradiographic emulsion (Hyper-

coat EM-1, GE Healthcare). Slides were exposed at 4uC in the dark

for 7 days and then immersed in D-19 developer (Eastman Kodak

Co., NY) for 2 min, stopped in 1% acetic acid (BDH Merck), and

cleared with Kodak Fixer (Eastman Kodak). Slides were mounted

with fluorescence anti-fade medium containing 1.5 mg/ml 49,6-

diamidino-2-phenylindole (VectashieldH with DAPI, Vector Labora-

tories Inc., Burlingame, CA).

FIG. 1. Summary of adoptive transfer experimental method.
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Incorporated radioactivity was quantified by liquid scintillation
counting according to the method of Gerashchenko and Howell (34).
Triplicate samples of pooled donor cell suspensions at the end of the
labeling period were added to 5 ml of scintillation cocktail (Ready-
Safe, Beckman Coulter, Inc., Fullerton, CA) in PolyQ vials (Beckman
Coulter), and counts per minute in the 3H counting window were read
on an LS3801 liquid scintillation counter (Beckman Coulter). Parallel
triplicate samples of supernatants remaining after centrifugation of the
cell suspensions were also assayed, and the mean difference between
the cell suspensions and their supernatants was compared to a
prepared standard curve of 3H-thymidine activities to measure the cell-
associated 3H activity. The quotient of total 3H radioactivity and the
number of radiolabeled cells in the sample (from the percentage of 3H-
positive cells determined by autoradiography) gave the average
incorporated 3H activity per radiolabeled cell (35). Radiolabeled or
control donor cells for adoptive transfer were washed in fresh RPMI
medium, then in PBS before final resuspension in PBS (200 ml per
injection).

2. Acutely X-irradiated donor cells

Splenic mononuclear cells were isolated as for the chronic
radiolabeling procedure above. The resulting mixed splenocytes were
then cultured for 1 h in RPMI medium containing 10 mM CellTrack-
erTM Orange CMRA and then washed twice in mouse osmolarity
buffered saline (36). Cells were resuspended at 2.5 3 106 cells/ml in
tissue culture flasks and irradiated with 0.1 or 1 Gy X rays (5 Gy/
min) using a Siemens Primus 6 MeV linear accelerator (Siemens
Corporation, New York, NY) at the Adelaide Radiotherapy Centre
(Flinders Private Hospital, Bedford Park, SA, Australia). Sham-
irradiated control cells were treated in the same manner except that
they were not exposed to the beam. A build-up layer of 1.4 cm depth
of water equivalent (RW3) was placed above the flask, and MOSFET
dosimeter calibrations reported a dose error of ± 3% (95%

confidence).

3. Adoptive transfer

While under isofluorane anesthesia (2–3% isofluorane in oxygen
delivered at 2 liters min21, VCA I.S.O., Veterinary Companies of
Australia Pty Ltd, Australia), recipient mice were injected with 200 ml
of cell suspension from the chronic radiolabeling or acute irradiation
protocols via the lateral tail vein using a 29-gauge needle. After 1 or 3
days, recipient mice were killed humanely by CO2 asphyxiation before
the spleen was removed and snap-frozen on dry ice in cryoprotectant
medium (Sakura Finetek Europe, B.V., the Netherlands) and then
stored at 280uC.

Apoptosis and Proliferation Staining

Stored frozen spleen tissues were brought to 218uC and 5-mm
sections were cut using a Reichart-Jung Cryocut 1800 cryostat (Leica
Microsystems GmbH, Wetzlar, Germany). Sections were mounted
onto 3-aminopropyltriethoxysilane-treated (Sigma-Aldrich) glass
microscope slides. Apoptotic nuclei in recipient mouse spleens were
visualized using the TdT-mediated dUTP nick end-labeling (TUNEL)
method. Spleen sections were fixed for 30 min in 1% formaldehyde
(from paraformaldehyde in PBS), permeabilized with 1% Triton X-
100/1% sodium citrate dihydrate in PBS (Sigma-Aldrich Corp.), and
labeled using an In Situ Cell Death Detection Kit (Roche Diagnostics
GmbH, Penzberg, Germany) following the manufacturer’s instruc-
tions. Labeling solution only (omitting enzyme) was used for negative
control slides. Slides were mounted with VectashieldH with DAPI
(Vector Laboratories Inc.) and stored in the dark at 220uC.

Proliferating cells in recipient mouse spleens were detected by
staining for expression of the Ki-67 nuclear antigen. Spleen sections
were fixed in 2% formaldehyde (from paraformaldehyde in PBS),
permeabilized in 1% Triton X-100 in PBS, and incubated at 4uC

overnight with rabbit anti-Ki-67 monoclonal antibody (Lab Vision
Corp., Fremont, CA). Primary antibody was detected with a goat
anti-rabbit IgG antibody conjugated with Alexa Fluor488H (Invitro-
gen). Primary and/or secondary antibody was omitted for negative
control slides. Slides were mounted with VectashieldH with DAPI
(Vector Laboratories Inc.) and stored in the dark at 220uC.

Fluorescence microscopy was performed using an Olympus Ax70
epifluorescence microscope (Olympus, Tokyo, Japan) fitted with a 16-
bit cooled-CCD camera (Hamamatsu Photonics, KK, Japan)
controlled by AnalySISH FIVE software (Olympus). Unscaled 12-
bit TIFF images were acquired for each field using a single exposure
time that restricted fluorescence signals within the dynamic range of
the camera. Images were analyzed using ImageJ v1.37a software
(National Institutes of Health, Bethesda, MD). Deposited silver
grains from autoradiography on cells or tissues were observed and
photographed on the same microscope using bright-field illumination
only. For analysis in three dimensions, slides mounted with 50-mm
tissue sections (prepared and stained as above) were imaged on a
Leica DMI6500B Inverted Microscope using a Leica TCS SP5
Spectral Confocal scanner/detector controlled by the Leica Applica-
tion Suite Advanced Fluorescence v1.3.1 (Leica Microsystems).

1. Global screening

For evaluating global apoptosis frequency or global proliferation
index, random fields (428 mm 3 342 mm, 203 objective) throughout
the spleen (maximum of 20 fields) were selected from each of two non-
consecutive stained spleen sections per mouse, and multiple images
were recorded using standard filter sets for DAPI, fluorescein and
CMRA fluorochromes (Chroma Optical, Rockingham, VT). All
slides were screened by the same observer, blinded to the identity of
the mouse and its treatment group, which was decoded only after data
collection was complete. For scoring apoptosis, the numbers of
TUNEL-stained recipient spleen cells in each field were counted
manually from pseudo-colored overlay images. Total cell numbers
were estimated automatically using the ImageJ software from the
proportion of the field positively stained with the DAPI nuclear
counterstain. For quantifying proliferation, the proportion of the
field that stained positive for Ki-67 was calculated automatically
using the ImageJ software and expressed relative to the proportion of
DAPI staining as above. The frequency of donor cell lodging in the
spleen for each mouse was determined from the total number of
CMRA-positive cells scored in each of the four sections examined
divided by the total number of recipient spleen cells screened.

2. Local screening

For evaluating local apoptosis frequency or local proliferation
index, fields (212 mm 3 170 mm, 403 objective) containing CMRA-
labeled donor cells were identified and multiple images were recorded
using standard filter sets for DAPI, fluorescein and CMRA
fluorochromes. Each field containing donor cells (up to a maximum
of 25 fields) was analyzed for each of two stained spleen sections per
mouse. When donor cells lodged near the outer edge of the spleen
cross section, local fields were photographed only when the tissue
section filled the entire field of view. When donor cells identified in a
local screen also stained positive for Ki-67, this was noted and
recorded. The apoptosis frequency and proliferation index were
calculated using the same method as for the global screening. After
each slide was screened, the slides were dehydrated through graded
ethanol and processed for autoradiography as described above. The
fields photographed earlier were then re-examined for deposited silver
grains over the CMRA-labeled cells to confirm whether the chosen
fields contained 3H-labeled cells.

Data and Statistical Analysis

Data acquired for each photographed field were recorded in a
statistical database using SPSS 15.0 for Windows (SPSS Inc., Chicago,
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IL). Apoptosis frequencies and proliferation indices are all presented as

sample means ± 95% confidence intervals to indicate the spread of the

data between recipient mice. All other data presented are shown as

means ± SD. Sample means were compared between two groups using

the Independent Student’s t test (two-tailed) or across more than two

groups using ANOVA (two-tailed). Linear correlations were tested

using Spearman’s rank correlation coefficients. For all tests, statistical

significance was reached when P , 0.05.

RESULTS

Validation of Adoptive Transfer Method

In five separate 3H-thymidine radiolabeling experi-
ments, spleen T lymphocytes isolated from at least five
donor mice were pooled and stimulated to proliferate in
the presence of 1.48 kBq ml21 [methyl-3H]-thymidine
and CellTrackerTM Orange CMRA fluorescent probe.
During the 18-h radiolabeling periods, an average of 74
± 6% of nuclei incorporated the 3H-thymidine (Fig. 2),
and all cells were fluorescently labeled with the cell
tracing probe. The radiolabeled cells incorporated a
mean radioactivity of 0.30 ± 0.04 mBq (approximately
one 3H decay per hour, Table 1) with each decay
calculated to deliver a nominal absorbed dose of
2.61 mGy to the cell nucleus (35) modeled on a spherical
nucleus with a radius of 4 mm.

Under all conditions tested, fluorescently labeled
donor cells injected intravenously into unirradiated mice
could be observed 1 to 3 days later in 5-mm-thick frozen

sections cut from the recipient mouse spleens (Fig. 3).
As expected, donor T lymphocytes were found to be
lodged nonrandomly, with a tendency to lodge in the
periarteriolar lymphoid sheaths, although it was rare to
observe several donor cells within a single field
(Fig. 4A). When increased numbers of cells were
injected, this same preferential lodging could be
observed as clusters of donor cells, with hundreds of
fluorescently labeled cells lodged within a radius of
several hundred micrometers (Fig. 4B). These donor cell
clusters could also be visualized in three dimensions
using confocal microscopy (Fig. 5). Lodged donor cells
were still brightly labeled and were easily identifiable in
tissues stored at 280uC for more than a year. The
fluorescent probe was resistant to formaldehyde fixation
and could survive ethanol dehydration, autoradiography
processing, enzymatic labeling and immunohistochem-
istry protocols.

Analysis of Apoptosis and Proliferation in Bystander Cells
Surrounding Low-Dose-Rate Radiolabeled Cells

Spleen T lymphocytes pooled from five C57BL/6J
donor mice were radiolabeled with 1.48 kBq ml21 3H-
thymidine or sham-radiolabeled with the equivalent
molar concentration (0.465 nM) of non-radioactive
thymidine. After the radionuclide labeling, 69 ± 5% of
donor cells had incorporated a mean radioactivity of 0.33
± 0.02 mBq cell21 (Table 2). Over three replicate

FIG. 2. Fluorescent staining and autoradiography of 3H-radiolabelled donor cells. Donor T lymphocytes
sampled at the end of the CellTrackerXTM

Orange CMRA/3H-thymidine incubation period were fixed and
processed for autoradiography. Epifluorescence and bright-field microscopy revealed cells with positive
cytoplasmic CMRA staining (red) with DAPI-counterstained nuclei (blue) that have either incorporated 3H-
thymidine and have visible autoradiography grains (black) or did not incorporate the radiolabel and are free of
deposited silver grains (arrows). Scale bar shows 25 mm.
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experiments, four to six C57BL/6J recipient mice were
injected with either 5 3 105 radiolabeled or sham-
radiolabeled donor cells and the recipient mouse spleens
were isolated and cryopreserved 22 h later. There was no
significant difference in donor cell lodging between the
sham-labeled and radiolabeled donor cell recipient mouse
groups (P 5 0.4) or across the triplicate experiments (P 5

0.4, ANOVA). In the mice receiving radiolabeled cells, 64
± 6% of the donor cells identified as lodged in the spleen
were positive for incorporated 3H-thymidine by autora-
diography, which was not significantly lower than before
injection (P . 0.2). Apoptosis and proliferation were
measured in recipient spleen cells (bystander cells) in the
area surrounding lodged donor cells (local screening,
Fig. 6a, c) and randomly throughout the spleen sections
(global screening, Fig. 6b, d).

There was no difference in the levels of apoptosis (P 5

0.3, Fig. 7) or proliferation (P 5 0.5, Fig. 8) between
unirradiated bystander cells surrounding radiolabeled
cells and those surrounding sham-radiolabeled donor
cells (local screen). Likewise, there was no difference in
apoptosis (P 5 0.5) or proliferation (P 5 0.6) of

bystander cells throughout the spleen (global screen)
between mice receiving radiolabeled cells and those
injected with sham-radiolabeled cells (Table 2). In the
mice receiving radiolabeled donor cells, there was no
difference in the apoptosis frequency (P 5 0.6) or
proliferation index (P 5 0.2) between local fields
containing autoradiography-confirmed 3H-positive do-
nor cells and those that contained 3H-negative donor
cells. Similarly, there was no significant correlation
between local apoptosis frequency (P 5 0.35, Spear-
man’s) or local proliferation index (P 5 0.06, Spear-
man’s) and the number of autoradiography-confirmed
3H-positive donor cells per field.

When two more experiments were performed under
the same conditions, but with analysis 72 h after
adoptive transfer into pKZ1z/2 recipient mice, there
was again no difference in the apoptosis frequency or
proliferation index of unirradiated recipient cells be-
tween spleens receiving radiolabeled cells and those
receiving sham-radiolabeled control cells using either the
local or global screening method (Table 3). After 3 days
of 3H-thymidine exposure in vivo, the percentage of
surviving donor cells confirmed to be 3H-positive by
autoradiography was only 21 ± 8%, down from 77%
before adoptive transfer.

These experiments used pKZ1 recipient mice to allow
the future examination of chromosomal inversions as an
end point in bystander tissues (data not shown). The
baseline apoptosis frequency was 66% higher in the
pKZ1 mice than the C57BL/6J mice (P ,1026); however,
since the spontaneous apoptosis frequency in both
mouse groups was so low (,0.7%), the difference
actually represents less than three extra apoptotic cells
per thousand. The rate of proliferation was equivalent in
both mouse groups (P 5 0.55).

FIG. 3. Fluorescent staining and autoradiography of a 3H-radiolabeled donor cell lodged in a recipient
mouse spleen. Frozen sections (5 mm) of recipient mouse spleen were examined under fluorescence and bright-
field microscopy. Panel A: Fluorescently labeled donor cells (red) were identified and photographed along with
the surrounding DAPI-counterstained spleen cells (blue). Panel B: Slides were then processed for
autoradiography and the same field was re-examined. The majority of the lodged donor cells exhibited
deposited silver grains over the cell nucleus (see insets).

TABLE 1
Dosimetry for Chronic Radiolabeling of

Donor Cells

Experiment

3H-positive

cells (%)

Incorporated
radioactivity
(mBq cell21)

Nuclear
absorbed dose
rate (mGy h21)

1 73 0.34 3.2
2 65 0.32 3.0
3 72 0.32 3.0
4 81 0.23 2.2
5 77 0.31 2.9

Mean 74 0.30 2.9
Standard deviation 6 0.04 0.4
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Analysis of Apoptosis and Proliferation in Bystander Cells
Surrounding Increased Numbers of Low-Dose-Rate
Radiolabeled Cells

To simulate an increasing proportion of irradiated
cells, recipient pKZ1z/2 mice were injected with 5 3 106

radiolabeled donor cells or sham-radiolabeled control
cells prepared as described above, with analysis 22 h
later (Table 4). There was no difference in the apoptosis
frequency or proliferation index between spleens receiv-

ing radiolabeled cells and those receiving sham-radiola-
beled control cells. The proportion of 3H-positive donor
cells lodged in the spleen was 66 ± 7%, significantly
lower than the radiolabeling frequency of the donor cells
before injection (P 5 0.003). Since local fields containing
single donor cells were rare due to the high density of
donor cell lodging, apoptosis and proliferation in the
bystander cells were using only the global screening
method.

Analysis of Apoptosis and Proliferation in Bystander Cells
Surrounding High-Dose Irradiated Cells

As a positive control, recipient pKZ1z/2 mice were
injected with 5 3 105 donor cells radiolabeled with
74 kBq ml21 3H-thymidine (50-fold higher than in
previous experiments) or sham-radiolabeled with the
equivalent molar concentration of nonradioactive thy-
midine (23.25 nM) and analyzed 22 h after adoptive
transfer (Table 5). When the [methyl-3H]-thymidine
activity of the culture medium was increased to
74 kBq ml21, only 51% of donor cells incorporated the
3H-thymidine to a mean activity of 28 mBq cell21

(approximately 100 3H decays per hour).
There were 70% fewer donor cells lodged in the

spleens of mice receiving high-dose radiolabeled cells
compared to those receiving sham-radiolabeled cells (P
, 1027), and only 5 ± 4% of the remaining cells were
positive for 3H by autoradiography. There was no
significant difference in apoptosis (P 5 0.7) or
proliferation (P 5 0.99) of bystander cells in the spleens
of mice between the two recipient mouse groups. Since
so few of the remaining lodged donor cells were 3H-
positive, there were too few fields with confirmed 3H-
positive donor cells to compare local screening results
for either end point.

As a further positive control experiment, C57BL/6J
mice were injected with 5 3 105 X-irradiated (0.1 or

FIG. 5. Clustered lodging of donor cells within a recipient mouse
spleen. Clusters of lodged donor cells in 50-mm frozen spleen sections
from recipient mice 1 day after injecting with 5 3 105 sham-treated
donor cells were identified by confocal microscopy. A z-series imaging
CMRA fluorescence was taken at 1.5-mm intervals through the depth
of the section to a total depth of 30 mm. The mean fluorescence
intensity through the stack was projected into a composite image
(shown at top) and the color was inverted for clarity (fluorescence
intensity increasing from white to black). Numerous CMRA-positive
cells (black) can be seen within the field. The same stack viewed side-
on (shown at bottom) shows that the lodged donor cells are not
present in a single plane but form a three-dimensional cluster that
likely extends several hundred micrometers above and below the
frozen section. Scale bars show 100 mm.

FIG. 4. Lodging pattern of donor cells within recipient mouse spleens. Single 5-mm spleen sections from
recipient mice taken 1 day after injecting 5 3 105 (panel A) or 5 3 106 (panel B) sham-treated donor cells were
viewed by fluorescence microscopy and photographed with multiple overlapping fields using filter sets to
visualize the DAPI nuclear counterstain and the CMRA-labeled donor cells. The multiple images were
reconstructed to form a montaged image of the entire spleen section, and the outline of the cross section and the
locations of lodged CMRA-positive cells was recorded (locations marked, markers not to scale). Scale bars
show 1 mm.
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1 Gy) or sham-irradiated mixed spleen lymphocytes and
analyzed 22 h after adoptive transfer. The donor cell
lodging frequency was significantly reduced (P 5 0.037,
Bonferroni-corrected post-hoc t test) in the mice
receiving the donor cells irradiated with 1 Gy (Table 6).
There was no difference in the apoptosis frequency (P .

0.5) or proliferation index (P . 0.3) of bystander
recipient cells between mice receiving irradiated cells and

those receiving sham-irradiated control cells using either
the local or global screening method (Table 6).

DISCUSSION

Here we present the first results from an in vivo system
analyzing apoptosis and proliferation in normal, unir-
radiated spleen cells in response to the presence of

FIG. 6. Staining for bystander end points in recipient mouse spleens. Representative fields from spleen
sections of recipient mice stained (green) for apoptosis (panels A and B) and proliferation (panels C and D).
Bystander recipient cells are counterstained with DAPI (blue). Local fields (panels A and C) are centered on
lodged donor cells (red, arrowed) while global fields are selected randomly and may contain no donor cells
(panel B) or one or multiple donor cells (panel D). Scale bars show 50 mm.

TABLE 2
Bystander End Points in Recipient Mice Analyzed 22 h after Receiving 5 3 105 Donor Cells

Donor cells received

PSham-radiolabeled Radiolabeled

C57BL/6J recipient mice (n) 13 15 —
Donor cell radiolabeling (%)a — 69 ± 5 —
Donor cell radioactivity (mBq cell21)a — 0.33 ± 0.02 —
Lodging frequency (3 1024)a 1.6 ± 0.8 1.4 ± 0.6 0.36
3Hz donor cells in situ (%)a — 64 ± 6 —

Local apoptosis frequency (3 1023)b 3.8 ± 0.5 3.4 ± 0.4 0.3
Global apoptosis frequency (3 1023)b 2.8 ± 0.5 2.6 ± 0.5 0.5
Local proliferation index (%)b 9.5 ± 0.9 9.2 ± 0.6 0.5
Global proliferation index (%)b 10.7 ± 2.3 10.1 ± 0.8 0.6

a Standard deviation.
b ± 95% CI.
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neighboring cells receiving radiation energy depositions
in situ. This in vivo adoptive transfer method has proven
to be robust, reproducible and flexible enough to allow
study of variations in exposure time, dose rate, radiation
source and the ratio of irradiated to unirradiated cells in
the tissue. The doses and dose rates in this study were
chosen to mimic bystander scenarios relevant to

radiation protection at low doses, and apoptosis and
proliferation were chosen as end points because they
represent key modifiers of carcinogenic risk and allow
comparison with published in vitro bystander data;
however, almost any fluorescence end point could be
measured in these tissues using this method.

This report is the first to use adoptive transfer of
lymphocytes to introduce irradiated cells into an intact
unirradiated organ of a physiologically normal animal
to study radiation-induced cell-cell interactions. Other
methods aimed at detecting bystander effects in vivo

FIG. 7. Bystander apoptosis in recipient mouse spleens. The
frequency of TUNEL-positive apoptotic cells in the immediate area
surrounding lodged donor cells (local screen, panel A) or throughout
the spleen tissue (global screen, panel B) is shown for mice receiving
sham-radiolabeled or radiolabeled donor cells. Apoptosis frequencies
from individual mice are marked with open circles (#) and the group
means are shown by a bar (–).

FIG. 8. Bystander proliferation in recipient mouse spleens. The
percentage of Ki-67-positive proliferating cells in the immediate area
surrounding lodged donor cells (local screen, panel A) or throughout
the spleen tissue (global screen, panel B) is shown for mice receiving
sham-radiolabeled or radiolabeled donor cells. Proliferation indices
from individual mice are marked with open circles (#) and the group
means are shown by a bar (–).

TABLE 3
Bystander End Points in Recipient Mice
Analyzed 72 h after Receiving 5 3 105

Donor Cells

pKZ12/2 donor cells received

Sham-
radiolabeled Radiolabeled P

pKZ1z/2 recipient
mice (n) 17 16 —

Donor cell
radiolabeling (%) — 77 —

Donor cell
radioactivity
(mBq cell21) — 0.31 —

Lodging frequency
(3 1024)a 0.9 ± 0.6 0.9 ± 0.5 0.9

3Hz donor cells in situ

(%)a — 21 ± 8 —
Local apoptosis

frequency (3 1023)b 6.3 ± 1.2 6.4 ± 1.8 0.8
Global apoptosis

frequency (3 1023)b 5.2 ± 0.8 5.1 ± 1.0 0.8
Local proliferation

index (%)b 9.3 ± 0.9 9.4 ± 1.9 0.95
Global proliferation

index (%)b 11.9 ± 2.5 13.4 ± 2.8 0.4

a
± Standard deviation.

b ± 95% CI.

TABLE 4
Bystander End Points in Recipient Mice
Analyzed 22 h after Receiving 5 3 106

Donor Cells

pKZ12/2 donor cells received

Sham-
radiolabeled Radiolabeled P

pKZ1z/2 recipient mice (n) 5 6 —
Donor cell radiolabeling (%) — 81 —
Donor cell radioactivity (mBq

cell21) — 0.23 —
Lodging frequency (3 1024)a 18 ± 11 26 ± 9 0.24
3Hz donor cells in situ (%)a — 66 ± 7 —
Global apoptosis frequency

(3 1023)b 5.0 ± 0.6 5.5 ± 1.3 0.6
Global proliferation index (%)b 11.6 ± 2.6 14.68 ± 4.0 0.25

a
± Standard deviation.

b ± 95% CI.
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introduced both the irradiated and unirradiated cells
into an immunodeficient or lethally irradiated host (37–
40). Adoptively transferred splenic lymphocytes rapidly
leave the circulation and lodge in the spleen in a highly
reproducible and well-characterized pattern (41) that
follows the behavior of normal circulating lymphocytes
(42, 43). The spleen thus provides an ideal environment
for monitoring interactions of identifiable transplanted
cells with the indigenous tissue microenvironment. The
donor lymphocytes in this study were stimulated ex vivo
to divide to incorporate 3H-thymidine into the DNA.
However, these lectin-stimulated primary cells still
reproduce a state much closer to normal in vivo
homeostasis (splenic T lymphocytes are naturally highly
proliferative in vivo) than tumor cells routinely used in
bystander experiments. Other bystander experiments
that use non-tumor cells are often stimulated with
steroids to proliferate in culture (44, 45), which is known
to up-regulate the expression of gap-junction proteins
(46). The requirement for medium supplementation with
b-mercaptoethanol to stabilize the in vitro oxidative
environment [a role normally performed by macrophag-
es in vivo (47)] further demonstrates the inability of in

vitro cell monocultures to fully recapitulate an in vivo
microenvironment. Despite the ex vivo culture and
manipulation, the lodging of donor splenocytes in the
present study appeared to follow the normal pattern
observed for adoptively transferred splenocytes injected
immediately without ex vivo culture (42, 43).

By carefully controlling the culture conditions,
consistent nuclear absorbed doses from DNA-incorpo-
rated 3H-thymidine could be achieved in the donor T
lymphocytes using the method described in this report.
At the lower concentrations of radioactivity reported
here, no growth inhibition of donor cells during
radiolabeling was detected relative to sham-radiolabeled
cells, and both cell populations showed equivalent
lodging after 22 or 72 h in vivo. Although not all donor
cells divided ex vivo to incorporate radiolabel, we have
demonstrated that in mice receiving 3H-thymidine-
labeled donor cells, those fields containing lodged 3H-
negative donor cells can be identified and excluded from
analysis (if desired) or can be used as internal controls
comparing the effect of irradiated and unirradiated
donor cells lodged within the same spleen. The short-
range b particles emitted by 3H decay allow the repeated
irradiation of single nuclei in situ, with each decay
commensurate with electron traversal(s). It is thus
important to note that the time elapsed since adoptive
transfer is not to be equated to the time after the
bystander signal because the irradiation occurs through-
out the time the donor cells spend in situ.

At the lower number of transferred donor cells used in
this study, organ-averaged donor cell lodging frequen-
cies were of the order of 1–2 donor cells per 10,000
bystander spleen cells by 22 h after injection. This level
corresponds to the fraction of spleen cells that might be
exposed to an electron traversal within 1 h at a dose rate
of 2 mSv of low-LET radiation per year (27, 29, 30, 48,
49). Few bystander effect experiments performed to date
have approached the irradiated-to-unirradiated cell
ratios that are relevant to low-dose radiation protection.
Data from irradiated cell-conditioned medium transfer
experiments on bystander dose responses predict that
the effects are unlikely to be produced until low-LET

TABLE 5
Bystander End Points in Recipient Mice

Analyzed 22 h after Receiving 5 3 105 High-
Dose Radiolabeled Donor Cells

pKZ12/2 donor cells received

Sham-
Radiolabeled Radiolabeled P

pKZ1z/2 recipient mice (n) 6 5 —
Donor cell radiolabeling (%) — 51 —
Donor cell radioactivity (mBq

cell21) — 27.5 —
Lodging frequency (3 1024)a 2.2 ± 0.2 0.6 ± 0.2 ,0.001
3Hz donor cells in situ (%)a — 5 ± 4 —
Global apoptosis frequency

(3 1023)b 6.5 ± 1.5 6.8 ± 0.6 0.7
Global proliferation index

(%)b 10.8 ± 3.4 10.9 ± 3.5 0.99

a
± Standard deviation.

b ± 95% CI.

TABLE 6
Bystander End Points in Recipient Mice Analyzed 22 h after Receiving 5 3 105 X-Irradiated Donor Cells

Donor cells received

Pa0 Gy 0.1 Gy 1 Gy

C57BL/6J recipient mice (n) 8 6 6 –
Lodging frequency (3 1024)b 0.6 ± 0.2 0.6 ± 0.2 0.4 ± 0.1 0.025
Local apoptosis Frequency (3 1023)c 4.1 ± 0.8 4.4 ± 0.9 4.2 ± 0.8 0.9
Global apoptosis Frequency (3 1023)c 3.0 ± 0.3 3.3 ± 0.5 3.3 ± 0.5 0.5
Local proliferation index (%)c 10.9 ± 1.4 11.2 ± 1.4 9.9 ± 1.0 0.3
Global proliferation index (%)c 11.3 ± 1.2 12.6 ± 2.0 11.1 ± 1.4 0.4

a ANOVA.
b

± Standard deviation.
c ± 95% CI.
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radiation doses rise to levels at which all cells in the
population are irradiated (45, 50, 51). Gerashchenko
and Howell found that at least 50% of the cell
population had to be radiolabeled with tritiated
thymidine for the bystander effect to be observed (16).
The potential relevance of bystander effects in vivo will
likely be inversely related to the proportion of irradiated
cells required to induce the effect; as more cells are
irradiated, fewer unirradiated cells remain at risk.
Extrapolations of bystander effects from very high
proportions of irradiated cells down to the sparse cell
irradiations relevant to low-dose radiation protection
should be regarded with caution, since the toxic
bystander signal generated by 600,000 cells irradiated
at 500 mGy has been shown to be negated when the
conditioned medium was diluted by only 1.2-fold and
even at very high doses (5 Gy) was abolished by only a
twofold dilution (52).

The density of donor cell lodging in the spleen is likely
to have peaked prior to analysis at 22 h, and the relative
reduction in donor cell lodging seen in the mice analyzed
3 days after injection is consistent with a gradual
redistribution of transferred T cells from the spleen to
the lymph nodes (53, 54). Although transferring 5 3 106

donor lymphocytes is at the level previously reported to
result in saturation of spleen lodging sites (54), no
decrease in the relative lodging frequency was observed
compared with those experiments where 5 3 105 cells
were transferred. Although this level may be approach-
ing the upper limit possible with this technique, these
findings suggest that it is possible to achieve organ-
averaged lodging frequencies of at least one donor cell
per 500 recipient cells.

Using the local screening method, it was possible to
narrow our analysis to the immediate region surrounding
lodged donor cells such that up to 1 in 50 cells within the
field of view were irradiated donor cells. Since the spatial
distribution of irradiated and bystander cells remains
intact using our in situ analysis method, the range of
analysis could potentially be restricted further to only
cells adjacent to irradiated donor cells. It was also
possible to test for a correlation between the number of
donor cells in a field and the bystander apoptosis and
proliferation levels to detect the effect of increasing ratios
of irradiated to bystander cells. The homeostatic levels of
apoptosis and proliferation differ for the various cell
types within the spleen (55). The local screening method
was deliberately biased toward the donor cell-rich areas,
which are populated mainly by T lymphocytes. As such,
the apoptosis frequency measured in the local screens was
consistently higher than that measured in the global
screens, which surveyed the full distribution of cell types
within the spleen. The same effect was observed for
proliferation, with T-lymphocyte-populated areas sur-
veyed in the local screen showing lower baseline levels
than when proliferation was measured across the whole

spleen. These differences were seen in both recipient
mouse groups consistently across all the experiments,
with the local and global measurements highly correlated
for both end points (P , 1023).

Unlike many published in vitro findings, the results
presented here show no evidence for a significant change
in either the apoptosis or proliferation of bystander cells
in vivo 1 or 3 days after adoptive transfer. In the first
experiments where bystander cells were analyzed after
22 h, the levels of both end points were no higher in the
mice receiving radiolabeled donor cells compared to the
controls, and the 95% confidence limits exclude an
increase in apoptosis of more than 9% and an increase
in proliferation of more than 18%. Analysis of bystander
cells after 3 days showed apoptosis and proliferation in
local bystander cells differing by less than 2% from the
controls. Since apoptosis in the recipient mouse spleens
was under in vivo homeostatic regulation and was
measured in situ, the baseline levels were very low
(,0.7%) such that even a 10% change from baseline only
would equate to less than one apoptotic cell in 1000
recipient bystander cells. The local screening method
described here surveyed between 34,000 and 56,000
bystander spleen cells per mouse and the global screening
method .160,000 cells per mouse, ensuring adequate
precision to detect small changes. To put this sensitivity
into context with effect sizes routinely observed in vitro,
induction of bystander apoptosis is reported at levels
from 100% above controls (44–47) to greater than 10-fold
above controls (56–59). In vivo, however, common
environmental stressors such as heat, diet, circadian
rhythm and physical restraint are known to alter
apoptosis and proliferation in the spleen to much greater
extents than the differences observed between sham and
bystander treatment groups in this study (60–67).

In the very low-dose range relevant to human
exposures, increasing the average absorbed dose to a
tissue results in an increasing fraction of irradiated cells
within a tissue, although the dose received by most
exposed cells continues to occur from single ionizing
particle traversals. When this was simulated using the
adoptive transfer model (by injecting 10-fold more
radiolabeled cells per mouse), there was still no significant
difference in bystander apoptosis or proliferation from
the controls. Although outside the limits of natural low-
LET radiation bystander scenarios, the adoptive transfer
experiments were also repeated with a dose commensu-
rate with those used in many in vitro bystander
experiments as well as with single high-dose exposures
to X rays. Surprisingly, the high-dose-rate 3H, even
though lethal to the radiolabeled cells, still did not
significantly alter the apoptosis (,5% difference) or
proliferation (,1% difference) of the unirradiated cells in
the spleen. Likewise, bystanders to donor cells that
received an acute ex vivo X-ray dose of 0.1 or 1 Gy
showed no significant apoptotic or proliferative response.
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Low-LET radiation has previously been shown to be
effective at inducing bystander effects in vitro for a range
of radiation energies and biological end points (34, 45,
68–72). The absence of a bystander effect in the mouse
spleen in this study was surprising, given that the
experiments were designed to simulate bystander sce-
narios relevant to radiation protection and were also
tested with parameters chosen to mimic published in
vitro studies. It is possible that bystander effects may be
occurring in vivo in the spleen, albeit on a different time
scale or at much lower magnitudes than those observed
in in vitro experiments. Likewise, the in vivo responses of
unirradiated cells in the spleen to their irradiated
neighbors may be of a different nature than those
observed previously in vitro.

Work that has been conducted to evaluate mouse
strain dependence for bystander signaling suggests that
tissues from C57BL/6J mice (as used in this study) did
produce a medium-transferable bystander apoptosis
signal (73) whereas mice from the radiation-sensitive
CBA/Ca strain did not. The converse has been reported
for genomic instability bystander effects (74), although
genomic instability was not induced in the directly
irradiated cells from either strain, even at the very high
c-radiation dose used (4 Gy). The limited in vitro data
suggest that the human population may exhibit consid-
erable variability in their ability to initiate or respond to
bystander signals (75, 76), and as such, further
investigation of bystander effects in vivo should include
a range of representative genetic backgrounds.

Clearly, data from a vast array of experimental
systems, cell types, dose ranges and biological end
points support the potential of irradiated cells to
communicate effects to unirradiated cells. However, it
may be that the conditions required to generate
bystander events in vitro (e.g. dose, dose rate and the
ratio of irradiated to unirradiated cells) cannot be
generalized to the in vivo low-dose external exposures
of concern to regulators. Alternatively, it is possible that
the variable and stochastic nature of bystander effects,
as observed in vitro, may also result in tissue- and end
point-specific findings in vivo. Future experiments will
need to continue to explore a range of tissues, doses,
environmental conditions and time scale for expression
of biological effects to fully probe the potential of
bystander signaling in vivo. The results of this study
suggest that if bystander effects are occurring in the
spleen in vivo, the magnitude of the effects may be less
than those observed in vitro and that they may not pose
as large a concern to radiation risk estimation as in vitro
studies might predict.
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