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Abstract

The controversial use of a linear, no threshold extrapolation model for low dose risk assessment has become even more so
in light of the recent reports on the bystander phenomenon. The answer to the question as to which of the two phenomena,
bystander versus adaptive response, is more important has practical implication in terms of low dose radiation risk assessment.
In this review, genotoxicity is used as an endpoint to introduce the two phenomena, provide some insight into the mechanisms
of bystander effect and to bridge the two low dose phenomena which operate in opposite directions: the bystander effect tends
to exaggerate the effect at low doses, by communicating damage from hit to non-hit cells whereas the adaptive response confers

resistance to a subsequent challenging dose by an initial low priming dose.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Ever since X-rays were shown to induce mutation
in Drosophilamore than 70 years ago, the prevailing
dogma has been that the genotoxic effects of ioniz-
ing radiation such as mutations and carcinogenesis are
due mostly to direct damage to the nucleus. As such,
generations of students in radiation biology have been
taught that such heritable biological effects are the con-
sequence of a direct radiation–nuclear interaction. Al-
though there has been circumstantial evidence to sug-
gest that this simple statement is not strictly true as early
as the 1940s, for example, Kotval and Gray had shown

to assume that the non-hit cells in the vicinity of a hit
one contributed to the induction of biological damage,
o s hit
w ence
o cell

nucleus. The conclusion was thus of a statistical nature
since it was not possible to know on an individual basis
which cells were hit and which were not.

To demonstrate the induction of a radiation induced
bystander effect unequivocally, studies have been car-
ried out using a single particle microbeam where a de-
fined proportion of cells in a confluent monolayer are
irradiated with a preset number of�-particles through
either the nucleus or cytoplasm. The Columbia Uni-
versity microbeam has become an invaluable tool in
defining the bystander effect both phenomenologically
as well as mechanistically.
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Each cell is exposed to a predetermined exact num-
ber of�-particles and a detector positioned above the
c the
d , af-
t on-
r a bystander effect. However, the number of cell
as estimated by a calculation, based on the flu
f �-particles and the cross-sectional area of the
ell signals to close the accelerator shutter when
esired number of particles (e.g., one) is recorded

er which the next cell is moved over the beam. C
that �-particles which passed close, but not through,
the chromatid thread had a significant probability of
producing chromatid and isochromatid breaks or chro-
matid exchanges[1], the modern day definition of a
bystander effect derived mainly from the work based
on micro-dosimetric principles conducted more than a
decade ago[2].

It was shown that, following a low dose of�-
particles from a plutonium source, a larger proportion
of cells showed biological damage than were estimated
to have been hit by an�-particle; specifically 30% of
the cells showed an increase in sister chromatid ex-
changes even though less than 1% were calculated to
have undergone a nuclear traversal[2]. It is reasonable

2. The Columbia University microbeam

The design and layout of the Columbia Univers
single particle microbeam has been described p
ously[3]. Briefly, each cell attached in a monolayer
a thin polypropylene base of a cell culture dish is id
tified and located by using an image analysis sys
and its coordinates are stored in a computer. The
dish is then moved under computer control such
the centroid of each cell nucleus (or a region of
cytoplasm remote from the nucleus, according to
plan of the particular experiment) is in turn position
over a highly collimated shuttered beam of�-particles
generated by a 4 MeV van de Graaff accelerator.
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tinuous developments in hardware and software have
increased the microbeam throughput so that individ-
ual cells can be irradiated, one at a time, in about 1 s;
this permits sufficient cells to be exposed for muta-
tion and oncogenic transformation studies. Using this
device, the bystander effect for�-particle irradiation
has been demonstrated for a variety of biological end-
points[4–8]. In this review, genotoxicity will be used as
an endpoint to establish the bystander phenomenon; to
probe the possible mechanism involved; to ascertain the
modifying effects of adaptive response; and to evaluate
the implication for low dose radiation risk assessment.

3. Genotoxicity as a bystander endpoint

3.1. The mutagenic assay

Since individual cells are irradiated one at a time
in the microbeam studies, a sensitive mutagenic assay
system is essential. The human hamster hybrid AL
cells, developed by Waldren et al.[9], contain a full
complement of hamster chromosomes but only one
human chromosome (chromosome 11) fulfill this
requirement. Chromosome 11 contains theCD59gene
(formerly known as theM1C1 gene) at 11p13.5 that
encodes for the CD59 cell surface antigen (also known
as the S1 antigen). By the use of the E7.1 monoclonal
antibody, mutations can be scored in the human
chromosome with high specificity and quantification
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microbeam have made it possible to assess the by-
stander mutagenic potential of�-particles. Using the
microbeam and an image analysis system, Zhou et
al. irradiated 20 % of randomly selected AL cells
with a lethal dose of 20�-particles each. Under the
experimental conditions, approximately 70% of the
cells were in direct contact with an irradiated cell.
Since all directly hit cells were reproductively dead,
the mutant fraction obtained from the cell popula-
tion should be similar to background mutant yield
(averaged 64± 15 per 105 progeny among the cells
used in these experiments) assuming that there was
no interaction between the hit and non-hit cells. As
shown inFig. 1, the measured mutant fraction when
20% of the cells were irradiated with 20�-particles
each was 196± 34 per 105 progeny, a value three
times higher than the expected background value[4].
The results suggest that unirradiated cells acquire
the mutations indirectly. In other words, irradiated
cells clearly induce a bystander mutagenic response
in neighboring cells that were not directly traversed by
�-particles.

However, bronchial epithelial cells exposed to envi-
ronmental radon in homes rarely have more than one
particle traversal at any one time. The next critical
question to ask is whether this bystander effect can
be demonstrated at low doses of�-particle, a dose as
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ince mutations ranging in size from a single base
o chromosomal mutations involving loss of the en
hromosome 11 (140 Mb) are detectable[10–13].
heCD59 gene is 27 kb in size and has four exo
CR primers are available to determine the mu
pectrum involving theCD59 gene. In addition t
heCD59 gene itself, there are several other ma
enes identified on both the short and long arm
hromosome 11. By using probes for these genes
an delineate the presence or absence of part
NA segments in order to define the spectrum of
utants generated as described[10,11,13].

.2. Defining radiation induced bystander
utagenesis

The relatively high mutagenic sensitivity of t
L assay and the speed of the Columbia Unive
ig. 1. Mutant fraction at the CD59 locus in neighboring, n
rradiated human hamster hybrid (AL) cells in which 20% of th
opulation was randomly irradiated with a lethal dose of 20�-
articles each. Background mutant fraction from control popula
as shown for comparison. Data are averaged from eight indepe
xperiments. Bars represent±S.D. (replot using data from referen
).
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Fig. 2. The bystander effect for mutation at the CD59 locus in the
AL cells when 20% of the cells received a single nuclear traversal
by �-particles. This mutant fraction is not different from the inci-
dence when every cell in the population received a single�-particle.
Data are from three to seven independent experiments. Bars represent
±S.D.

low as a single traversal per cell. Bystander mutagen-
esis in AL cells induced by a single�-particle through
the nucleus is shown inFig. 2. Consistent with our
previous finding, traversal of the nucleus with a single
�-particle was only slightly cytotoxic to AL cells re-
sulting in a surviving fraction of∼0.79± 0.05 [14].
Furthermore, the yield ofCD59− mutants induced in
populations of AL cells in which 100% of the cells had
received exactly one�-particle through the nucleus was
not significantly different from the mutant fraction ob-
tained when only 20% of the cells were hit with a single
�-particle[15].

To ascertain if this bystander mutagenic effect can
be demonstrated with a lower density of irradiated
cells, the experiments were repeated with different pro-
portion of hit cells. The yield ofCD59− mutants in-
duced in populations of AL cells in which 5, 10 or
100% of the cells had received exactly one�-particle
through the nucleus has been examined[15]. The mu-
tant fraction when 5% of the cells had been irradiated
was 58% of that when all of the cells were irradiated (in-
duced mutant fractions were 57 and 98, respectively).
It is of interest to note that there was no difference
in the yield of mutants when the fraction of irradi-
ated cells increased from 10 to 100%. This could be
a reflection that the fraction of non-irradiated cells in
the population that were in direct contact with, and af-
fected by, an irradiated cell had reached a plateau at

10% and suggests that cell density is important in by-
stander mutagenesis.

3.3. Is the bystander mutagenic effect an artifact
of the AL cells

To demonstrate that the bystander genotoxic effect
observed thus far with the AL cells is not an artifact
of the human hamster hybrid cells and the findings
are relevant to human lung cancer incidence as a re-
sult of exposure to environmental radon, it is neces-
sary to show that primary human bronchial epithelial
cells exhibit a similar bystander genotoxic response
as well. Since mutagenesis studies in primary epithe-
lial cells are difficult to conduct due to the limited
life span of the cultures, we use another highly sen-
sitive genotoxic endpoint, that of G2 phase premature
chromosome condensation technique, to measure chro-
matid breaks in bystander normal human bronchial ep-
ithelial (NHBE) cells. In addition to gene mutations,
chromosomal aberrations are an important class of
DNA damage induced by�-particles. Using the Ca-
lyculin A-induced G2 phase premature chromosome
condensation (G2PCC) assay, we showed previously
that bystander genotoxicity could also be demonstrated
in AL cells [15]. Commercially available NHBE cells
were plated on microbeam dishes and irradiated as de-
scribed above. The incidence of chromatid-type breaks
induced in these cells where a single�-particle was
delivered to the nuclei in either 20 or 100% of the
c
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ultures was determined. As shown inFig. 3, in a
opulation in which every NHBE cell was irradiate
0% of the cells contained three or more chrom
reaks (Fig. 3B). Assuming no interaction between

rradiated and non-irradiated cells, 78% of the c
ere expected to contain no breaks when 10% o
ells were hit with one particle through the nucl
Fig. 3C). In actuality, only 38% of the cells in th
opulation showed no chromatid breaks (Fig. 3D). Fur-

hermore, the profile of chromatid breaks was very
erent from that in which 100% of the cells in the po
lation were hit. The proportion of NHBE cells w
ultiple chromatid breaks that was so prevalent in

ectly hit cells were much smaller in the bystan
opulation. These data clearly illustrated that the
tander genotoxic response can also be demons
n NHBE cells and is not an artifact pertaining to

L cells.
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Fig. 3. Induction of chromatid-type breaks per cell from populations of commercially available primary human bronchial epithelial (NHBE)
cells in which 0, 10 or 100% of cells were traversed by exactly one�-particle through the nuclei. Chromatid-type breaks include chromatid
breaks and acentric fragments, and were scored from a minimum of 50 G2 phase premature chromosome condensation samples per experiment as
described[45]. The estimated chromatid-type breaks per cell assuming no interaction between irradiated and non-irradiated cells were calculated
as described[4,15].

4. Mechanism of bystander mutagenesis

4.1. Effects of oxygen scavengers on bystander
mutagenesis

There is evidence that reactive oxygen species
(ROS) released into tissue culture medium may me-
diate the bystander effect[16,17]. ROS such as su-
peroxide anion, hydroxyl radicals, and hydrogen per-
oxides are the intermediates formed during oxida-
tive metabolism. The antioxidant DMSO has been
shown to be an effective radical scavenger, particu-
larly hydroxyl radicals, and it can protect mammalian
cells against the toxic and genotoxic effects of a va-
riety of agents such as ionizing radiation, asbestos
fibers, and arsenic in which oxyradicals are known
to mediate their biological effects[18–20]. There is
evidence that in cells pretreated with 0.2% DMSO
24 h before irradiation and maintained in it through-
out the expression period, the bystander mutation fre-
quency was like that in cells without DMSO treat-
ment[4]. Similarly, treatment with 8% DMSO 10 min

before and 10 min after irradiation, which reduced
the mutagenic response due to cytoplasmic irradia-
tion [21], did not affect the bystander mutation frac-
tion in the present experiments[4]. DMSO treatment
by itself was non-toxic and non-mutagenic to AL
cells under the experimental conditions used in the
study.

4.2. Effects of N-acetyl-cysteine on the bystander
effect

N-acetyl-cysteine (NAC), theN-acetyl derivative of
the amino acid cysteine, is a sulfhydryl group donor that
is able to cross plasma membrane and maintains intra-
cellular glutathione levels by providing cysteine for its
biosynthesis in the cells[22]. Clinically, NAC has both
antioxidant and anti-inflammatory effects. There is ev-
idence that AL cells pretreated with NAC (10 mM) 24 h
before irradiation and maintained in culture throughout
the expression period had essentially no effect on by-
stander mutagenesis when 20% of the cells were ran-
domly irradiated with a single�-particle [23]. NAC
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treatment by itself was non-toxic and non-mutagenic
to AL cells under the experimental conditions. These
data indicate that free radicals generated from irradia-
tion have limited effects on the induction of bystander
mutagenesis.

4.3. Effects of non-specific inhibitor of
gap-junctional communication on the bystander
effect

Since cell density dependence of the bystander ef-
fect, as described above, implies cell-to-cell contact
in the process, the relationship between gap junctional
activity and�-particle induced bystander mutagenicity
was investigated in two ways: (1) the use of octanol to
inhibit gap junction-mediated intercellular communi-
cation[24] and (2) using genetically engineered cells
that lack gap junctions. In the first set of studies, AL
cells were treated with a non-toxic, and largely non-
mutagenic dose of octanol (1 mM) beginning 2 h be-
fore and up to 3 days after irradiation. Octanol reduced
the yield of inducedCD59− mutants from 92± 35 to
16 ± 3 per 105 survivors[15]. Treatment of octanol
alone resulted in a low but detectable mutant fraction
of ∼10 ± 4. Although this result indicates a role of
gap junctions in the bystander mutagenic response, oc-
tanol is a non-specific inhibitor of gap junctions, and
can have wide ranging effects on other cellular struc-
tures and functions including membrane fluidity[25].
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In contrast, the dye was found to migrate many
cell layers in distance among wild type AL cells as
well as cells carrying a connexin 43 overexpress-
ing construct. Significantly, AL cells showed a higher
bystander mutagenic yield than that of vector con-
trol [15]. In contrast, there was little, if any, by-
stander effect among cells carrying the dominant neg-
ative vector. These data clearly show that the con-
nexin 43 vector is working well in the transfected
cells and that gap junction intercellular communica-
tion is critical in mediating the bystander mutagenic
process.

4.4. Medium effect in bystander genotoxicity

Previous studies have shown that medium from
irradiated culture, upon transferal to non-irradiated
cells, can induce increased biological effects in the
latter. Mothersill and Seymour first demonstrated a
highly significant reduction in cloning efficiency in
both non-irradiated normal as well as malignant ep-
ithelial cell lines that had received medium from
60Co-gamma-ray irradiated cultures[29]. These re-
sults suggested that irradiated cells secreted a cyto-
toxic factor into the culture medium, which was capa-
ble of killing non-irradiated cells. Furthermore, trans-
ferring medium from low LET-irradiated cultures to
un-irradiated cells lead to increased levels of various
bystander effects, such as cell killing[30,31], neo-
plastic transformation[32] and genomic instability
[
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herefore, to investigate more specifically the role
ap junction mediated cell-to-cell communication w
-particle-induced bystander mutagenicity, it is n
ssary to use cells in which gap junctional acti
as suppressed by a dominant negative connexin
truct.

AL cells genetically deficient in connexin 43 sho
o gap junctional communication and no bystan
enotoxic responses.

Connexin 43 is the principal protein componen
ap junctions[26] and there is good evidence that c
exin itself (assembled in a lipid bilayer) is sufficie
nd necessary for the generation of gap junction c
els[27,28]. Using the standard scrape-loading tes
measure of gap junctional activity[26], it was found

hat the migration of Lucifer yellow was complete
locked in AL cells carrying the dominant negat
onnexin 43 vector[15].
33].
To ascertain whether irradiated medium, with

ithout accompanied cell cultures, can induce
tander genotoxic endpoints in the AL cells, custom
esigned double mylar dishes were used. One
with or without cells) was irradiated with�-particles
sing a broad beam from the track segment mode
MeV van de Graaff accelerator[34]. Since�-particles
an only traverse a very limited distance, cells pla
n the other side of a medium-filled mylar dish wo
ot be irradiated by the�-particles. There is eviden

hat non-irradiated target cells attached to the top
ar layer had a much higher number of chromatid-t
berrations when there was a bottom layer of cel

he medium filled chambers than just medium al
35]. In fact, very few chromatin fragments were
uced in the non-hit bystander cells in the top la
hen only medium were irradiated. This increas
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Table 1
Characteristics of the bystander effect

Multiple pathways likely
P53gene function is NOT essential for the process
In confluent cultures, gap junction mediated cell-to-cell communi-

cation is essential
In sparse cultures, secreted signaling molecules, particularly, reactive

oxygen and reactive nitrogen species are involved
It is not clear if ROS are only the initiating signaling event which trig-

gers other down stream, more stable secondary signaling pathways

the bystander chromatid breaks showed a time depen-
dent factor since the incidence increased with increas-
ing incubation period[35]. Furthermore, when trans-
ferring the medium from these cell-irradiated dishes
to fresh AL cultures, chromatid-type aberrations were
produced in the never irradiated cells. Using the same
experimental set up, Zhou et al. found no induction
of CD59− mutations but an increased in cytotoxicity
conducted under similar experimental conditions[34].
These results suggest that certain, yet to be identified,
modulating factors, secreted from the irradiated cells
on the bottom mylar layer into the medium, induce
some non-repairable chromosomal changes, resulting
in an increased incidence of chromatid breaks but no
mutagenesis due to increased in cell lethality in the
non-irradiated, bystander cells.

The mechanism of radiation induced genotoxicity
is not clear and is likely to be complex and involves
multiple pathways.Table 1lists the possible processes
involved. It is likely that a multiple signaling cascade
involving both an initiating event and downstream sig-
naling steps are necessary to mediate the bystander
process. Since gap junctional communication plays an
important role in mediating the bystander signaling,
Table 2lists the many possible signaling molecules in-
volved in the process. Studies are currently underway
in many laboratories in identifying the true nature of
the signaling molecules.
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5. Interaction between bystander mutagenesis
and adaptive response

5.1. Adaptive response

Adaptive response is the phenomenon whereby ex-
posure to a low priming dose of a DNA-damaging agent
exerts a protective effect such that subsequent high dose
exposures are much less damaging. A variety of DNA-
damaging insults can elicit adaptive responses in organ-
isms as diverse as bacteria, yeast, animals, and plants,
making them more resistant to killing and mutation.
Radio-adaptive response is the phenomenon by which
cells, pre-exposed to a low dose of ionizing radiation,
acquire a resistance to a subsequent higher dose of ra-
diation. An X-ray priming dose as low as 0.01 Gy is
sufficient for the adaptive response to occur[36]. The
high LET radiations at low doses are very inefficient at
inducing adaptation[37], most likely because a single
traversal of a particle already does too much damage
to activate the adaptive cascade.

The first of the regularly reproducible experiments
to show an adaptive response to low doses of radiation
were reported as the reduction of induced chromosome
aberrations in human lymphocytes[38]. Subsequent
adaptive response studies showed the reduction of mi-
cronuclei and sister chromatid exchanges in Chinese
hamster V79 cells[39], the reduction of mutation fre-
quency in human lymphocytes[40], the reduction and
altered spectrum of mutants in human-hamster hybrid
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ize <1000 Da that can pass through gap junctions
eactive oxygen species
eactive nitrogen species
ong lived organic radicals
rotein hydroperoxides
he cytokine TGF�
L cells[41], and the reduction in micronuclei form
ion in human lymphocytes[42]. Moreover, mutagen
daptation shares common features with clastog
daptation, such as priming dose level, time betw
riming and challenging treatments, degree of indu
rotective effect (40–75%), transitory response, an
ibition by 3-aminobenzamide. De novo synthesi

ranscripts and proteins is required for the expres
f the adaptive response, since it is abolished by
resence of actinomycin D or cycloheximide dur

he period between the priming and challenging d
37,43].

.2. Effect of low LET priming dose on bystander
utagenesis

To define the interaction between adaptive resp
nd the bystander effect, experiments were condu
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to determine whether low dose, low LET radiation can
suppress bystander mutagenesis induced by high LET
radiation. AL cells irradiated with either a 0.02 or a
0.1 Gy dose of X-rays resulted in a low but significant
induction of mutations at the CD59 locus[8]. Consis-
tent with previously published data, irradiation of 10%
of a confluent cell population with a single�-particle
each through the nuclei resulted in a bystander mutant
yield that was roughly four times higher than expected
assuming that there was no interaction between hit and
non-hit cells[4]. Pretreatment of cells with a low (0.02
or 0.1 Gy) dose of X-rays significantly reduced this
bystander mutagenesis by 62 and 58%, respectively
[8]. An increase in the priming dose decreased the in-
hibitory effect such that pretreatment with 0.5 Gy of X-
rays reduced the bystander mutant yield by only 12%,
and the difference was no longer statistically signifi-
cant. A similar mutagenic response was found if 10% of
the cells were given a near lethal dose of 20�-particles
each delivered directly to the nuclei. These results im-
ply that in the presence of low-dose radiation stress,
bystander mutagenesis is suppressed by the adaptive
response, though the mechanism(s) is unclear.

6. Summary

Accurate risk assessment of human exposure to ion-
izing radiations traditionally has been compromised, in
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The bystander effect contributes to this debate by
implying that the biological effects of low doses, where
not all cells are traversed by a charged particle, are am-
plified by the transfer of factors to unirradiated neigh-
bors. If phenomena demonstrated in vitro are applica-
ble in vivo then the bystander effect implies that a linear
extrapolation of risks from high to low doses may un-
derestimate rather than overestimate low dose risks.

The adaptive response, on the other hand, implies
that prior exposure to a low dose of a DNA damaging
agent renders cells resistant to a subsequent exposure.
These two phenomena have opposite effects for cellu-
lar radiobiological endpoints: deleterious in the case of
the bystander effect as damage is communicated from
hit cells to their neighbors, and beneficial in the case
of adaptive response as a small priming dose confers
resistance to subsequent dose. The radiobiological re-
sponses at low doses are likely to be a complex inter-
play among many factors including direct damage, the
bystander effect, the adaptive response and the genetic
background of the individuals involved. The identifi-
cation of causally linked genes involved in these pro-
cesses should provide important clues to the radiobio-
logical consequences of their interactions.
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