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Rutherford, the Curies, and Radon
David J. Brenner

As a postscript to the two recent articles in Medical Physics on the Curies
discovery of radium, and its application to medicine ( 1-2), it is interesting to note that the
Curies were aso responsible for the discovery of radon-222, the naturaly occurring
radioactive gas which is of much current interest in terms of background radiation exposure
to the genera population (3-4).

Their discovery followed closely on the insights of Rutherford and Owens in 1899
who, studying the “emanations’ from thorium, made the key observation that “ the radiation
from thorium oxide was not constant, but varied in a most capricious manner” whereas
“all the compounds of uranium give out a radiation which is remarkably constant” (5).
For example, if a door was opened, the amount of thorium emanation decreased, and if
fresh air was blown across the detector, the thorium emanations decreased. Based on these
observations Rutherford concluded that “the emanation ... acts like an ordinary gas’, and
“the intensity of the radiation has fallen to one half its value after an interval of about one
minute” (6). In modern terminology, Rutherford and Owens had discovered radon in the
form of the short-lived isotope radon-220 (half life 51 seconds).

Later in 1899, Pierre and Marie Curie, studying the emanations from radium,
concluded that “elle reste radioactive pendant plusieurs jours’ [it stayed radioactive for
several days] (7). The Curies had detected the isotope radon-222 (half life 3.8 days), which
is primarily responsible for domestic radon-progeny exposure, though they remained
equivocal as to whether this emanation was, in fact, a gas. in 1901 Pierre Curie and
Debierne discussed “ la formation continue de gaz radio-actifs’ [the continual formation of
radioactive gas’ ] from radium (8), but in Marie Curie’'s 1903 doctoral thesis she suggested
that “we think, M. Curie and [, that the supposition that radium emits a gas is not yet
justified” (9). In fact that the emanations emitted by radium are a radioactive gas was
clearly demonstrated by Rutherford and Brooks in 1901 ( 10), though they were careful to
give credit to the prior observations of the Curies.

It is interesting to note that most standard sources (11) on the chemical elements list
Ernst Dorn as the discoverer of radon, in 1900. In fact Dorn had merely repeated the
Curies experiment with more active radium compounds ( 12).
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The Potential Impact of the Bystander Effect on Radiation

Risks on a Mars Mission
David J. Brenner and Carl D. Elliston

Radiation risks in free space are dominated by densely ionizing (high-LET) galactic
cosmic rays (GCR). As can be seen in Figure 1, over a period of a few months -- sufficient
perhaps for the initial stages of radio- carcinogenesis to occur -- a significant proportion of
cell nuclel will not be traversed.

There is quite convincing evidence, at least in vitro, that irradiated cells can send out
signals which can result in damage to nearby unirradiated cdlls. This observation can hold
even when the unirradiated cells have been exposed to low doses of low-LET radiation. We
have used a quantitative model, based on a BaD approach incorporating radiobiological
damage both from a Bystander response to signals emitted by irradiated cells, and also from
Direct traversal of high-LET radiations through cell nuclei ( 1). The model produces results
consstent with a series of studies of the bystander phenomenon using a high-LET
microbeam, with the endpoint of in-vitro oncogenic transformation ( 1).

Asillustrated in Figure 2, for exposure to high-LET particles such as GCR, according
to this picture, the bystander effect is significant primarily at low fluences, i.e., where there
are ggnificant numbers of untraversed cells. If the mechanisms postulated here were
applicable in vivo, a linear extrapolation of risks derived from studies using intermediate
doses of high-LET doses radiation (where the bystander contribution might be negligible),
to estimate risks at very low doses (where the bystander effect may dominate), could
significantly underestimate the true risk from low doses of high-LET radiation. It would be
highly premature to smply abandon current high-LET low dose risk projections; however
these congiderations would suggest caution in applying results derived from high-LET
experiments at fluences above ~1 particle per nucleus to risk estimation for a Mars mission.

Reference
1. Brenner DJ, Little JB, Sachs RK, The Bystander Effect in Radiation Oncogenesis: 11. A
Quantitative Model. Radiat. Res. (Accepted for publication, 2001).
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FIG. 2. Schematic of the potential relative contributions of the direct and bystander effects to the total
cancer risk produced by radiation exposure on a Mars mission.



A Quantitative Model of the Bystander Effect in Radiation

Oncogenesis
D. J. Brenner, J. B. Little (Department of Cancer Cell Biology, Harvard School
of Public Health, Boston, MA), and R. K. Sachs (Department of Mathematics,
University of California, Berkeley)

There is strong evidence that biologica response to ionizing radiation has a
contribution from unirradiated "bystander” cells which respond to signals emitted by
irradiated cells. We have developed an approach (denoted “ BaD”) incorporating a
radiobiologica Bystander response, superimposed on a Direct response due to direct
energy deposition in cell nuclei ( 1).

A quantitative model, based on the BaD approach, incorporaties radiobiological
damage both from a bystander response to signals emitted by irradiated cells, and also
from direct traversal of ionizing radiations through cell nuclel ( 1). In the current mode,
no detailed signaling mechanisms were hypothesized, so the approach could, in principle,
apply to the situation where cells are in direct contact with one other, as well as the
Stuation where the cells are further apart.

In essence we have assumed, at least for high-LET radiation, that the oncogenic
bystander phenomenon is a binary "al or nothing" response to the bystander signal in a
gmal sendgtive subpopulation of cells, we assume that cells from this senstive
subpopulation are aso very sendtive to direct hits from alpha particles, generaly
resulting in a directly-hit sensitive cell being inactivated.

The model has been applied to a series of experiments on apha-particle-induced
in-vitro oncogenic transformation with a single-cell/single-particle microbeam, as well as
with broad-beam irradiation. It was able to reproduce the main features of the data, both
for single and larger numbers of dpha particles ( 1).

We have referred to the minority of bystander cells that are sengtive to signal-
mediated transformation as a sendgtive “ subpopulation”. It is possible that their
sengitivity could be by virtue of their geometric location (i.e., unusualy near a hit cell),
rather than by virtue of their biological status. In other words, a cell which is very close
to a hit cell would receive an extremely large bystander signal. Although for endpoints
other than oncogenic transformation, the type of data that would argue against this
interpretation is the apparently very long range of the bystander signal (hundreds of
microns) in microbeam studies of micronuclei and of apoptotic response. Again though
for other endpoints, the type of data that would argue for a geometric interpretation of
the sengitive subpopulation comes from low-dose broad-beam alpha-particle studies of
gene expression in confluent cells, where bystander-mediated changes in gene expression
seem to occur in geometric clusters. To help eucidate this issue for oncogenic
transformation, we plan experiments with very low doses of apha particles irradiating
exponentialy-growing cdls at differing dengties.




While some of the details of the model could change, some of its essential features
currently seem quite constrained by the available data. Various different experiments on
the bystander effect do seem to suggest a rapid rise to a plateau at low doses with little
further dose dependence. Sensitive subpopulations characteristically produce such a
plateau, though other phenomena, such as indirect, multistage pathways or radiation-
induced adaptive response can also produce smilar dose-response relations. The
existence of an inverse dose-rate effect in other experiments is also suggestive of a cell-
subpopulation which is hyper-responsive to a bystander signa: typically, if such a
subpopulation has a saturated response for acute irradiation but is restored by
endogenous processes during prolonged irradiation, inverse dose-rate effects can result,
which are indeed observed at low doses of high-LET radiation.

According to the picture presented above, the bystander effect is important
primarily at low doses, at least for high-LET-induced in-vitro oncogenic transformation.
Based on fits to the in-vitro oncogenic transformation data, the bystander component
contributes only 6% of the total transformation rate for a broad-beam irradiation with a
mean of 4 alpha particles (corresponding to a mean dose 0.3 Gy), increasing to 38% for
a mean of 2 alpha particles (mean dose 0.15 Gy), and to 73% for a mean of 1 apha
particle (mean dose 0.074 Gy).

If the mechanisms postulated here were applicable in vivo, the consequences for
low-dose risk estimation might be major. A linear extrapolation of risks from
intermediate doses (where the bystander effect might be negligible) to very low doses
(where the bystander effect may dominate) could underestimate the risk at very low
doses -- an issue of considerable relevance in domestic radon risk estimation.

The BaD approach, here applied to in-vitro oncogenic transformation by acute
doses of apha particles (1), may be applicable to a more general model describing
different endpoints, radiation qualities, and dose rates. In the current work, we have
used some of the specific features of high-LET apha-particle radiation to generate a
fairly smple, preliminary model, in order to explore the fundamenta trends without
excessive parameterization.

Our understanding of the bystander phenomenon is prelim inary in nature, and the
applicability of conclusions derived from in-vitro studies to the in-vivo Stuation is quite
uncertain. It seems clear that as additional experimental evidence becomes available,
modifications to models describing the effect will become possible and necessary. It is
our hope that this quantitative approach will facilitate these developments.

Reference
1. Brenner DJ, Little JB, Sachs RK, The Bystander Effect in Radiation Oncogenesis:
I1. A Quantitative Model. Radiat. Res. (Accepted for publication, 2001).
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The Bystander Effect in Radiation Oncogenesis: Oncogenic
Transformation Can Be Initiated in the Unirradiated Neighbors of
Irradiated Cells

Satin G. Sawant, Gerhard Randers-Perhson, Charles R. Geard, David J. Brenner,
and Eric J. Hall

Purpose

It has been accepted dogma for over haf a century that radiation-induced heritable
damage required interaction of the radiation with DNA ( 1,2), either by direct ionization or by the
production of hydroxyl radicals in water molecules close to the DNA. However, over the past
decade, a number of reports have appeared describing alpha-particle irradiations in which a larger
proportion of cells showed biological damage than was estimated to have been hit by the alpha
particles. The endpoints observed include cdl killing, micronucleus induction, mutation induction,
changes in gene expression, increases in intracellular oxygen species, and increases in cell growth
(3-7). The god of this study was to compare induced oncogenic frequencies in populations of
cells, sparsely plated on dishes, in which a) al cell nuclel were hit with precisaly defined numbers
of alpha particles, and b) only a small proportion of the population was hit with the same numbers
of apha particles, the rest receiving no direct radiation exposure.

Materials and Methods

Before irradiation, C3H10TY2 mouse fibroblast cells from passages 8-14 were grown in
Eagle' s basal medium supplemented with fetal bovine serum with added iron and gentamycin. 24
h before exposure, about 1000 exponentialy growing cells were attached to the thin bases (3.8
mm polypropylene) of 6.3-mm diameter mini-wells. The attached cells were stained for 0.5 h with
an extremely low concentration (50 nM) of the vita nuclear dye, Hoechst 33342, enabling
individua nuclei to be identified and located with the optical image analysis system. The average
stopping power of the apha particles traversing the cells was 90 keV/ mm. Either 10% or 100% of
the cells were exposed to defined numbers of alpha particles through the nucleus. Following
irradiation, the cells were trypsinized from the irradiation container and replated at a low density
of about 300 viable cells per dish into 100-mm culture dishes. The cells were incubated for 7
weeks with fresh culture medium every 12 days, before being fixed and stained to identify
morphologically transformed types Il and 111 foci. In parald, dishes were plated with about 30
viable cells that had been subject to exactly the same conditions, and incubated for 2 weeks, after
which the cells were stained to determine plating efficiencies and surviving fractions of the control
and irradiated cells.

Results

The results are shown in Table 1 and Figures 1 and 2. With regard to clonogenic survival,
irradiation of 10% of the cells with large numbers of apha particles (8 or more) results in a
clonogenic surviva of dightly, though significantly, less than 90%, using a chi-square test. In
other words, some cells were inactivated whose nuclei had not been traversed by apha particles.
With regard to oncogenic transformation, when only 10% of the cells were exposed to exactly 2
or more apha particles, the resulting induced oncogenic transformation frequencies were
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gatisticaly indistinguishable from the those induced when  all of the cells were irradiated with the
same number of apha particles. By contrast, and quite surprisingly, when 10% of the population
was exposed to exactly one apha particle, the induced oncogenic transformation rate was
significantly larger than when all the cells were exposed to one alpha particle ( p = 0.047).

Discussion

The three observations discussed here are that @) more cells can be inactivated by alpha
particles than were actually traversed, b) when 10% of the cells on a dish are exposed to two or
more apha particles, the resulting induced oncogenic transformation frequency is indis-
tinguishable from that when all the cells on the dish are exposed to the same number of apha
particles, and ¢) when 10% of the cells on a dish are exposed to exactly one alpha particle, the
resulting induced oncogenic transformation frequency is significantly greater than when dl the
cells on the dish are exposed to one alpha particle. Each of these observations is evidence for a
“bystander” effect, i.e., that unirradiated cells are responding to damage induced in irradiated
cells. Taken together, the observations discussed here provide quite a stringent framework to
guide the quantitative modeling of bystander effects. For example, the increased frequency of
transformation when 10% of cells are irradiated with a single alpha particle, relative to when all
are irradiated, points strongly to a low-dose mechanism dominated by bystander effects in
unirradiated cells.
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Surviving fraction

Exact number of alpha particles

FIG. 1. Surviving fraction of cells resulting from by nuclear traversals by 5.3-MeV alpha particles. Triangles refer
to exposure of all cell nuclei on each dish to exact numbers of apha particle traversals using the microbeam
system. Circles refer to exposure of 1 in 10 cell nuclel on each dish to exact numbers of apha particle traversals;
the dashed line indicates the 90% survival level -- results of experiments using the 1 in 10 irradiation protocol that
exhibit surviving fractions below this level reflect direct evidence of a bystander effect.
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FIG. 2. Yield, per surviving C3H10T%2 cell, of oncogenically transformed cells, produced by nuclear traversals by
5.3-MeV alpha particles. Triangles refer to exposure of al cell nuclei on each dish to exact numbers of alpha
particle traversals using the microbeam system. Circles refer to exposure of 1 in 10 cell nuclei on each dish to
exact numbers of apha-particle traversals. Standard errors ( £1 SD) were estimated assuming an underlying
Poisson distributed number of transformed cells.
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TABLE 1. Resultsfrom Microbeam Bystander Studies

% of cells # of a particles Clonogenic # of dishes # of surviving # of transformed  Transformation
irradiated  through each surviving exposed cells exposed*  clones produced** frequency / 104
irradiated cell fraction surviving cells
0 0 26 9,600 0 0
10 1 0.98 23 8,500 4 4.7
10 2 0.95 27 10,000 7 7.0
10 4 0.89 25 9,000 7 7.8
10 8 0.75 18 8,500 9 10.6
0 0 143 46,200 4 0.86
100 1 0.83 105 42,700 5 12
100 2 0.64 69 12,200 7 5.8
100 4 0.41 18 6,600 5 7.6
100 8 0.16 13 3,800 5 13.2

* Egtimated, accounting for measured plating efficiency and clonogenic survival.
** No more than one transformed clone per dish was observed.

" Two sided comparisons made using Fisher's exact test. S difference is statigtically significant. NS not significantl
5% significance level.



Adaptive Response and The Bystander Effect
Satin G. Sawant, Gerhard Randers-Pehrson, and Eric J. Hall,
in collaboration with Noelle F. Metting (Pacific Northwest National Laboratory)

Introduction

Cancer risk estimates for low-LET radiation are available from the epidemiological
study of the A-bomb survivors, covering the dose range from 0.2 to 2.5 Sv. For lower
doses of importance in radiation protection, risks must be inferred by an extrapolation from
high doses. Both ICRP and NCRP recommend a linear, no-threshold extrapolation, but
this generates great controversy. Two conflicting phenomena appear to be of importance
a low doses and have the potential to impact on the shape of the dose-response
relationship.

First, there is the bystander effect, the term used to describe the biological effects
observed in cells that are not themselves traversed by a charged particle, but are neighbors
of cellsthat are. Second, there is the adaptive response, whereby exposure to a low level
of DNA stress resulting, for example, from a low dose of radiation, renders cells resistant
to a subsequent exposure.

These two low-dose phenomena are conflicting in the sense that they operate in
opposite directions. The bystander effect tends to exaggerate the effect of low doses by
communicating damage from hit to non-hit cells, while the adaptive response confers
resistance to a subsequent dose by alow initial priming dose.

Radiation-induced adaptive response has been observed for several endpoints,
including gene mutations, chromosome and chromatid aberrations, DNA strand breaks,
and micronuclel formation. Severa recent studies have also shown evidence for the
bystander effect of radiation using end points, such as the accumulation of p53 protein,
frequencies of sister chromatid exchange and micronuclei formation. Utilizing the charged-
particle microbeam as a mean of localized energy delivery system, we have observed a
bystander effect on clonogenic cell survival and oncogenic transformation in mouse
C3H10TY2 cells. The present study was undertaken to determine the relative importance of
the adaptive response and the bystander effect in mouse C3H10TY% fibroblast cells.

Materials and Methods

Mouse C3H10TYz fibroblast cells from passage 9 were grown in Eagle's basal
medium supplemented with 10% heat-inactivated fetal bovine serum and gentamycin.
Cells were irradiated at the Radiological Research Accelerator Facility of Columbia
University. Cells were plated in 75-cm? flasks or microbeam dishes (800-1000 cells per
dish) and were exposed to 0 or 2 cGy of 250 kVp X-rays from a Westinghouse Coronado
machine at 5 mA with 0.2-mm copper and 1-mm aluminum external filters. The absorbed
dose rate was calculated at 5.5 cGy min™. Six hours after the initial exposure cells were
irradiated with either 4-Gy X-rays at 15 mA, with absorbed dose rate of 1.2 Gy min™ or
nuclel of 10% cells were exposed to 8 alpha particles accelerated by a 4-MV Van de Graaff
accelerator to energy of 5.3 MeV (stopping power 90 keV/nm). Cells from the microbeam
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experiment were replated in 100-mm cell culture dishes at cell density of 100 cells per dish
to determine plating efficiencies and surviving fractions in control and X-ray-irradiated
cells. Cellsirradiated with X-rays were used to estimate the effect of low-dose radiation on
clonogenic survival and oncogenic transformation induced by 4 Gy of X-rays. For the
assay of neoplastic transformation, culture medium was changed at 12-day intervals during
the 7-week incubation. Cells plated for clonogenic survival determinations were incubated
for 2 weeks without medium change. At the end of either 2- or 7-week incubation, cells
were fixed in formalin and stained with Giemsa. Cell survival was determined by the
colony assay method while neoplastically transformed foci types Il and 111 were identified
according to the criteria of Reznikoff et a. (1).

Results

Cells exposed to the adaptive low radiation dose of 2 cGy followed by the 4-Gy X-
ray dose showed higher clonogenic survival (49% vs. 32 % compared to control) compared
to cells receiving only the higher radiation dose of 4 Gy (Figure 1, lower panel). Neoplastic
transformation, expressed as number of transformed foci per dish, was lower in cells
receiving the adaptive dose (4.30 vs. 5.40 per 10* surviving cells) compared to cells
exposed to 4 Gy of X-rays aone (Figure 1, upper panel). With regard to microbeam
irradiation, exposure of 10% of the cells with 4 or more alpha particles resulted in less than
90% clonogenic survival, indicating the presence of bystander effect. Prior exposure of
cells to low-dose radiation showed higher clonogenic survival compared to the
corresponding populations treated with same number of alpha particles through their nuclei
(Figure 2).

Conclusion

These findings indicate that a small dose of 2 cGy of X-rays can result in an
adaptive response that cancels out about half of the bystander effect induced by nuclear
irradiation of a-particles.

Reference
1. Reznikoff CA, Brankow DW and Heidelberger C. Cancer Res. 33:3231-3238 (1973).
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FIG. 1. Radiation-induced adaptive response in C3H10TY% cells. Upper pane. Cells exposed to 2 cGy
adaptive dose followed by 4 Gy of X-rays show lower number of transformed foci compared to cells exposed
to 4 Gy of X-rays aone. Lower panel. More colonies were observed in cells pretreated with 2 cGy followed
by high X-ray dose compared to cells receiving only 4 Gy of X-rays.
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FIG. 2. Adaptive response and the bystander effect (Cell lethality): Squares refer to exposure of 1 in 10 cell
nuclel on each dish to exact numbers of alpha-particle traversals, the dashed line indicates the expected
survival level -- results of experiments using the 1 in 10 irradiation protocol that exhibit surviving fractions
below this level reflect direct evidence of a bystander effect. Circles refer to cell survival from groups
pretreated with 2 cGy of X-rays followed by exposure of 1 in 10 cell nuclei on each dish to exact numbers of
alpha particle traversals using the microbeam system. Higher percentage of survival in groups pretreated with
2-cGy X-ray dose compared to corresponding untreated groups indicate presence of adaptive response on
bystander effect of radiation.
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Studies of a Bystander Mutagenic Effect in Mammalian Cells

Using a Charged-Particle Microbeam
Hongning Zhou, Gerhard Randers-Pehrson, Charles A. Waldren (Department of
Radiological Health Sciences, Colorado State University, Ft. Collins, CO),
James E. Trosko (Department of Pediatrics, University of Michigan Medical School,
East Lansing, MI), Eric J. Hall, and Tom K. Hei

Radon, a well-documented cause of lung cancer in underground miners, is a
colorless, odorless gas present in indoor environments including homes and schools.
Two of its progeny, Polonium-218 and Polonium-214, emit apha particles during
decay. When these emissions take place in the lung as the inhaled and deposited
progeny undergo decay, the epithelial cells living in the airways can be damaged in
such a way that lung cancer may eventually develop (1). Underground miners exposed
to radon and its progeny have been shown to be at increased risk of lung cancer. Except
for those at the highest levels of exposure, the lung cancer risk in these minersis related
roughly linearly to exposure (2-5). Due to a lack of direct epidemiological evidence
linking indoor radon and lung cancer, risk models for exposures received by the general
population have been based on extrapolation from higher exposures in studies of
underground miners. The most recent report from the U.S. National Academy of
Sciences on the health effects of environmental exposure to radon gas estimated that
10-14% of al lung cancer deaths (~15,400 to 21,800) per year in the United States are
linked to radon gas exposure from the environment (1). At high exposure levels, the
cells at risk in the bronchial epithelium of miners may be traversed by several alpha
particles, whereas for individuals exposed in homes at normal domestic radon level, it
is unlikely that any cells at risk will be traversed by more than one alpha particle in a
lifetime.

Over the past several years, there have been many reports on apha-particle-
induced bystander effects in mammalian cells (6-13). When only a fraction of the cell
population is irradiated by alpha particles, biological effects such as SCE (6-7),
induction of micronuclel (8), gene mutation (9-10), and expression of certain stress-
related genes (11-12), have been observed at a significantly higher proportion of cells
than those that are actually estimated to be traversed by an apha particle. Although the
mechanisms of the bystander effects are not yet clear, these investigations surely raise
one important issue: how to assess the risk of exposure to radon? What is the
modulation of bystander effects in evaluating such arisk, especially in normal domestic
radon exposure?

It has been difficult to measure the induction of genetic changes in cell
populations where only a small fraction of the cells are traversed by an exact, single
alpha particle, particularly in the case of mutations, where the frequencies observed are
low and are more correlative with cancer incidence. Although several studies were
carried out using traditional track-segment alpha-particle irradiation, a precision
charged-particle microbeam can solve this problem easily since, under the control of
the image analysis system, a randomly selected small fraction of cells or a part of cells
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can be traversed by an exact number of apha particles, including a single alpha
particle. Using the Columbia University microbeam together with human-hamster
hybrid A_ cells, we found that irradiation through the nuclei of 5-20% of randomly
selected cells with 2 alpha particles each result in mutant fractions that are significantly
higher than expected, assuming no bystander modulation effect (Fig. 1). Furthermore,
analysis by multiplex PCR shows that the types of mutants induced are significantly
different from those of spontaneous origin. Pre-treatment of cells with the radical
scavenger DMSO only had limited effect on the mutagenic incidence, however,
pretreatment with 40 nM lindane, which inhibits gap junction cell-cell communication,
significantly decreased the mutant yield. The doses of DM SO and lindane used in these
experiments were non-toxic and non-mutagenic. To further determine whether release
of labile mediators from irradiated cells was necessary for the bystander mutagenic
effect, we incorporated a mixing experiment. After each cell was hit by 2 apha
particles in nucleus, the cells were detached by trypsination and mixed in with 4 times
the number of non-irradiated cells to achieve a 20% ratio of irradiated population. No
enhancement in bystander mutagenic effect was detected in these mixing studies,
suggesting that cell-cell contact was required and that the contribution of a labile
mediator(s) to abystander mutagenic response was, at best, limited.

After that, we extended these finding to cells that are traversed by an exact
single apha particle. We show here that irradiation through the nuclei of 5 to 20% of
randomly selected cells with a single alpha particle each results in mutant fractions that
are significantly higher than expected assuming no bystander modulation effect. Pre-
treatment of cells with the intracellular radical scavenger 10-mM N-acetyl cysteine
(NAC) resulted in only a modest reduction in the mutagenic incidence. In contrast, cells
pretreated with a 1-mM dose of Octanol, which inhibits gap-junction-mediated
intercellular communication, significantly decreased the mutant yield. The dose of
NAC and Octanol used in these experiments are non-toxic and non-mutagenic. To
further investigate the role of cell-cell communication in bystander effects, we
transfected AH1-9 cells (AL cells plus a hygromycin resistance vector in chromosome
11) with either a dominant negative connexin 43 vector which shut down gap junctional
communication or with connexin 43 expressing vector and repeated the bystander
mutagenic studies. The data indicated that A_ cells containing the connexin 43 vector
expressed a higher bystander mutagenic yield than that of vector control. In contrast,
there was no significant mutagenic effect observed among A cells containing the
dominant negative connexin 43 vector (Fig. 2). Our studies provide clear evidence that
cells irradiated with apha particles can induce a bystander mutagenic response in non-
irradiated neighboring cells, and that gap-junction cell-cell communication plays a
critical role in mediating such a bystander mutagenesis. The results are of considerable
importance in reassessing the potential carcinogenic effect of domestic radon exposure
and understanding the possible mechanisms involved.
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FIG. 1. Mutation fraction obtained from a population of A_ cells in which a fixed proportion of whose
nuclel were traversed by 2 apha particles. Data were pooled from 5 to 17 independent experiments.
Bars represent + SD.
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FIG. 2. Mutation fraction obtained from a population of AH1-9 cells transfected with conexin 43
expressing vector (CX10), a dominant negative conexin 43 vector (DN6), or vector alone (CXV2). Data
were pooled from 2 to 4 independent experiments. Bars represent + SD.
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Mutagenicity of Cytoplasmic Irradiation in Mammalian Cells:

Role of Peroxynitrite Anions
An Xu, Gerhard Randers-Pehrson, and Tom K. Hei

Evidence derived from uranium mine workers and animal studies has
demonstrated that radon is a risk factor in the development of lung cancer (1). Alpha
particles emitted from radon and its progeny have been shown to cause cell
transformation, damage in chromosomes, and gene mutations containing a wide range of
deletions as well as base changes (2-3). Although alpha-particle traversals of the nuclei of
target cells were of primary concern for the induction of lung cancer in earlier studies,
recent evidence suggests that extranuclear or extracellular targets may also be important
in mediating these effects (4-5). Using a precision charged-particle microbeam and dual
fluorochrome dyes to locate nucleus and cellular cytoplasm, respectively, thereby
avoiding inadvertent traversal of nuclel, we showed previoudly that cytoplasmic
irradiation was, in fact, mutagenic at CD59 locus of human-hamster hybrid (AL) cells
while inflicting minimal cytotoxicity (6). Furthermore, preliminary evidence suggests
that reactive oxygen species mediate this process.

Nitric oxide (NO) is an important bioregulatory molecule with a range of
physiological functions, including controlling of blood pressure and nerve transmission
(7). In biological systems, NO is generated through the conversation of L-arginine to
citralline, which is catalyzed by nitric oxide synthases (NOS) (8). NOS produce sustained
high concentrations of NO in various mammalian cells after exposure to cytokines,
hypoxia, heavy metals, and asbestos (9-11). In vivo and in vitro studies have suggested
that high concentrations of NO and its metabolites, such as N>Os; and peroxynitrite
(ONOQ), can damage DNA which include deaminated bases, DNA cross-links, oxidized
bases, and single-strand breaks, and lead to mutations (10-11).

To evauate the role of NO in mediating the mutagenicity of cytoplasmic
irradiation, individual human-hamster hybrid (A_) cells were targeted and irradiated with
8 apha particles through cytoplasm by using the microbeam in the presence or absence of
NC-methyl-L-arginine (L-NMMA). L-NMMA has been shown to competitively inhibit
NOS activity in various cells (12). It is shown in Figure 1 that pretreatment of A_ cells
with L-NMMA dignificantly suppressed mutation induction by ~3-fold to near
background level (p<0.05). Furthermore, pretreatment of A_ cells with D-NMMA, the
enantiomer of L-NMMA, which does not inhibit the activity of NOS (13), has less effect
on the yield of mutants at equal doses. The doses of both L-NMMA and D-NMMA used
here have been shown to be nontoxic and nonmutagenic in mammalian cells. These
results strongly implicate free radicals, particularly NO, as being the mediator of the
mutagenic response of cytoplasmic irradiation. In contrast, we found that L-NMMA
treatment had no effect on the mutagenic yield in A, cells irradiated by 2 alpha particles
through the nuclel. Our studies provide direct evidence that peroxynitrite anions are
involved in the induction of the mutants as a result of cytoplasmic irradiation.
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FIG. 1. Effects of L-NMMA or D-NMMA on the mutation yields in A, cells irradiated
with 8a through cytoplasma. Error bars represent + SEM.
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Investigation of the Bystander Effect in Known Irradiated

and Non-Irradiated Normal Human Fibroblasts
Brian Ponnaiya, Gloria Jenkins-Baker, Gerhard Randers-Pehrson, and Charles R. Geard

Here we compare the response of known human fibroblast bystander cells to that
of microbeam-irradiated cells using a modified vital staining protocol that allows direct
identification and discrimination between hit and bystander cells. This approach takes full
advantage of the ability of the microbeam to target specific cells in a population, and
these are the first studies that directly visualize and assay known hit and bystander cells
in the same population and compare the biological responses.

Normal human fibroblasts in plateau phase (@®5% G1 phase) were stained with
the vital nuclear dye Hoechst 33342 (blue fluorescence) or the vital cytoplasmic dye Cell
Tracker Orange (orange fluorescence) and plated at aratio of 1:1 (Table 1).

Table 1. Cell numbers and BrdU labeling index of Hoechst 33342 and CTO stained cells
at 2 hours post irradiation.

Number of Cells Counted

Dose (number of dishes) Ratio of % Cells Labeled

Hoechst CTO Stained Hoechst: Hoechst CTO Stained
Stained CTO cells Stained

0 a-particles 2114 (9) 2120 (9) 0.997 2.78 +£0.42 3.17 £ 3.06

1 a-particle 2138 (9) 2366 (9) 0.904 5.5+ 2.60 4.81 +1.92

2 a-particles 765 (3) 668 (3) 1.145 3.35+2.47 443 +2.80

5 a-particles 1338 (6) 1574 (6) 0.850 3.52+1.70 1.75+0.82

25 a-particles 1607 (7) 1884 (7) 0.853 6.95 + 2.05 410+1.84

Only the blue fluorescing nuclel were microbeam irradiated with a defined
number of 90-keV/mm alpha particles. The orange fluorescing cells were then bystanders.
At specific times following irradiation, cells were either fixed in situ or isolated
individually, and the responses of the bystander cells were compared to that of the
irradiated cells. Hit cells showed a fluence-dependent induction of micronuclel as well as
delays in progression from G1 to S phase. Known bystander cells also showed enhanced
frequencies of micronuclel and transient cell delays (Figure 1, Table 2, Figure 2). Yields
of micronuclel (Table 2) are expressed as totas for 24, 32, and 48 hrs. Increases in
bystander cells ranged from 1.2- to 1.8-fold higher than controls, with no clear increase
with alpha-particle number. In hit cells one alpha particle raised the incidence 2.8 times
that of control, with 5 and 25 particles being 4.6- and 2.6-fold higher, respectively. Even
25 alpha particles do not hold cells in G1 permanently, but G2/M delay may apply, hence
fewer micronuclei.
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FIG. 2. Frequencies of microbeam-irradiated () and bystander ( j ) cells expressing micronuclel at
various times following irradiation with a particles.

Table 2. Frequencies of micronuclei observed in hit and bystander cells following

microbeam irradiation.

# of Particles # of Cells Expected # of # of Micronuclei
Counted Micronuclei® Scored
Control — Hoechst Stained 4898 - 81
Control — CTO Stained 5633 113
Control — total 10,531 194
1 a-particle -- Hoechst Stained 8221 436
1 a-particle -- CTO Stained 9205 184 256*
2 a-particles -- Hoechst Stained 2306 114
2 a-particles -- CTO Stained 1916 38 39
5 a-particles -- Hoechst Stained 6883 547
5 a-particles -- CTO Stained 8309 166 276*
25 a-particles -- Hoechst Stained 4760 313
25 a-particles -- CTO Stained 6745 135 180*

®Expected frequencies of micronuclei for bystander cells based on corresponding control values in the
absence of a bystander effect. * Indicates observed frequencies are significantly different from expected

values as determined by the c? test (p<0.001).
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FIG. 2. Percentage of BrdU positive cellsinirradiated (n) and bystander ( j) populations at 24 hours (A)

and 48 hours (B) post irradiation.

However, the induction of micronuclel in bystander cells did not appear to be
dependent on the fluence of particles delivered to neighboring hit cells (see Figure 1). The
cell-cycle delay correlated with the induction of p2l/WAF1 in irradiated and some
bystander cells (as seen by immunofluorescence). Single-cell RT-PCR of the p21/WAF1
message demonstrated that the hit cells showed a 4- to 10-fold increase in p21/WAF1 1

hour after microbeam irradiation with 10 a particles (Figure 3).

1 2 345678 91011
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FIG. 3. Semi-quantitative RT-
PCR of b-actin and p21/WAF1
mMRNA from individual control
(lane 2), irradiated (lanes 3,4,7
and 8) and bystander cells
(lanes 5,6,9 and 10) one hour
after microbeam irradiation
with 10 a articles. Lanes 1 and
11 are molecular weight
markers.

The response in individual bystander cells was more variable, with some cells
showing little or no increase over control cells, while other cells showed induction of
p21/WAF1 intermediate between that observed in known hit cells and control non-

irradiated cells (Figure 4).
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FIG. 4. Relative induction of p21/
WAFL1 in single cells over controls, one
hour following exposure to 10
a particles. Clear bars represent single
cells; black bars represent the mean of
10 irradiated or bystander cells (error
bars are SD).

These are the first studies wherein the bystander effect has been directly
visualized rather than inferred. Relative to all other endpoints examined in bystander
studies, enhanced gene expression, as seen for p21/WAFL, is the most common
indication of a bystander effect. This is reflected both by immunofluorescence and
complementary single-cell RT-PCR detection. The majority of bystander cells show a
response, indicating that the signal from hit cells is widespread, although its nature
remains to be determined. These data obtained with normal human fibroblasts, where the
majority of cells were not in contact, indicate that the bystander phenomenon has a
guantitative basis and strongly imply that the target for radiation effects cannot be

considered to be the individual cell.
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Bystander Cell Responses in Normal Human Fibroblasts

as a Function of Hit-Cell Fraction
Charles R. Geard, Brian Ponnaiya, Gloria Jenkins-Baker,
and Gerhard Randers-Pehrson

The experiments described previously established definitive responses in known
bystander cells when 50% of cells in a population were irradiated. Here a comparison is
made between 2 approaches aimed at determining whether bystander cells show a hit-
cell fraction responsiveness. Cells were prepared as 2 distinguishable populations where
2, 10 or 20% of cells were Hoechst stained and the remaining bystander cells cyto-orange
stained. Only the Hoechst-stained cells were microbeam irradiated. Alternatively, all cells
were stained with Hoechst, and 2, 10, or 20% of cells chosen at random and irradiated.
This is the approach adopted in the mutation and transformation bystander studies and by
others. After 17 experiments it was determined that both approaches produced similar
results with the known hit-cell responses in agreement with expectation. Some results for
cell cycle progression and % of cells with micronuclel are shown in Figures 1 and 2.
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The % of labeled cells was little different for 2 or 10% hit cells, with small
changes from control levels. However, levels of micronuclel were greater than expected,
and this effect was enhanced for 10 over 2 % of hit cells. That is, these results confirm
the previous conclusion that there is a quantitative basisto the bystander effect, with
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FIG. 2. Microbeam irradiation of 2% of cells in populations of GO/G1phase norma human fibroblasts.
BrdU uptake (% labeled cells) as a function of time post irradiation.

responsiveness being dependent on the fraction of cells hit in a population [50>20>10>2
% of hit cells]. However, this response does not change as particle number per hit cell
increases. One alpha particle per cell nucleus, the lowest dose it can receive, is as
effective as 5,10 or 25 particles. These results clearly impact in the low-dose region and
provide for strong rationale for this systematic evaluation of the bystander effect.

Evaluation of single-cell responsiveness in hit versus bystander cells (for 10% of
known hit cells) is ongoing.



Cytoplasmic Irradiation of Normal Human Fibroblasts
Charles R. Geard, Brian Ponnaiya, Gloria Jenkins-Baker, and Gerhard Randers-Pehrson

It has recently been reported that targeted irradiation of the cytoplasm of hamster-
human hybrid A, cells resulted in enhanced mutation yields. The mutant spectrum
differed from that for nuclear irradiation, and the effect was reduced by free-radical
scavengers, aso in contrast to nuclear irradiation. As pointed out by Grosovsky in 1999,
these findings have a significant potential impact, clearly indicating that the radiation
target extends to non-nuclear regions of the cell. Since in any trans-nuclear microbeam
irradiation cytoplasmic regions are transgressed (along with extra-cellular medium), it is
desirable to define the contribution of each cellular component. The cytoplasmic regions
of norma human fibroblasts were defined and alpha particles fired through cytoplasmic
regions on both sides of the cell nucleus. That is, 0+0, 1+1, 2+2, 5+5, or 10+10 particles
per cell. Care is taken to ensure that nuclei are not hit. Both GO/G1 cells released from
plateau phase and cycling cells were irradiated in 3 and 2 experiments, respectively.
Results for % of labeled cells and % of cells with micronuclei as a function of time post
irradiation are shown in Figures 1 and 2.

100 - FIG. 1. Targeted cytoplasmic
irradiation of cycling or GO/G1-

£ g0 phase normal human fibroblasts.
8 BrdU uptake (% labeled cells)
BT 60 A determined. Irradiated GO/G1
% cells only are significantly
4 407 different from control at 48 and
) 72 hours, with no difference as a
s 20 function of alpha particles (2, 4,
0 10, or 20) per cell. Symbol

‘ ‘ ‘ distinctions not given.
2 24 48 72
Time Post Microbeam Irradiation

The response for % labeled cells differed significantly between the cycling (about
28% cells showing BrdU uptake after 2 hrs) and GO/G1 cells (~2%). Cytoplasmic
irradiation had no effect on the cell cycle progression of cycling, but for the GO/G1 cells
there were only minor differences from control at 24 hrs, with relatively little progression
thereafter. It appears that a significant fraction of cells suffer no effect but the remainder
fall to enter S phase for 48 hrs or more. This differential response is interesting and has
not been noted previoudly. With regard to micronucleus induction there are no consistent
differences throughout. That is, though cytoplasmic irradiation is mutagenic, with mainly
base changes and small deletions in A_ cells, it is not clastogenic in normal human
fibroblasts. It was predicted that cycling cells"will be most sensitiveto the effects of
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FIG. 2. Cytoplasmic irradiation with 0, 2, 4, 10, and 20 particles per cell (from left to right in each
panel). There are no consistent differences for incidences of micronuclei for irradiated GO/G1 (left) or
cycling cells (right).

cytoplasmic irradiations'. Clearly, this prediction was wrong, but this helps to reinforce
the value of precisely targeted irradiations to assess scientific predictions. The principal
contribution to the clastogenic effect of alpha particles therefore resides in the nucleus,
with a possible variable contribution from cytoplasmic hits for cytostatic effects.
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Microbeam Irradiation of Intercellular Medium

Between Normal Human Fibroblasts
Charles R. Geard, Brian Ponnaiya, Gloria Jenkins-Baker, and Gerhard Randers-Pehrson

Since it has been suggested that irradiation of medium alone can contribute to
cellular changes, and, since some energy from alpha-particle traversals has to be
deposited in medium, a protocol was devised to irradiate intercellular space. The largely
ellipsoidal cell nuclel are recognized and 150 micrometers is set on either side of the
short axis of these cells whose cytoplasm mainly elongates in the directions of the long
axis. Irradiation does not take place if any nucleus is within these bounds. For each cell
on a given dish, 0+0, 1+1, 5+5, 10+10, or 50+50 alpha particles were delivered to
medium alone. These experiments require cells to be plated at low density (~150 per
microbeam dish) in order to ensure wide separation, hence it is difficult to generate a
substantial body of data.

The combined results from 4 experiments involving 72 dishes showed that
microbeam irradiation of the thin layer of medium adjacent to cells, with up to 100
particles per cell, results in no consistent differences from controls, neither for cell cycle
progression, nor for incidence of micronuclei. These results encourage the conclusion
that effects on medium alone are of no concern in these microbeam studies.
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p53 Modulation and Microbeam Responses:
Studies with MCF-7 and MCF-7/E6 Cells

Charles R. Geard, Gloria Jenkins-Baker, Gerhard Randers-Pehrson,
with David Boothman (Case Western Reserve University)

It is clear that cell responses to ionizing radiation significantly involve p53. Cells
transfected with an E6 construct have an abrogated p53 response since p53 catabolism is
enhanced. Breast carcinoma MCF-7 cells and MCF-7/E6 cells were microbeam irradiated
through nuclear centroids, and cell cycle progression and the incidence of micronuclel
assessed. These studies were undertaken as a preliminary to evaluating the hypothesis
that wild-type p53 function is required for bystander responsiveness. Mixed cell cultures
will be irradiated with one known cell type being the bystanders and vice versa. Results
are shown in Figure 1.
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FIG. 1. BrdU uptake (% labeled cells) at 2 and 24 hrs post microbeam irradiation. There is particle-
dependent reduction for MCF-7 (p53 wild-type), but no effect for MCF-7/E6 (p53 abrogated) cells.

The MCF-7 cells show profound differences from the MCF-7/E6 cells for % of
labeled cells, with particle-number-dependent delays, reflecting the functioning p53-
p21/WAF1 pathway. This difference alows for a determination of whether irradiated
MCF-7/E6 cells can initiate a delay in bystander MCF-7 cells. Also, whereas micronuclei
frequencies are similar, the incidence of apoptotic cells is distinct (data not shown),
providing another assay for bystander responsiveness.

39




40



Microbeam Studies with Lifespan-Extended Human Retinal
Pigmented Epithelial Cells

Charles R. Geard, Brian Ponnaiya, Gloria Jenkins-Baker,
and Gerhard Randers-Pehrson

The broad range of studies undertaken over many years with normal human
fibroblasts, has at times proved frustrating because of response variation as passage
number increases towards senescence. This applies to cell progression parameters and
background incidence of micronuclei. Lifespan-extended cell lines expressing human
telomerase have been developed from normal human cells, and show long term consistent
growth parameters. Preliminary microbeam studies have been undertaken with retinal
pigmented epithelial cells, RPE-htert. The combined results from three experiments
involving trans-nuclear irradiations are shown in Figure 1.

These cells show similar responses to human fibroblasts for micronuclel induction
and cell cycle delay, and are very good for imunofluorescent localization of p53 and
p21/WAF1. Interestingly, and supporting the contention for evaluations on single cells,
there is a broad range of responses between cells and often a lack of concordance
between single cell levels of p53 and p21/WAFL.

In other studies, broad-beam apha particles in track-segment mode are being used to
examine aspects of media transfer of bystander signals. Special dishes were devised to
allow for two populations of cells to be cultured but only one irradiated. Stainless steel
rings with 35-mm internal diameter and 10 mm high have mylar epoxied to both sides.
One cdll type can be plated on one or both inner surfaces via sealable ports in the side.
RPE-htert cells and human fibroblast BJ1-htert cells have been used in these studies,
where the dish is filled with medium, nurturing both cell surfaces. Cells on one side are
irradiated with alpha particles which stop in the medium, the other cells are then
bystanders.

The question being asked is. Do irradiated cells release a factor/s into the medium
which can initiate a bystander response in recipient cells? This has been done on a same-
cell-type and a mixed-cell-type basis. Other dishes were also devised which enabled the
distance between the two cell populations, and hence the volume of medium to be
controlled. These studies are ongoing but have provided significant experience with the
two cell types proposed for usage in this proposal. Bystander responses have been
observed in these very clearly non-contacting cells, confirming the results with the
microbeam bystander studies.
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FIG. 1. Human epithelial cells (RPE-htert) were released from plateau phase, plated as single cells, and
microbeam irradiated through nuclear centroids, then analyzed in situ up to 96 hrs.
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Single-Cell RT-PCR for Early-Response Genes

Brian Ponnaiya, Gloria Jenkins-Baker, and Charles R. Geard

As is clear from previous data, the single-cell RT-PCR approach is working well.
This procedure was developed using a serial dilution of cell numbers over a significant
period of time as experience was gained. The first studies, where known single cells were
collected by micromanipulation, resulted in about a 40% success rate. This has now
doubled, and the success rate (that is when products are obtained) for known single cells
is now routinely 80%. Loss of a cell by, for example, attachment to surfaces can not be
circumvented completely. An example of single-cell RT-PCR for some early-response
genes which may play arole in bystander cell responsiveness, is shown in Figure 1.
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Figure 13: Single-cell RT-PCR using b-actin primers (lanes 2-5) in combination with primers for c-fos
(lane 2), c-jun (lane 3), junB (lane 4) and H-ras (lane 5). Lanes 1 and 6 are molecular weight markers.

This clearly shows the power of single-cell analyses.
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SCGE Detection of DNA Damage in Human Nuclei Induced

by Microbeam Irradiation Using Alpha Particles
Adayabalam S. Balajee, Brian Ponnaiya, M. Prakash Hande, T.S. Kumaravel and
Althaf Lohani (Laboratory of Molecular Genetics, NIH Gerontology Research
Center), Gerhard Randers-Pehrson, Stephen A. Marino, and Charles R. Geard

Double-strand breaks (DSBs) are considered to be one of the most important
lesions induced by ionizing radiation. DSBs, if unrepaired or misrepaired, lead to cell
mortality and stable genetic aterations. Recent studies have shown that the spatial
distribution of DSBs within the interphase nuclei upon irradiation largely depends on the
track structure of radiation. DSBs generated by high-LET radiations are found to be non-
random and the distribution pattern of DSB is dependent on higher order chromatin
structure (1). In order to determine the lesion induction and distribution in interphase
nuclei, precise targeted irradiation with a defined number of charged particles is an
absolute requirement. This would enable us to understand the impact of chromatin
structure on lesion induction and repair in different sub-cellular components. Using such
a facility developed at RARAF for microbeam a-particle irradiation, Wu, et al. (2) have
shown that targeted cytoplasmic irradiation has the potential to induce mutations in
mammalian cells. Induction of “bystander” mutagenic effects has also been noticed in
unirradiated cells (3). Elucidation of the molecular cause for the mutagenicity and
bystander effects require the characterization of the DNA lesions induced by a-particle
irradiation. Determination of the types of DNA lesions and their repair kinetics induced
by targeted nuclear and cytoplasmic a-particle irradiation may provide insights towards
understanding the mechanistic basis for mutagenicity/bystander effects caused by
microbeam irradiation.

Attempts are made to measure the induction and repair of DNA strand breaks and
oxidative DNA lesions by single-cell gel electrophoresis (SCGE) assay in primary
fibroblast cells of Normal (NHDF, WI38), and radiosensitive Ataxia telangiectasia
(GM2052C, GM5823C). The layout and microbeam irradiation procedure have been
previously described (4). Briefly, plateau-phase cells were trypsinized and 500-1000
cells were seeded in dishes specialy designed for microbeam irradiation. The cells were
stained with a 50-nM solution of Hoechst 33342 for 30 min prior to irradiation. In the
initial experiments, we have irradiated the nuclei of normal diploid fibroblasts (WI138)
with 1, 2, 4 and 8 a-particle irradiation and analyzed the induction and repair of all types
of DNA lesions by alkaline SCGE under two pH conditions (12 and 13.1). The initial
induction of DNA damage after 8-alpha-particle irradiation of human nuclel is shown in
Figure 1. The damaged DNA migrates out of the nuclel and appears as tail of the comet.
The tail length was measured using a COMET software program and expressed as Olive
Tail Movement (OTM). OTM gives an indication of the initial DNA damage and repair
after radiation treatment.
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FIG. 1. SCGE detection of initial DNA damage by nuclear irradiation of 8 a particlesin WI38 cells.

Using this assay, we found that more than 90% of the lesions induced by 8 a particles are
efficiently repaired by 3 hrs after treatment (Fig. 2). Dose-response experiments done at
two different pH conditions indicated that the lesions induced by 4 a particles and above
are detectable using this assay (Fig. 2).
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FIG. 2. Histogram showing the induction and repair of DNA damage in human fibroblast cells detected by
SCGE assay.
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Experiments comparing repair kinetics of DNA lesions induced by microbeam
irradiation in Normal and AT cells are in progress. Initial experiments revealed that the
initial induction of lesions by 8 alpha particles is similar in primary as well as SV-40-
transformed Normal and AT fibroblast cells.

In addition to DNA strand breaks, efforts are being made to determine the
oxidative base lesions such as thymine glycol and 8-Oxoguanine by a modified SCGE
assay. This assay involves the enzymatic digestion of nucleoids with endonuclease |11
(Endo I11) and Formamido pyrimidine glycosylase (FPG) prior to gel electrophoresis.
This modified SCGE assay may improve the overall sensitivity of DNA damage
detection if combined with the analysis of DNA strand breaks. Our future goal is to
increase the sengitivity of this assay to detect the damage induced by a single a particle.
We are planning to use this assay to determine the effect of cytoplasmic irradiation on
nuclear DNA damage and also the impact of cytoplasmic vs. nuclear irradiation on
bystander effects. We wish to investigate bystander effects in p53 mutant cell lines as
well as in human, mouse, and hamster cell lines that are defective in DSB repair proteins.
Additionally, we would like to determine the DNA damage and repair in defined genomic
sequences by a combination of SCGE and fluorescence in situ hybridization (FISH)
techniques.
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