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Abstract

There is increasing evidence biological responses to ionizing radiation are not confined to those cells that are directly hit,
but may be seen in the progeny at subsequent generations (genomic instability) and in non-irradiated neighbors of irradiated
cells (bystander effects). These so called non-targeted phenomena would have significant contributions to radiation-induced
carcinogenesis, especially at low doses where only a limited number of cells in a population are directed hit. Here we present
data using a co-culturing protocol examining chromosomal instability in�-irradiated and bystander human fibroblasts BJ1-htert.
At the first cell division following exposure to 0.1 and 1 Gy�-particles, irradiated populations demonstrated a dose dependent
increase in chromosome-type aberrations. At this time bystander BJ1-htert populations demonstrated elevated chromatid-type

rrations as
ificantly
t on dose.
bystander
aberrations when compared to controls. Irradiated and bystander populations were also analyzed for chromosomal abe
a function of time post-irradiation. When considered over 25 doublings, all irradiated and bystander populations had sign
higher frequencies of chromatid aberrations when compared to controls (2–3-fold over controls) and were not dependen
The results presented here support the link between the radiation-induced phenomena of genomic instability and the
effect.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

There is now a large amount of data of the delayed
appearance of mutations[1–4] and chromosomal
aberrations[5–7]. In these studies, mutations or
chromosomal aberrations have been observed several
generations removed from the irradiation and could
not have been directly induced by the irradiation.
The latent expression of mutations and aberrations
in irradiated progeny have been interpreted to be a
manifestation of genomic instability[reviewed in
8,9]. It has been hypothesized that radiation-induced
genomic instability is the earliest cellular event in the
process of radiation-induced tumorigenesis[10,11].
This has been supported by the observation that strain
specific tumor induction correlated with induction of
chromosomal instability in mammary epithelial cells
following irradiation in vitro[12] and in vivo[13]. Sim-
ilar correlations between tumor sensitive strains and
induction of chromosomal instability have also been

of �-particles initiated sister chromatid exchanges in
more cells than it was estimated could have been hit by
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Other investigators have transferred media from ir-
radiated cells onto non-hit cells and have observed
enhanced cell death[28,29], chromosome damage
[30] and increased cell proliferation[31] in the non-
irradiated populations. These results have been inter-
preted as indicating that the irradiated cells release
factors into the media that result in the observed
changes in the recipient cells. More definitive recent
studies of the bystander effect have used a charged par-
ticle microbeam. A microbeam was used to irradiate
a few cells in a population, with levels of micronu-
clei and of apoptosis being much higher than expected
i.e. demonstration of a bystander effect[32,33]. Im-
portantly, both mutation induction[34] and oncogenic
transformation[35] have been shown to be enhanced
in bystander cells following microbeam irradiation of
known proportions of cells in a population. The ability
of bystander cells to express many, if not all, of the
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y
e

instability could be derived from non-irradiated cells.
Experiments using a shielding grid to alter the ratio
of irradiated to non-irradiated cells demonstrated that
changing the ratio of hit to non-hit cells altered the cell
s in-
s ect
m sion
o hro-
m ells
i of
l nder
n�-particle[20,21]. These non-hit, responding ce
ere then ‘bystanders’ of either directly hit cells
f energy depositions in extracellular medium. Sim

ypes of experiments have also demonstrated the in
ion of mutations[22] and specific genes in more ce
han were estimated to have been hit by�-particles[23].
ubsequent studies were confirmatory and pointe
xtracellular factors as being responsible for these
ects, with reactive oxygen species implicated[24–27].
urvival but not the number of clones expressing
tability [36], which indicates that a bystander eff
ay be responsible, in part at least, for the expres
f instability. Subsequent data have shown that c
osomal instability can be induced in bystander c

n vivo [37]. More recently, microbeam experiments
ymphocytes have demonstrated a significant bysta
demonstrated for hematopoietic cells[14]. However,
there have been several reports that have failed to ob-
serve chromosomal instability following both in vitro
and in vivo exposure to ionizing radiation[15–17].

The other non-targeted phenomenon that appears to
be of significance in regard to radiation-induced car-
cinogenesis is that of bystander effects[reviewed in
18,19]. It was reported that exposure to very low doses

biological end-points associated with exposure to io
izing radiation suggests that the bystander effects m
contribute to radiation-induced tumorigensis as wel

There are a few recent studies which link th
two phenomena, in which genomic instability ha
been thought to come from the bystander cells. R
examination of initial data of chromosomal instabilit
in hematopoietic stem cells[5] has suggested that th
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component to instability following �-irradiation
[38].

We have previously reported on a novel co-culturing
protocol to study bystander effects in which irradiated
and bystander cells are cultivated in the same system
[39]. This technique takes advantage of the limited pen-
etration of charged particles, and allows for the cul-
ture of both irradiated and bystander cells in the same
media. Since the two populations are not in physical
contact with each other, this protocol can be used to
study the bystander effect in which irradiated cells se-
crete molecules into the media that affect the bystander
population. Here we present data from experiments de-
signed to investigate the ability of bystander cells to ex-
press chromosomal instability using these co-culturing
techniques.

2. Materials and methods

2.1. Cell culture and�-irradiation

Life-span extended human fibroblasts (BJ1-htert)
were obtained from Clontech and maintained in culture
as recommended in media containing 10% fetal bovine
serum. For the irradiation, cells were co-cultured on
double sided mylar dishes as discussed previously[39].
These dishes are stainless steel rings with ports on
two opposite sides of the ring and have mylar (6�m)
on both surfaces (the distance between the two mylar
s rface
t
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alloy, Hamilton Precision Metals) foil, approximately
8 mm of atmosphere, the mylar dish bottom, and irra-
diated the sample attached to the mylar. The track seg-
ment�-particles release 120 keV/�m through the cells
and penetrate less than 100�m through the 9000�m of
media. A slot-shaped aperture approximately 6 mm×
38 mm defined the beam irradiating the samples. The
uniformity of the particle flux was±5% or better over
the 38 mm length of the beam and the beam has negli-
gible gamma and X-ray components.

Following irradiation the dishes were returned to
the incubator for 1 h. Dishes were incubated with the
irradiated surface down to prevent the possibility of
irradiated cells detaching from the mylar surface and
attaching to the lower surface thereby contaminating
the bystander population. After the incubation, the two
populations were separated, cells trypsinized and re-
seeded onto 60 mm dishes.

2.2. Cytogenetic analyses

Control, bystander and irradiated populations were
assayed for chromosomal aberrations at the first cell di-
vision post-irradiation, i.e. at 24–27 and 27–30 h post-
irradiation and at every 5 population doublings there-
after up to 25 population doublings post-irradiation. At
the indicated times, cells in 60 mm dishes were treated
with colcemid (0.005 mM) for 3 h to disrupt the mitotic
spindle and accumulate cells in metaphase. Cells were
then removed from each dish by light trysinization, ag-
i first.
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urfaces is 9 mm). Cells are seeded onto one su
hrough one of the ports at a concentration of 2× 105

ells per dish, and allowed to attach and incubate
8 h. The media is then aspirated through the port

he dish turned over, and cells seeded onto the se
urface (at a concentration of 5× 105 cells per dish
nd allowed to attach (1 h). One of the ports is t
lugged, the dishes completely filled with media

hen the other port is plugged and the dishes return
he incubator. Populations on both mylar surfaces
onfluent in 48 h.

Double sided mylar dishes with confluent popu
ions of BJ1-htert cells on both surfaces were irradi
ith 0, 0.1 (∼1 particle per nucleus), 1 and 10 Gy
.1 MeV �-particles using the track segment faci
t RARAF. The charged particle beam was gener
sing a 4 MV Van de Graaff accelerator and pas

hrough a 3�m thick Havar (cobalt/chromium/nick
tating as necessary since rounded mitoses detach
he cell suspension was then centrifuged and the p
esuspended in a small amount of media (200�l). Cells
ere then treated with 0.075 M KCl for 11 min at 37◦C.
ml of fixative (methanol:acetic acid 3:1) was ad

o the suspension before the cells were pelleted an
uspended in fixative. Cells were dropped onto c
lides and examined under a phase contrast micro
or optimum separation of the chromosomes. Sl
ontaining metaphase chromosomes were staine
5 min with 5% Giemsa in Sorensen’s buffer (10 m
hosphate, 10 mM sodium citrate).

Cytogenetic aberrations detected in chromoso
tained with Giemsa were scored under light
roscopy and classified as detailed earlier[7]. Achro-
atic discontinuities on one chromatid of a metaph

hromosome that were broader that the width of the
acent sister chromatid were scored as breaks, as
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clearly displaced fragments; other achromatic disconti-
nuities were scored as gaps. Data of chromatid aberra-
tion frequencies in irradiated and bystander cells were
statistically analyzed using theχ2-test.

3. Results

3.1. Frequencies of chromosomal aberrations at
the first division post-irradiation

To determine whether bystander cells express chro-
mosomal damage immediately following irradiation,
cytogenetic analyses were conducted on co-cultured
bystander and irradiated BJ1-htert cells at the first cell
division following exposure to 0.1 and 1 Gy�-particles.
Metaphases of the population exposed to 10 Gy were
not scored due to the exceeding low frequency of mi-
totic cells and the extremely high frequencies of aber-
rations at this dose. Only cells that were bystanders to
this dose were scored.

As would be expected, at the first division, frequen-
cies of chromosomal aberrations in the irradiated pop-
ulations were increased in a dose dependent manner
(Fig. 1). The populations that received 0.1 and 1 Gy
had means of 0.3 and 1.3 aberrations per cell, respec-
tively. Controls populations had a mean of 0.1 aberra-
tions per cell. The aberrations observed in the irradiated
populations were almost all chromosome-type aberra-
tions, including dicentrics, excess acentric fragments

F uman
fi e
p

Fig. 2. Frequencies of chromatid-type aberrations in fibroblasts by-
standers that were bystanders to�-irradiated fibroblasts at the first
cell division post-irradiation (data are presented as mean± S.D. of
n = 4).

and acentric rings. The frequencies of chromatid-type
aberrations in all irradiated populations were compa-
rable to that seen in controls (data not shown), which
would be expected given that these populations were
in the G0/G1 phase of the cell cycle at the time of irra-
diation.

Increased frequencies of chromosomal aberrations
were also detected in the bystander populations.
However, unlike the irradiated populations, bystander
populations had increased yields of chromatid-type
aberrations (Fig. 2). Bystander populations had be-
tween 0.1 and 0.16 chromatid aberrations per cell.
These were 1.3–2-fold increases in frequencies of aber-
rations over control bystander cells. Furthermore, all
the chromatid-type aberrations observed were of the
simple type, namely breaks and gaps. Importantly the
elevated yields of chromatid-type aberrations detected
in the bystander populations at the first division post-
irradiation did not appear to dose dependent.

3.2. Frequencies of chromosomal aberrations at
delayed times

To assay for the appearance of delayed chromoso-
mal aberrations, irradiated and bystander populations
of BJ1-htert cells were examined for chromosomal
aberrations at every 5 population doublings up to 25
population doublings post-irradiation (Fig. 3).

Chromatid aberration frequencies in sham irradiated
a 0.02
a By
1 the
ig. 1. Frequencies of chromosomal aberrations observed in h
broblasts at the first cell division following�-irradiation (data ar
resented as mean± S.D. ofn = 4).
nd bystander control populations ranged between
nd 0.06 per cell over the time points examined.
0 population doublings all aberrations induced by
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Fig. 3. Delayed chromatid-type aberrations observed in human fi-
broblasts exposed to 0 Gy (©), 0.1 Gy (�), 1 Gy (�) and 10 Gy (�)
�-particles as a function of time post-irradiation (results presented
here are from a single experiment. A repeat of the experiment pro-
duced similar trends in the data).

initial irradiation had been removed from the irradiated
populations, and the frequencies of chromosome-type
aberrations in these cells were comparable to those ob-
served in the controls (data not shown). Over the first
10 doublings the population exposed to 0.1 Gy had be-
tween 0.05 and 0.06 aberrations per cell that rose to
0.09–0.1 per cell between 15 and 25 doublings post-
irradiation. Similar trends were observed in the other
irradiated populations as well. BJ1-htert cells exposed
to 1 and 10 Gy�-particles had between 0.08 and 0.14
aberrations per cell, although the patterns of expression
of the aberrations as a function of time post-irradiation
were not identical in both populations.

Similar increases in chromatid aberration frequen-
cies at delayed times were observed in the bystander

Table 1
Frequencies and distribution of chromatid-type aberrations observed in control,�-irradiated and bystander cells between 5 and 25 population
doublings post-irradiation

Dose No. of cells
scored

Breaks Gaps Cells with chromatid-
type aberrations (%)

Fold increase
over controls

Irradiated
0 442 6 13 4.3
0.1 500 10 29 7.4* 1.7
1 482 15 32 9.3* 2.1

10 466 11 38 10.3* 2.4
Bystander to
0 498 5 14 3.6
0.1 429 12 29 9.1* 2.6
1 477 9 28 7.8* 2.2

10 550 12 45 10.0* 2.8

by2-analyses (P < 0.005).

Fig. 4. Delayed chromatid-type aberrations observed in human fi-
broblasts that were bystander to fibroblasts exposed to 0 Gy (©),
0.1 Gy (�), 1 Gy (�) and 10 Gy (�) �-particles as a function of time
post-irradiation (results presented here are from a single experiment.
A repeat of the experiment produced similar trends in the data).

cells (Fig. 4). Control bystander cells had between 0.02
and 0.06 aberrations per cell over 25 population dou-
blings, Aberration frequencies in the populations that
were bystander to irradiated cells were between 0.08
and 0.14 per cell at the time points assayed. Interest-
ingly, there did not appear to be a difference in the
frequencies of delayed chromatid aberrations between
irradiated and bystander populations.

Chromatid-aberration frequencies observed in each
sample between 5 and 25 population doublings post-
irradiation were pooled and are presented inTable 1.
All of the chromatid aberrations observed were of the
simple type – breaks and gaps. Additionally, only a few
∗ Indicate the values are significantly different from controlsχ
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of these cells contained more than one aberration, and
none had more than two aberrations. More complex
types of chromatid aberrations were only very rarely
seen and have not been included in the analyses. As
can be seen, the ratio of breaks to gaps ranged between
1:2 and 1:3.5 over 25 doublings. All irradiated and by-
stander populations had significantly higher frequen-
cies of cells containing chromatid aberrations when
compared to appropriate controls. Irradiated popula-
tions had between 1.7- and 2.4-fold higher yields of
cells with chromatid aberrations over the control pop-
ulations. Similarly, bystander populations had between
2.2- and 2.8-fold higher frequencies of aberration con-
taining cells. Importantly, the yields of delayed aberra-
tions in both irradiated and bystander populations did
not appear to be dose dependent.

4. Discussion

The data presented here indicate that�-particle ir-
radiation of human fibroblasts can induce bystander
effects in unirradiated human fibroblasts as seen by
increased yields of chromatid-type aberrations at the
first division post-irradiation. Further, both irradiated
and bystander populations demonstrated similar levels
of chromosomal instability in later cell generations as
seen by the increased chromatid aberration frequen-
cies being 2–3 times in excess of control levels. It must
be stressed that in these experiments irradiated and
b her.
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the other bystander populations and display chromatid
aberrations. However, given the modest yields of such
aberrations in the bystander populations, aberration fre-
quencies in the population exposed to 0.1 Gy might rea-
sonably be indistinguishable from that seen in controls.

It remains possible that the irradiated and bystander
cells that demonstrate chromatid aberrations at delayed
times also contain chromosome-type aberrations. This
has been previously demonstrated for Chinese hamster
ovary cells following exposure to X-rays[40]. How-
ever, unlike the cells used in those studies, human cells
do not tolerate loss of chromosomal material that would
occur in subsequent divisions as a result of dicentrics
and other acentric fragments, and would fail to reach
mitosis. Thus, only cells containing transmissible, non-
lethal chromosome-type aberrations would reach mito-
sis and be present at the time of analyses. This could
possibly account for the fact that no increase in acentric
fragments or other chromosome-type aberrations were
detected by Giemsa staining of irradiated or bystander
cells at delayed times. However, it remains possible
that there is some as yet undetermined explanation for
the lack of chromosome-type aberrations in these pop-
ulations.

The lack of a dose dependent response in the de-
layed aberrations observed in the irradiated populations
is similar to previous findings[7]. MCF-10A cells irra-
diated with 0.2 or 0.4 Gy neutrons demonstrated sim-
ilar frequencies of chromatid aberrations at delayed
times. This is in contrast to reported dose dependent
r low-
i
r

cha-
n Data
f ug-
g ated
t
T reat
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v ells
[ dia
t ever
i t
h the
m hich
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ystander cells were not in contact with each ot
ather, the populations were separated by a co
rable thickness of media, suggesting that bysta
ells were responding to signaling molecules from
tressed cells that were disseminated through the m
olume. At the first cell division following irradiation
ystander cells but not those irradiated demonstr
levated frequencies of chromatid aberrations.
ould suggest that the irradiated cells were not cap
f responding to the factor(s) that are responsible

he elevated frequencies of replication/post-replica
ype aberrations in bystander cells.

Further, there was no detectable increase in c
atid aberrations frequencies in those cells sam
fter 0.1 Gy, in which about one third of the ce
ould have not been traversed by a single particle

herefore would be bystander cells. One might ex
hat this fraction of cells would behave similarly
esponses of chromosomal instability observed fol
ng X-irradiation or exposure to Fe ions[45,46]. The
eason for this difference is not clear.

There appears to be at least two different me
isms by which bystander effects are propagated.

rom low fluence studies using confluent cultures s
est the bystander effect is transferred from irradi

o non-irradiated cells via gap junctions[27,34,41,42].
he effect can be abolished or diminished to a g
xtent when the formation of these junctions is p
ented either by inhibitors or by use of mutant c
41,43]. However, this is clearly not possible in me
ransfer studies where the two sets of cells are n
n contact with each other[28–31,44]. In this case i
as been postulated that deposition of energy in
edia, or in cells, generate factors in the media w

an then produce responses in bystander cells th
imilar to those observed in the irradiated cells.
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bystander and delayed effects demonstrated by data
presented here clearly could not have arisen via gap
junctions since the two populations are not in contact
with each other but are separated by media. There-
fore, the bystander responses and chromosomal insta-
bility observed were more likely induced by the sec-
ond mechanism where factors are released by irradi-
ated cells that diffuse through the media and influence
bystander cells.

In conclusion, the data discussed here support the
emerging link between the non-targeted effects of
radiation-induced genomic instability and bystander
effects. While it still remains to be determined whether
common mechanisms are involved in their induction,
the phenomena may have significant contributions
to radiation-induced carcinogenesis especially at low
doses of ionizing radiation.
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