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ABSTRACT

Transient generation of reactive oxygen or nitrogen (ROS/RNS), de-
tected with dihydrodichlorofluoroscein by fluorescence microscopy, oc-
curs within minutes of exposing cells to ionizing radiation. In the 1–10 Gy
dose range, the amount of ROS/RNS produced/cell is constant, but the
percentage of producing cells increases with dose (20 to 80%). Reversible
depolarization of the mitochondrial membrane potential (DC) and de-
crease in fluorescence of a mitochondria-entrapped dye, calcein, are ob-
served coincidentally. Radiation-induced ROS/RNS,DC depolarization,
and calcein fluorescence decrease are inhibited by the mitochondrial
permeability transition inhibitor, cyclosporin A, but not the structural
analogue, cyclosporin H. Radiation-stimulated ROS/RNS is also inhibited
by overexpressing the Ca21-binding protein, calbindin 28K, or treating
cells with an intracellular Ca21 chelator. Radiation-induced ROS/RNS is
observed in several cell types with the exception ofro cells deficient in
mitochondrial electron transport. ro cells show neither radiation-induced
ROS/RNS production nor DC depolarization. We propose that radiation
damage in a few mitochondria is transmitted via a reversible, Ca21-
dependent mitochondrial permeability transition to adjacent mitochon-
dria with resulting enhanced ROS/RNS generation. Measurements of
radiation-induced mitogen-activated protein kinase activity indicate that
this sensing/amplification mechanism is necessary for activation of some
cytoplasmic signaling pathways by low doses of radiation.

INTRODUCTION

Extensive progress has been made in the understanding of mecha-
nisms by which ionizing radiation-induced DNA damage is sensed
within the nucleus and translated into the activation of cell cycle
checkpoints and DNA damage repair processes (1–5). Less is known
about the consequences of cytoplasmic irradiation and whether initial
cytoplasmic events impinge on nuclear processes. Components of
cytoplasmic signal transduction pathways that are rapidly activated
after irradiation include Tyr kinases such as the epidermal growth
factor receptor, cytoplasmic Ca21 homeostasis mechanisms, protein
kinase C, MAP3 kinases, JUN kinases, and ceramide production
(6–12). These cytoplasmic pathways are integrated into the growth
regulatory networks of cells, and the relative balance of the prolifer-
ative and antiproliferative signals activated by radiation may deter-
mine cell fate (1).

An important question is how a few primary ionization events
(approximately 2000/Gy/cell) are amplified sufficiently to account for
the relatively rapid and robust activation of these cytoplasmic signal
transduction pathways (1, 5). This issue was raised previously (5) in

a comparison between UV and ionizing radiation in terms of potential
mechanisms by which these two types of radiation stimulate Tyr
kinase activities. Theoretical calculations indicated that for UV radi-
ation the amount of damage produced in non-DNA molecules is
sufficient to account for induction of cytoplasmic signal transduction
pathways. At equivalent stimulating doses, this contrasts with the low
yield and lack of specificity in the damage produced by ionizing
radiation. The major ROS of the primary ionization event, the hy-
droxyl radical, is also short-lived and can only diffuse approximately
4 nm before reacting (13). Secondary ROS products can potentially
amplify the initial ionization event, but theoretical calculations indi-
cate that the yields of hydrogen peroxide or superoxide anion gener-
ated as a consequence of a primary ionization event are lower
by orders of magnitude than that produced by normal cellular metabo-
lism (5).

Evidence for an extranuclear amplification mechanism involving
ROS (or RNS) has come from studies in which cellular ROS/RNS
levels after radiation exposure were measured with a fluorescent dye,
dihydro-DCF (14–16). Exposing cells to eithera-particles org-radi-
ation significantly enhanced cellular ROS/RNS levels above that
attributable to normal cell metabolism. Witha-particle radiation,
experiments with dihydroethidium, a fluorescent dye sensitive to
superoxide anion, confirmed radiation-induced ROS generation (14).
Measurements of ROS/RNS in both studies were obtained at rela-
tively late times (.15 min) after irradiation. For this reason, it is
difficult to judge whether the increase in ROS/RNS after irradiation
reflected the activation of an early signal transduction pathway or was
a consequence of enhanced ROS/RNS production by a small popula-
tion of cells undergoing apoptosis (17). A possible source of cellular
ROS stimulated by radiation was not identified.

In the present investigation, we reasoned that if ROS/RNS gener-
ation induced by ionizing radiation represents a cytoplasmic amplifi-
cation mechanism, it should be observed at much earlier times. For
these experiments, digitized fluorescence microscopy with a90Sr-
radiation source mounted on the microscope permitted rapid meas-
urements during and after irradiation. We also reasoned that a poten-
tial source for the ROS/RNS would be the mitochondria because they
are the major cellular source of ROS in most cells, and the total
cellular mitochondrial volume (4–25% depending on the cell) repre-
sents a fairly substantial cellular target volume. Hence, we evaluated
whether radiation-induced changes in mitochondrial permeability is
one mechanism by which an oxidative event in one mitochondrion can
be transmitted throughout the mitochondrial population of a given cell
(18–21). Our findings indicate that ionizing radiation induces a re-
versible mitochondrial permeability transition and agents that inhibit
this transition block radiation-induced ROS/RNS generation activa-
tion of downstream signal transduction.

MATERIALS AND METHODS

Cells and Cell Culture. The A431 squamous carcinoma, MDA-MB-231
breast carcinoma, DU145 and PC-3 prostate carcinomas, and CHO cell lines
were purchased from American Type Culture Collection (Gaithersburg, MD).
MCF-7 breast carcinoma cells were provided by Dr. Marc Lipmann (George-
town University, Washington, D.C.). Dr. Michael King (Thomas Jefferson
University, Philadelphia, PA) provided the osteosarcoma 143BTK2 ro andr1
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cells (22). All of the cells were grown in RPMI 1640 plus 5% FCS and
antibiotics. The culture medium of osteosarcoma cells also contained 50mg/ml
uridine. CHO cells were transfected with the LipofectAMINE PLUS kit
according to the manufacturer’s directions (Life Technologies, Inc.).

Reagents and their suppliers were: fluorescent probes, BAPT/AM, and CsA
(Molecular Probes, Eugene, OR); CsH (Novartis, Vienna, Austria); and BA
(Calbiochem, San Diego, CA). The BSR and BSR-CaBD plasmids for expres-
sion of calbindin 28K (23) were kindly provided by Dr. Sylvia Christakos
(New Jersey Medical School, Newark, NJ).

ROS/RNS Production. DCF, which is nonfluorescent in its dihydro form
but upon reaction with ROS/RNS becomes highly fluorescent, was used as
described in previous studies (14–16, 24). Dihydro-DCF is sensitive to oxi-
dation by hydroxyl radicals and peroxynitrite directly and hydrogen peroxide
in the presence of a peroxidase (16, 24). For this reason, we refer to both ROS
and RNS in describing the experimental results obtained with DCF. Prelimi-
nary studies demonstrated that the membrane permeant acetooxymethyl ester
derivative of dihydro-DCF was better retained by the cells than the diacetate
derivative.

The spectroscopic properties of DCF do not permit ratiometric measure-
ments that provide internal controls for dye leakage and cell volume sampled.
The approach used in the present study to facilitate comparisons between cells
in terms of relative changes in DCF fluorescence involved coloading with a
radiation-insensitive dye and following DCF fluorescence relative to the flu-
orescence of this dye. As a radiation-insensitive dye, fura-2 excited at its
isobestic, Ca21-independent excitation wavelength was used (6). As shown in
Fig. 1, fura-2 fluorescence excited at 360 nm was constant over the time period
examined and not affected by radiation. This dual labeling approach permitted
quantitative comparisons between cells within a single cell preparation. How-
ever, differences in dye loading from one cell preparation to another did not
allow for quantitative comparisons between cell preparations.

The dye-loading conditions were as follows. Cells grown on round glass
coverslips were equilibrated with the acetooxymethyl esters of dihydro-DCF (5
mM) and fura-2 (2mM) in phenol red-free RPMI 1640 supplemented with 10
mM HEPES (pH 7.4) for 30 min at room temperature. Cells were rinsed with
the same buffer without dye and incubated for an additional 30 min before
mounting in a perfusion chamber and microscopic analysis. Equivalent results
were obtained if cells were also maintained in PBS containing 5 mM glucose,
1 mM MgCl2, and 1 mM CaCl2. DCF fluorescence was monitored with
excitation at 490 nm and emission at 530 nm. Fura-2 fluorescence was
simultaneously monitored at an excitation wavelength of 360 nm with emis-
sion at 530 nm (6).

A digitized video-intensified imaging analysis system described previously
(6) with a DAGE-MTI silicone-intensified video camera was used for analysis.
The computer coordinates excitation filter movement with image capture and
calculates intensity ratios in the DCF/fura-2 experiments. Individual cells and
a background area were delimited with the computer mouse using the fura-2 or

brightfield images. The measured fluorescence signal was the average pixel
value for the entire cell minus the average background pixel value. Because
dihydro-DCF is readily photooxidized, a 1.0A neutral density filter was used
with the 490-nm excitation filter to minimize photooxidation. Measurements
were made every 20–30 s with a 0.5-s acquisition time. A90Sr-eye applicator
mounted on the condensing lens holder of an inverted Nikon Diaphot micro-
scope was lowered to a predetermined distance to initiate irradiation at a dose
rate of 6 Gy/min (6). Radiation exposure was terminated by removal of the
source at designated times to give the indicated total dose.

For bulk measurements of ROS/RNS, cells were plated in a 96-well plate at
104 cells/well 24 h before irradiation. Cells were loaded with dihydro-DCF as
described above and irradiated at a dose rate of 2.1 Gy/min with a60Co source.
Half of the plate was shielded with a lead brick for the control, nonirradiated
cells. Control experiments with dye in the wells without cells indicated that
radiation alone did not oxidize dihydro-DCF. Fluorescence measurements
were obtained with a Packard Fluorocount plate reader.

Mitochondrial DC Measurements.Mitochondrial DC was measured
with the fluorescent cation, TMRE. Cells on coverslips were equilibrated for
10 min with 100 nM TMRE in phenol red-free, RPMI 1640 containing 10 mM

HEPES (20). Imaging was as described for DCF but with the Nikon rhodamine
filter set.

Mitochondrial Calcein Release.Cells were coloaded with 5mM ace-
tooxymethyl ester of calcein and 1 mM CoCl2 for 30 min at 37°C in phenol
red-free, HEPES-buffered RPMI 1640 (25–28). Before image analysis, cells
were washed once in this medium without dye and CoCl2. Imaging was as
described above with the Nikon fluorescein filter set.

MAP Kinase Activity. Cells at approximately 80% confluency in 60-mm
dishes were irradiated and at the given times washed twice with ice-cold PBS
and then snap frozen on dry ice. Cell lysates were prepared, and MAP kinase
activity was measured by an immune complex assay with myelin basic protein
as substrate, as described previously (29).

RESULTS

Ionizing Radiation Stimulates Cellular ROS/RNS Production.
To measure ROS/RNS, we used dihydro-DCF, which becomes fluo-
rescent upon oxidation by ROS/RNS. This dye has been extensively
used in studies on cellular ROS/RNS generation (14–16, 24). Fig. 1
shows representative recordings from a single A431 cell that re-
sponded to a radiation exposure with increased DCF fluorescence.
The lower tracing is that for fura-2 and is constant during the time
course of the experiment as expected for excitation at 360 nm, the
isobestic and Ca21-insensitive wavelength of fura-2. The upper trac-
ing is for DCF fluorescence normalized to fura-2 fluorescence. Fura-2
fluorescence excited at this wavelength permits normalization of DCF
fluorescence values with respect to the cell volume sampled. At the
end of each experiment, 100mM hydrogen peroxide is added as an
internal control. Before irradiation, there is a continuous increase in
DCF fluorescence attributable mostly to ROS generated from normal
mitochondrial respiration. This background ROS/RNS generation is
sensitive to mitochondrial poisons such as rotenone and much reduced
in mitochondrial electron transport-deficientro cells (see results be-
low in Fig. 3). After a stable baseline recording is obtained, the90Sr
source is lowered to a given distance above the cells, initiating the
radiation exposure (the firstarrow in Fig. 1; 6 Gy/min). The source is
withdrawn to terminate the exposure. Depending on the cell prepara-
tion, between 30 and 40% of A431 cells (195 total cells measured in
11 different experiments) responded to a 3-Gy (30 s) radiation expo-
sure and produced an increase in ROS/RNS as indicated by an
increase in DCF fluorescence (Fig. 1). For most responding cells, the
increase in ROS/RNS commences during the radiation exposure and
continues for approximately 2–5 min after irradiation before returning
to basal levels. Two of the responding cells demonstrate a sustained
rise in DCF fluorescence that persisted for at least 15 min after
irradiation. The remaining cells show no change in DCF fluorescence
in response to radiation (although they do so to hydrogen peroxide) in

Fig. 1. Ionizing radiation stimulates ROS/RNS generation in A431 cells. Dye loading
and fluorescence measurements are described in the text. The results are shown for a
representative cell responding to radiation with an increase in DCF fluorescence normal-
ized to fura-2 fluorescence after exposure to 3 Gy. The indicated slopes were calculated
by linear regression using SigmaPlot software. The magnitude of the response,D, was
calculated from the slopes as shown in the figure.
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the time period examined. Similar experiments were performed with
MCF-7 and MDA-MB-231 breast carcinoma cells, PC-3 and DU-145
prostate carcinoma cells, CHO cells, and osteosarcoma 143BTK2 r1

cells. In all of the cases, similar responses were seen including the
immediate and transient increase in ROS/RNS in 30–50% of the cells
after a radiation exposure of 3–4 Gy.

The Number of Cells with a Transient Enhancement in ROS/
RNS Generation Increases with Radiation Dose.In Fig. 2A, the
percentage of cells that produce ROS/RNS is plottedversusradiation
dose (upper curve). The average fluorescence intensity change/cell
(designatedD in Fig. 1) is graphed as a function of radiation dose in
the lower curve. There is a progressive increase in the number of cells
that respond to increasing radiation dose with a burst of ROS/RNS
generation. However, there was no apparent relationship between
radiation dose andD, the average fluorescence intensity change/cell.
For the cell preparation used in Fig. 2,D varied by 30% among
responding cells regardless of the radiation dose between 1 and 10 Gy.
Similar results were obtained with two other cell preparations. These
data suggest that the cellular response in terms of amount of ROS/
RNS generated is all-or-nothing in this radiation dose range. In the
cell preparations used to evaluate the dose response, no cells exhibited
a sustained increase in ROS/RNS after radiation.

A more traditional radiobiological semilog plot of the fraction of
nonresponding cellsversusradiation dose can also be used to examine
the data. Results from the upper curve of Fig. 2A are graphed in this
manner and shown in Fig. 2B. A linear regression analysis of the
semilog plot (r2 . 0.99) reveals a logarithmic relationship between
the number of nonresponding cells and radiation dose. According to
classical target theory, this result is consistent with a single target
type.

Radiation-induced ROS/RNS Are Mitochondrial in Origin.
Electron leakage from mitochondrial electron transport is the primary
source of ROS generation in nonphagocytic cells. To provide evi-
dence that the radiation-induced increases in ROS/RNS were depend-
ent on mitochondrial electron transport, we measured radiation-stim-
ulated ROS/RNS production in cells that are deficient in
mitochondrial electron transport. Osteosarcoma 143TK2 ro cells
completely lack mitochondrial DNA and are incapable of electron
transport/oxidative phosphorylation (22, 30). Fig. 3 shows represent-
ative DCF fluorescence tracings of osteosarcoma 143TK2 ro and the
parentalr1 cells. None of thero cells examined exhibit a radiation-
stimulated increase in ROS/RNS generation (n 5 65; four cell prep-
arations). Furthermore, the basal rate of ROS/RNS production byro

cells before irradiation is considerably lower compared with that ofr1

cells, as would be expected for cells with mitochondria incapable of
electron transport (31). Consistent with the other respiratory compe-
tent cell lines examined, approximately 50% of the parentalr1 cells
respond to 4-Gy radiation with a transient increase in ROS/RNS
generation (n 5 90; five cell preparations). We conclude that mito-
chondrial respiration is necessary for the radiation-induced ROS/RNS
production.

Studies with rotenone, an electron transport complex I poison,
provided additional evidence for the involvement of mitochondrial
electron transport in radiation-induced ROS/RNS production. Incu-
bating cells with 10mM rotenone stimulated ROS/RNS generation
because blocking electron transport through complex I siphons elec-
trons directly to O2 at complex I, resulting in the partial reduction of
O2 and ROS generation. No further enhancement of ROS/RNS gen-
eration was observed after radiation exposure (data not shown).

Other potential cellular sources of ROS were examined. Inhibitors
of phospholipase A2 (50mM PX52 for 30 min; Ref. 32) and P450
cytochrome oxidase (100mM proadifen for 30 min; Ref.33) are
ineffective in blocking radiation-induced ROS/RNS in A431 cells
(n 5 40 cells; two independent experiments for each inhibitor; data
not shown). Hence, these nonmitochondrial ROS/RNS sources are not
involved in the radiation-induced ROS/RNS generation.

Radiation Stimulates a Reversible Mitochondrial Permeability
Transition. The above studies point to the mitochondria as the source
of radiation-induced ROS/RNS production. Previous studies (34) have
demonstrated that induction of the mitochondrial permeability transi-
tion can stimulate ROS/RNS generation. CsA is an effective inhibitor
of the permeability transition, and thus we have used this reagent to
test for the possible relationship of the permeability transition and
radiation-induced ROS/RNS generation (25–28, 31, 35). Preincubat-
ing A431 cells for 30 min with 1mM CsA completely inhibited
radiation-induced ROS/RNS generation in all of the cells examined
(n 5 70 cells; four separate experiments at 4 Gy). CsH, a CsA
analogue that is ineffective at blocking the mitochondrial permeability
transition (25), did not inhibit radiation-induced ROS/RNS generation
(13 of 30 cells responded to 4 Gy, compared with 16 of 34 control
irradiated cells; two experiments). These results are consistent with a
potential role for the mitochondrial permeability transition in the
radiation-induced ROS/RNS formation.

Propagation of the mitochondrial permeability transition from one
mitochondrion to another in cells andin vitro is Ca21-dependent,

Fig. 2. Dose response analysis of radiation-induced ROS/RNS generation in A431
cells.A, top curve(left hand axis), number of cells with enhanced DCF fluorescence after
irradiation as a function of dose. This graph is the average of two separate experiments
with a total number of 80 cells for each radiation dose;bars,6 SE.Bottom curve(right
hand axis), D as defined in Fig. 1 is plotted as a function of radiation dose. Because the
DCF fluorescence signal cannot be calibrated in terms of absolute amount of ROS/RNS,
relative changes were quantified as the fluorescence intensity difference before and after
the transient rise in DCF fluorescence (D in Fig. 1). Twenty cells from one cell preparation
were irradiated at each dose, and the data points are the averageD 6 SE for the responding
cells. B, a semilog plot of the data inA (upper curve) graphed in terms of the nonre-
sponding fraction of cells as a function of radiation dose. The linear regression analysis
was performed by SigmaPlot software.
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involving localized changes in cytosolic [Ca21] and the uptake and
release of mitochondrial Ca21 (20, 35, 36). If radiation-induced
ROS/RNS generation requires the mitochondrial permeability transi-
tion and its propagation, then inhibiting the Ca21-dependent propa-
gation should also block radiation-induced ROS/RNS production. We
tested the effects of attenuating changes in cytosolic [Ca21] by
overexpression of the Ca21-binding protein, calbindin 28K, and by
equilibrating cells with the intracellular Ca21 chelator, BAPT/AM
(23). For the experiments with calbindin 28K, CHO cells are used
because of the much higher transfection efficiency of these cells
(.80%, determined with a plasmid encoding a green fluorescent
protein) compared with A431 cells (,10%). At a radiation dose of 4
Gy, approximately 50% of the CHO cells transfected with the empty
vector (28 of 60 cells;n 5 3 experiments) exhibit significant radia-
tion-induced ROS/RNS. A similar result is also obtained with non-
transfected CHO cells. In contrast, radiation-stimulated ROS/RNS is
observed in less than 10% of the calbindin 28K-expressing cells (5 of
58; n 5 3 experiments). This Ca21 dependency is confirmed in
experiments where A431 cells are equilibrated with the membrane
permeant acetooxymethyl ester derivative of BAPT/AM (10mM for
60 min during equilibration with dihydro-DCF). This treatment com-
pletely blocks radiation-induced ROS/RNS production (40 cells;
n 5 2 experiments).

Induction of a mitochondrial permeability transition with intact
cells was initially assessed by measurement of CsA-sensitive changes
in mitochondrialDC with the fluorescent dye, TMRE (20, 25, 36).
This dye is cationic and concentrates in mitochondria because of the
high negative insideDC. Under the loading conditions used, the high
dye concentration within polarized mitochondria results in self-
quenching, and upon depolarization, redistribution of the dye into the
cytoplasm results in enhanced fluorescence (20). Fig. 4 shows the
average fluorescence measurements of four responding cells in com-
parison with the average response of six nonresponding cells on a
single coverslip with a radiation exposure of 4 Gy. Before irradiation,
there is a gradual decrease in fluorescence attributable in part to
photobleaching. Upon irradiation, there is a 3–5-min transient in-
crease in fluorescence, indicative of depolarization, followed by a
decrease in TMRE fluorescence, indicative of repolarization. As ex-
pected, addition of the protonophore, FCCP, results in an increase in
fluorescence (depolarization). The transient depolarizing effect of
radiation on mitochondrialDC is consistently observed in about 50%
of the cells at this dose of radiation (37 of 80 cells; four experiments).

The nonresponding cells demonstrate no change in fluorescence after
irradiation other than the baseline decrease attributable to photo-
bleaching. Pretreating cells for 30 min with 1mM CsA completely
abrogated the radiation-induced depolarization in all of the cells
examined.

We also compared the mitochondrialDC responses of osteosar-
comar1 and ro cells with radiation. The parentalr1 cells behave
identically to A431 cells in their response to radiation exposure,
whereas thero cells show no change in TMRE fluorescence upon
irradiation (data not shown). The FCCP-stimulated enhancement of
TMRE fluorescence (a relative measure of mitochondrialDC) for ro

cells is 30% that observed for wild-typer1 cells. Thus, osteosarcoma
ro mitochondria are less polarized relative to wild type, a finding
demonstrated by other investigators (37). Nonetheless, theDC data
are consistent with the DCF measurements and a requirement for
mitochondrial electron transport in the cellular response to radiation.

Changes in fluorescence of mitochondrial entrapped calcein were
also used as a measure of the permeability transition (25, 26, 28).
Activation of the permeability transition enhances the permeability of
mitochondria to molecules ofMr 1600 or less (35). Previous investi-
gators have monitored this enhanced permeability by loading cells
with acetooxymethylester of the fluorescent dye, calcein, and relying
on cytoplasmic and mitochondrial esterases to cleave the ester entrap-
ping the charged dye. Mitochondrial calcein is visualized by simul-
taneously quenching cytosolic calcein fluorescence with CoCl2. Mi-
tochondria do not actively transport Co21 nor are their respiratory
properties significantly impaired by Co21 (25, 26, 28). As a positive
control, cells are treated with either ionomycin or thapsigargin (an
inhibitor of the endoplasmic reticulum Ca21 pump) that raise cyto-
solic [Ca21] and, by so doing, trigger the mitochondrial permeability
transition. With Co21 present, the calcein fluorescence is seen in the
perinuclear region typical of mitochondrial staining with mitochon-
drial specific dyes (Fig. 5 inset and Refs. 25–28, 38).

Fig. 5 shows the results of an experiment where a radiation-induced
mitochondrial pore opening is detected by the loss of mitochondrial
calcein fluorescence. The data shown are for cells from one coverslip
of A431 cells, representative of two independent experiments. For
clarity, cells responding to radiation with changes in calcein fluores-
cence are shown in Fig. 5A in comparison with the nonresponding
cells in Fig. 5B. Irradiation at 4 Gy elicits a transient decrease in
mitochondrial calcein fluorescence in approximately 50% of the cells.
In two independent experiments, 34 of 75 cells responded with a

Fig. 3. Mitochondrial electron transport is necessary for radiation-induced ROS/RNS.
DCF fluorescence measurements are as described in the text and legend to Fig. 1. The
radiation dose was 4 Gy. Dye-loading conditions and fluorescence measurements are as
described for A431 cells for both the parentalr1 and electron transport-deficientro

osteosarcoma cells.

Fig. 4. Radiation induces a mitochondrial permeability transition as measured by
changes in mitochondrialDC. The results show the average fluorescence readings (6 SE)
of four responding and six nonresponding A431 cells on a single coverslip and irradiated
where indicated at 4 Gy. FCCP was added to a final concentration of 1mM. For clarity,
only every other data point is shown.
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decrease in calcein fluorescence of at least 15% of the initial intensity
with an average decrease of 236 7% (Fig. 5A). Subsequent incuba-
tion with ionomycin (or thapsigargin; data not shown) to trigger a
sustained permeability transition stimulates the complete loss of cal-
cein fluorescence in all of the 75 cells. The radiation-, ionomycin-,
and thapsigargin-induced decreases in mitochondrial calcein fluores-
cence are not observed in cells incubated for 30 min with 1mM CsA
(two independent experiments; 65 cells). These results corroborate the
data obtained with TMRE, demonstrating that CsA-sensitive mito-
chondrial pore formation can be induced by radiation. These effects
also correlate temporally with the radiation-inducedDC depolariza-
tion and ROS/RNS generation.

Measurement of ROS/RNS in Bulk Assays.A microtiter plate
assay for measuring ROS/RNS generation was developed to verify
that our measurements of radiation-induced ROS/RNS are independ-
ent of the radiation source and microscopic detection system. A60Co
source is used in these experiments, but because of the physical
separation between the radiation device and microplate reader, the
earliest time point measured is 10 min after irradiation.

Fig. 6A shows the results from three separate experiments meas-
uring DCF fluorescence. Irradiation is carried out in a 96-well plate,
and the nonirradiated samples are shielded with a lead brick. Thefilled
bars representing the nonirradiated samples indicate variability in the
dye loading from one cell preparation to another, in agreement with
the microscopic analysis. Nonetheless, a comparison of the nonirra-
diated samples with the irradiated cells (open bars) demonstrates that
radiation significantly increases ROS/RNS generation above that be-
cause of endogenous metabolism (10–25%; Student’st test;
P , 0.001). The microtiter plate assay was used to test possible
inhibitors of mitochondrial function on radiation-induced ROS/RNS
generation. In Fig. 6B, CsA and CsH, the inactive CsA analogue, are
compared in terms of their relative effects on the amount of DCF
fluorescence generated between irradiated and nonirradiated cells.
The effect of BA, a specific inhibitor of the mitochondrial adenine
nucleotide translocator, that blocks the permeability transition was
also examined (39). CsH (1–10mM) has no significant effect on the
amount of ROS/RNS generated by radiation. In contrast, the amount
of ROS/RNS stimulated by radiation progressively decreases as the
concentration of CsA increases over the same concentration range.
BA at 50mM is only partially effective at inhibiting radiation-induced
ROS/RNS. The incomplete inhibition of radiation-induced ROS/RNS
by CsA (or BA) in the microtiter assay contrasts with the apparent

complete inhibition observed in the microscopic analysis. The most
probable reason for this apparent discrepancy is dye leakage from the
cells, which occurs in both assays but is detectable only in the
microtiter plate assay. In the microscopic analysis, there is a contin-
uous recording and subtraction of background fluorescence. This is in
contrast to the microtiter assay where there is a continuous build-up of
extracellular DCF, which is insensitive to CsA or BA.

Radiation-stimulated MAP Kinase Activity Requires Activa-
tion of the Mitochondrial Permeability Transition. Previous stud-
ies from this and other laboratories (9, 12, 29, 40) have demonstrated
that ionizing radiation activates MAP kinase. The underlying mech-
anism of activation is unclear but appears to involve ROS (9, 41) and
Ca21. Blocking radiation-stimulated cytoplasmic Ca21 transients
with an intracellular Ca21 chelator inhibits MAP kinase activation
(29). These requirements for activation and the results described
above prompted us to test whether inhibitors of the mitochondrial
permeability transition, BA and CsA, also inhibit radiation-induced
MAP kinase activation. We also comparedro andr1 cells.

As described previously (29) for A431 cells, low doses of radiation
stimulate a transient 3–4-fold activation of MAP kinase activity that
is maximal at about 4 min after irradiation (Fig. 7A). Pretreating A431
cells for 10 min with 50mM BA had no significant effect on basal
MAP kinase activities but completely inhibited the radiation-induced
MAP kinase activation. Identical results were obtained in CHO cells
with BA and CsA completely inhibiting radiation-induced MAP ki-
nase activation (data not shown). These results are consistent with a

Fig. 5. Mitochondrial permeability transition monitored by calcein fluorescence. Cells
were loaded with calcein and Co21 as described in the text. The fluorescence image shows
a group of cells excited at 490 nm, the excitation wavelength maximum for calcein.
Emission was monitored at 530 nm. Results shown are for cells from a single coverslip
divided into cells that responded to a 4-Gy radiation exposure with a decrease in calcein
fluorescence of.10% (A) or ,10% (B).

Fig. 6. Measurement of ROS/RNS by a microtiter plate assay.A, results are shown for
three cell preparations with radiation-induced ROS/RNS measured with DCF fluorescence
as described in the text. Each data point represents the average of readings from eight
wells 6 SE. Student’st test calculatesP , 0.001 for the difference between control and
irradiated samples in the three experiments.B, cells were incubated at the given concen-
trations of CsA, CsH, or 50mM BA for 30 min before radiation exposure. The difference
in DCF fluorescence of irradiated and nonirradiated samples (eight wells each6 SE) was
calculated for each drug concentration and plotted as a percentage of the nondrug-treated
control.
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radiation-induced mitochondrial permeability transition being neces-
sary for MAP kinase activation. This conclusion was further sup-
ported by studies comparing thero andr1 osteosarcoma cells. Basal
MAP kinase activities of these two cells were approximately identical.
The radiation-induced MAP kinase response forr1 cells, although not
as robust as observed for A431 cells, was consistently observed with
all of the three cell preparations examined (Fig. 7B). In contrast,
radiation was ineffective in stimulating MAP kinase in the mitochon-
drial electron transport-deficientro cells. These findings combined
with the pharmacological experiments strongly indicate that activation
of the MAP kinase signal transduction pathway by radiation requires
a radiation-inducible and reversible mitochondrial permeability tran-
sition.

DISCUSSION

The present investigation has demonstrated that ionizing radiation
in the therapeutic dose range stimulates a transient cellular generation
of ROS/RNS. Temporally coincident is a radiation-induced reversible
depolarization of the mitochondrialDC and decrease in mitochondrial
entrapped calcein fluorescence, both hallmarks of the mitochondrial
permeability transition. The amount of ROS/RNS generated is rela-
tively constant over the dose range tested, but the number of cells that
respond increases with the dose. The radiation-induced ROS/RNS
generation,DC depolarization, and calcein release are inhibited by
CsA but not by the structural analogue, CsH. Overexpression of the
Ca21-binding protein calbindin 28K or treatment of cells with
BAPTA/AM, an intracellular Ca21 chelator, also effectively block

radiation-induced ROS/RNS. The increased ROS/RNS generation
observed with radiation is common to all of the cell types examined
but for one important exception, the mitochondrial DNA-lessro

osteosarcoma cells. In contrast to the wild-type parental cell line,ro

cells lack a complete electron transport chain and demonstrate neither
radiation-induced ROS/RNS norDC depolarization.

Given the number of ionization events/cell at the radiation doses
used herein (2000 Gy; 5), it is unlikely that significant numbers of
mitochondria undergo the permeability transition as a direct conse-
quence of a primary ionization event. However, the spatiotemporal
interactions of mitochondria within cells suggest the following model
of propagative signaling for radiation-enhanced cellular ROS/RNS
generation. In this model, ionizing radiation initiates an oxidative
event within a mitochondrion that results in the localized release of
Ca21. Adjacent mitochondria take up the Ca21 and, as a consequence,
undergo the mitochondrial permeability transition (exemplified by
DC depolarization) and release Ca21 to further propagate the signal to
adjacent mitochondria. Elevated mitochondrial Ca21 levels and/or
DC depolarization can enhance mitochondrial ROS/RNS generation
(34), although this may not be the only source of elevated ROS/RNS,
as discussed below.

For such a mechanism to be viable requires that mitochondria are in
close proximity to each other within a cell and that the permeability
transition is reversible. Recent studies (20, 42–44) indicate that these
requirements are fulfilled. In dividing cells, a substantial fraction of
the cellular mitochondria are recruited to and concentrated near the
nucleus as part of the mitochondrial replication component of cell
division (38). This is readily apparent in the inset to Fig. 5. Three-
dimensional optical microscopic analysis has further revealed that
mitochondria form a large constantly changing but interconnected
tubular network (42). Functional studies (42–44) have demonstrated
subcellular heterogeneity of mitochondrial energization in intact cells
but also cell-wide coordinated redox transitions and metabolic waves
within cells that necessitate close mitochondrial proximity. Moreover,
isolated mitochondria can be induced to propagate a reversible per-
meability transition (20). In these latter studies, the addition of Ca21

to immobilized mitochondria at one corner of a coverslip was shown
by confocal microscopy to initiate a wave of mitochondrial depolar-
ization/repolarization in synchrony with Ca21 uptake/release that
spreads across the coverslip.

Previous investigations (17, 25–27, 31) have primarily focused on
the irreversible mitochondrial permeability transition that is associ-
ated with cells undergoing apoptosis. However, electrophysiological
studies (35, 36, 45) of the permeability transition pore have demon-
strated multiple conductance states, one of which corresponds to a
half-conductance state of 500 pico seconds compared with the fully
open conformation of 1200 pS. The former may correspond to the low
conductance state associated with a reversible switching between
permeable and impermeable states or “flickering” that has been observed
by a number of investigators (reviewed in Refs. 35, 36, 45). Although we
have no direct evidence as yet, we suspect that the mitochondrial perme-
ability transition observed here as the radiation-induced transientDC
depolarization and mitochondrial calcein fluorescence decrease corre-
sponds to a low conductance permeability pore.

A previous study (31) with U937ro cells demonstrated that tumor
necrosis factor stimulated a mitochondrial permeability transition as
evidenced by enhanced ROS generation and mitochondrialDC depo-
larization. This fits with the knowledge that electron transport-defi-
cient ro cells differ from their normalr1 counterparts only in RNA
components required for mitochondrial protein synthesis and some
structural proteins of the electron transport chain encoded by mito-
chondrial DNA (30). Other mitochondrial functions encoded by nu-
clear DNA (e.g.,adenine nucleotide translocator, a presumed compo-

Fig. 7. Radiation-induced MAP kinase activation is dependent on the mitochondrial
permeability transition. MAP kinase activity was measured as described in “Materials and
Methods” and calculated in terms of activity relative to time5 0 nonirradiated control.
The radiation dose in both sets of experiments was 2 Gy, and time points are referenced
to the end of the radiation period (t 5 0 min). Top, average results (6 SE) from three
separate experiments with A431 cells with (E) and without (F) treatment with 50mM BA
for 10 min prior radiation exposure.Bottom, the average results (6 SE) from three
separate experiments withro (�) andr1 (ƒ) cells.
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nent of the permeability channel) appear to be intact (31, 37). The
finding of tumor necrosis factor-induced mitochondrial permeability
transition in U937ro cells would appear to be in conflict with the
present study showing an absence of a radiation-induced permeability
transition in osteosarcomaro cells. However, the results from these
studies are distinguishable by two important features. Firstly, the
present study demonstrates a reversible permeability transition in the
parentalr1 cells (transientDC depolarization and ROS/RNS gener-
ation) in contrast to the irreversible sustained effects on these two
parameters observed with tumor necrosis factor treatment. Secondly,
the radiation-induced permeability transition is observed during the
radiation exposure and within the first few min after irradiation. The
irreversible transition, on the other hand, is detected hours after
treatment and is associated with apoptosis. Thus, these two studies,
although measuring similar parameters, are observing either funda-
mentally different states of the channel (e.g., different conductance
states) or different functional consequences of its activation.

Numerous studies on the effects of ionizing radiation on mitochon-
drial structure and function have been reported during the past 40
years. Most have focused on events hours after irradiation (Refs. 46,
47, and references therein). Where the effects of ionizing radiation
have been examined with isolated mitochondria, no observable
changes in respiration or other indices of mitochondrial function have
been observed except at very high doses of radiation. In these studies,
relatively dilute solutions of mitochondria are used, and the mitochon-
dria are prepared and incubated in the absence of Ca21. Thus, the
effects of relatively low doses of radiation on the propagation of the
mitochondrial permeability transition would not be observed. Inves-
tigations currently underway in this laboratory are testing whether low
doses of radiation can stimulate the permeability transition with
isolated mitochondria preloaded with Ca21.

The dose response analysis is consistent with the proposed propa-
gation mechanism. Dose escalation results in an increasing number of
responding cells but with a relatively constant amount of ROS/RNS
generated/cell. This suggests that a threshold in the number of mito-
chondria activated initially would need to be surpassed. Once the
threshold is surpassed, a relatively constant number of mitochondria
defined by their spatial concentration within a cell would subse-
quently undergo the permeability transition and produce ROS/RNS.
The logarithmic relationship between the fraction of nonresponding
cells and the radiation dose (Fig. 2B) is consistent with a single
radiation target.

The dose response obtained by single cell analysis also has impor-
tant implications for studies on signal transduction pathways activated
as a consequence of cytoplasmic irradiation. The simplest interpreta-
tion of a dose response based on the analysis of a population of cells
is that with increasing dose there is an increase in activity on a per cell
basis. Our results with single cell analysis, on the other hand, would
suggest that the magnitude of activation is relatively independent of
dose, but with increasing dose there are increased numbers of cells
with an activated signal transduction pathway. For A431 cells irradi-
ated within the therapeutic dose range (1–2 Gy), this means that the
signal transduction pathways dependent on cytoplasmic-generated
ROS/RNS (e.g.,growth factor receptors, stress kinases, and transcrip-
tion factors such as nuclear factorkB; Refs. 1, 7, 9, 41, 48) would be
activated in only 20–30% of the cells. However, the degree of
activation in these responding cells is much greater than indicated
from the average obtained in bulk assays of responding and nonre-
sponding cells. Future studies relating specific signal transduction
pathways activated by ROS/RNS with downstream cellular conse-
quences may need to address this response heterogeneity.

Oxidation of dihydro-DCF was used to detect ROS/RNS. This dye
is well characterized in its response to ROS/RNS, but its fluorescence

response does not discriminate between hydroxyl radical, peroxyni-
trite, or ROS generated from hydrogen peroxide in the presence of a
peroxidase (16, 24). Our evidence demonstrates a role for the mito-
chondrion in amplifying/transmitting a signal that results in ROS/RNS
production but does not indicate that mitochondria necessarily gener-
ate the cellular ROS/RNS after a radiation exposure. The inhibitor
results would appear to eliminate ROS derived from phospholipase
A2 and P450 enzymes. Ongoing studies are seeking to identify the
ROS/RNS involved. This effort may provide evidence for source(s)
other than mitochondria,e.g.,the plasma membrane NADPH oxidase
(49) and constitutive nitric oxide synthases (50), that are activated by
mechanisms involving the mitochondrial permeability transition.

In summary, our results demonstrate that cytoplasmic primary
ionization events after exposure of cells to clinically relevant doses of
ionizing radiation are amplified by a mechanism involving a mito-
chondrial permeability transition and further production of ROS/RNS.
This amplification mechanism appears necessary for radiation-
induced activation of downstream signal transduction pathways such
as MAP kinase. We speculate that the significance of these findings is
not limited to clinical levels of radiation, but that similar processes
provide a general mechanism by which cells sense and respond to
oxidative events within the cytoplasm.
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