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Reactive oxygen species (ROS) have been implicated in
many ionizing radiation-related phenomena, including by-
stander effects. The oxidation of 2�7�-dichlorofluorescin
(DCFH) to fluorescent 2�7�-dichlorofluorescein (DCF) is com-
monly used for the detection of radiation-induced ROS. The
DCF assay was adapted for efficient, systematic flow cytom-
etry quantification of low-linear energy transfer (LET) �-ra-
diation-induced ROS in vitro in Chinese hamster ovary (CHO)
cells. This method is optimized for increased sensitivity to ra-
diation-induced ROS and to discriminate against measure-
ment of extracellular ROS. This method can detect a signifi-
cant increase in ROS in cells exposed to � radiation at doses
as low as 10 cGy. The antioxidants N-acetyl-cysteine and as-
corbic acid (vitamin C) significantly reduced the amount of
ROS measured in cells exposed to 5 Gy ionizing radiation.
This method was used to measure the intracellular ROS in
unirradiated CHO bystander cells co-cultured with low-LET-
irradiated cells. No increase in ROS was measured in bystand-
er cell populations co-cultured with the irradiated cells begin-
ning 9 s after radiation exposure. � 2008 by Radiation Research Society

INTRODUCTION

Approximately 65% of intracellular damage caused by
low-LET ionizing radiation such as X rays and � rays oc-
curs indirectly through radiolytic production of ROS (1).
Oxidative damage to DNA can result in a variety of lesions,
including base damage, inter- and intrastrand crosslinks,
DNA-protein crosslinks, single-strand breaks and double-
strand breaks (2, 3). Fixation of such damage has been im-

1 Address for correspondence: Department of Radiation Oncology, Da-
vid Geffen School of Medicine at UCLA, 650 Charles E. Young Drive
South, 71-295 CHS, Los Angeles, CA 90095; e-mail: rschiestl@
mednet.ucla.edu.

plemented in numerous diseases such as diabetes, heart fail-
ure, neurodegeneration, aging and cancer [for review, see
ref. (4)]. Likewise, scavenging of ROS has become an im-
portant target for radioprotectors (5) and general anticancer
agents (6).

ROS have recently been implicated in multiple radiation-
related phenomena including bystander effects, delayed ef-
fects and adaptive response. Unirradiated HFL1 normal hu-
man diploid lung fibroblasts demonstrated increased intra-
cellular production of H2O2 when cultured with medium
previously used to culture �-particle-irradiated cells 24 h
after irradiation (7). Similarly, bystander phenotypes have
been alleviated by addition of antioxidants to bystander
cells in both medium transfer (8) and co-culture systems
(9). It has also been suggested that radioadaptation is at
least partially due to an increased cellular ability to scav-
enge ROS (10) and repair oxidative DNA lesions (11) in-
ducible by small priming doses of radiation. ROS may also
be involved in delayed radiation effects and radiation-in-
duced genomic instability, because elevated levels of oxy-
gen radicals have been detected in the progeny of �-irra-
diated cells up to 29 days postexposure (12–14).

Many methods have been reported for quantifying
intracellular ROS generated either endogenously or from
radiation exposure. A plethora of fluorescent probes have
been described, each characteristically able to efficiently
detect specific radical species [for review, see ref. (15)].
2�7�-Dichlorofluorescin diacetate (DCFH-DA) has been
used previously to measure radiation-induced ROS. DCFH-
DA is permeable to the cellular membrane and once inside
the cell is rapidly hydrolyzed by cellular esterases to non-
fluorescent DCFH (16); oxidation of DCFH by hydrogen
peroxide or other ROS produces the fluorescent indicator
DCF (15). Measurement methods using DCFH-DA to
quantify radiation-induced ROS have been reported using
fluorescence microscopy (17), video microscopy (18), flow
cytometry (19), and microtiter plate analysis (20).

Previous studies using flow cytometry to quantify radi-
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ation-induced DCF fluorescence have commonly had low
sensitivity, especially when compared to microscopy and
microplate detection methods, which have exhibited sensi-
tivity to as low as 2 cGy (20). For example, in one study
using flow cytometry, no significant increase in DCF fluo-
rescence was measured in T-lymphoma cells exposed to 10
Gy (21). In another study, no increase in DCF fluorescence
was detected at 10 Gy and only a small increase was mea-
sured between 20–60 Gy (22). In another study, a DCF
fluorescence dose response was observed in mouse mac-
rophage cells, yet the lowest dose that induced a significant
increase in measurable ROS was 100 Gy (23).

MATERIALS AND METHODS

Cell Lines and Culture

AA8 cells, a wild-type Chinese hamster ovary (CHO) cell line, were
acquired from the American Type Culture Collection (Manassas, VA).
Cells were cultured in �-MEM supplemented with 9% fetal bovine serum,
2 mM L-glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin and
were incubated at 37�C in a humidified atmosphere of 5% CO2 in air.
Cells were repassaged at �85% confluence by washing twice with PBS
and detaching with 0.05% trypsin-EDTA. AA8-rfp cells were derived
from AA8 cells by transfection with AatII-linearized pCMV-DsRed-Ex-
press vector (Clontech) with lipid reagent Lipofectamine 2000 per the
manufacturer’s instructions. After transfection, cells were grown in the
presence of 4 �g/ml G418 for 4 weeks; red-fluorescing cells were then
sorted by fluorescence-activated cell sorting (FACS) and cultured contin-
uously in �-MEM supplemented with 4 �g/ml G418 as above.

� Irradiation

All irradiations were done using a Mark I 137Cs � irradiator (J. L.
Shepherd and Associates, Glendale, CA). Cells were irradiated in aerobic
conditions at room temperature. A dose rate of 4.98 Gy/min was used
for all DCF dose–response experiments between 0.5–10 Gy; 2.37 Gy/min
was used for doses between 5–25 cGy. A dose rate of 33.3 Gy/min was
used for bystander experiments.

Flow Cytometry Analysis

All cell samples were analyzed using a BD FACSCalibur flow cytom-
eter with CellQuest software. For quantification of DCF fluorescence, at
least 10,000 events were used for each measurement. Cells were excited
at 488 nm and DCF fluorescence was read on FL1 (530 � 15 nm) in log
scale with FL1 gain set to 443. The histogram for cell fluorescence was
fitted with the best least-squares fit Gaussian:

2A 	1 (x 	 x )0f (x) 
 exp , (1)� �[ ]2 ��2��

where x is FL1 fluorescence (RFU), A is the number of cells, � is the
full width at half maximum (FWHM), and x0 is the mean fluorescence
of the Gaussian, which was taken as the cell population mean fluores-
cence. For bystander experiments, unirradiated AA8-rfp cells mixed with
irradiated AA8 cells were gated by FL3 fluorescence and DCF fluores-
cence of AA8-rfp cells was measured on FL1.

Optimization of DCF Assay

Different methods were tested for optimizing FACS measurement of
radiation-induced DCF fluorescence. In the first experimental scheme,
AA8 cells attached to T-25 culture flasks were incubated with 50 �M
DCFH-DA in medium for 30 min while in the dark. Then DCFH-DA

was aspirated, and cells were washed with PBS, detached with trypsin,
resuspended in medium, centrifuged for 5 min at 1000 rpm (167g), re-
suspended in PBS in 5-ml tubes, sham-irradiated or exposed to 7 Gy �
radiation, put on ice, and assayed by FACS. In variations of the above
protocol, cells were incubated with DCFH-DA in PBS rather than in
medium or the centrifugal force was varied from 17.2g to 167g. In the
second experimental scheme, cells attached to T-25 culture flasks were
incubated with 50 �M DCFH-DA in PBS in the dark for 30 min. Then
attached cells were exposed to sham or 7 Gy � radiation. After irradiation,
PBS was aspirated, cells were washed with PBS, detached with trypsin,
resuspended in medium, centrifuged for 5 min, resuspended in PBS, put
on ice, and assayed by FACS. In the third experimental scheme, attached
AA8 cells were trypsinized, resuspended in medium, centrifuged 5 min
at 17.2g, resuspended at 1 
 106/ml in 50 �M DCFH-DA in medium,
incubated for 30 min in the dark, exposed in suspension to � radiation,
put on ice, and read by FACS. In a variation of the third experimental
scheme, cells were resuspended in DCFH-DA dissolved in PBS as op-
posed to medium.

Measurement of Cellular Kinetics of DCFH-DA

The rate at which DCFH-DA, when incubated with cells, was removed
from the extracellular medium was measured as follows: 1 
 106 AA8
cells were incubated in 50 �M DCFH-DA dissolved in 1 ml PBS in the
dark. At times between 0.5–40 min, cells were filtered through 0.12 g of
Kimwipe (roughly one-fourth of a 11.4 
 21.5-cm Kimwipe) using a
3-ml syringe (BD); filtered DCFH-DA in PBS was collected in micro-
centrifuge tubes. Time 0 was established by filtering DCFH-DA in PBS
before mixture with cells. DCFH-DA was deacetylated to DCFH in vitro
by addition of 20 mM NaOH. DCFH was oxidized to DCF by exposing
microcentrifuge tubes to 10 Gy � rays, and three to five 100-�l aliquots
were dispensed into microwells of a 96-well plate (Corning). Fluores-
cence was measured using a Molecular Devices SpectraMax M5 micro-
plate reader with 485 nm excitation and 528 nm emission.

The rate at which DCF-DA is absorbed and deacetylated by cells was
measured as follows: 500 �M DCFH-DA dissolved in PBS was oxidized
in vitro to DCF-DA by exposure to 10 Gy � rays. Nonfluorescent DCF-
DA was added at 50 �M to 1 
 106 AA8 cells in 1 ml PBS and samples
were assayed by flow cytometry to quantify intracellular DCF fluores-
cence at 0.3–40 min. Time 0 was determined by reading endogenous
cellular 530 nm fluorescence just prior to addition of DCF-DA. In both
cases, probe concentration was kept at 50 �M to be consistent with other
experiments.

DCF Radiation Dose Response and Antioxidant Treatment

A variation of the third experimental scheme was used to quantify the
ROS dose response to � rays in AA8 cells. Upon reaching �80% con-
fluence in T-75 flasks, cells were detached with trypsin, resuspended in
medium, and centrifuged for 5 min at 17.2g. Cells were then resuspended
at 1 
 106/ml in 50 �M DCFH-DA in PBS and incubated in 5-ml tubes
for 20 min in the dark at room temperature. Cells were then exposed to
� radiation and put on ice, and DCF fluorescence was assayed by FACS
between 8–12 min after �-ray exposure. Experiments evaluating the effect
of antioxidants on radiation-induced ROS were done exactly as above
except that cells were incubated with either 10 �M ascorbic acid (Sigma)
or 100 �M N-acetyl-cysteine (NAC) (Sigma) in addition to DCFH-DA
for 20 min prior to and during � irradiation. Sham-irradiated cell cultures
were always run in parallel with �-irradiated samples.

Analysis of ROS in Bystander Cell Cultures

Upon reaching �80% confluence, AA8 and AA8-rfp cells were de-
tached with trypsin, resuspended separately in medium, and centrifuged
5 min at 17.2g. AA8 cells were resuspended at 2 
 106/0.5 ml in PBS
containing 1% BSA while AA8-rfp cells were resuspended at 2 
 106/
0.5 ml in 50 �M DCFH-DA in PBS supplemented with 1% BSA. Cells
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FIG. 1. Ionizing radiation-induced DCF fluorescence as determined by
flow cytometry for four different experimental methods. The number of
cells per fluorescent bin is plotted for sham-irradiated cells (�) and
7-Gy irradiated cells (�). Panel A: Attached cells were incubated with
DCFH-DA for 30 min, washed, collected, irradiated and assayed by
FACS. Panel B: Same as panel A except cells when collected were cen-
trifuged at weaker force. Panel C: Attached cells were incubated with
DCFH-DA for 30 min, irradiated, washed, collected and assayed by
FACS. Panel D: Attached cells were washed, collected, incubated with
DCFH-DA for 30 min, irradiated and assayed by FACS. The details of
each protocol are given in the Materials and Methods.

FIG. 2. Panel A: Amount of DCFH-DA remaining in medium after
incubation with AA8 cells. Points are means � SD for three or more
experiments. Panel B: The amount of DCF-DA absorbed by AA8 cells.
Points are means � SD for three independent measurements.

were incubated in parallel for 20 min in 5-ml tubes, after which AA8
cells were �-irradiated. Approximately 9 s after irradiation, AA8-rfp cells
were added and mixed with irradiated AA8 cells. Cells were incubated
together for 30 min, after which the DCF fluorescence of gated AA8-rfp
cells was assayed by FACS. Sham-irradiated AA8 cells were always run
in parallel with �-irradiated cells.

Statistical Analysis

Statistical analysis of paired measurements was done using the non-
parametric Wilcoxon signed rank test. KyPlot software was used for all
statistical analyses.

RESULTS

Optimization of DCF Flow Cytometry Assay

Three separate experimental schemes, each with multiple
variations, were used to find the procedure maximizing the
sensitivity of radiation-induced DCF fluorescence measured
by flow cytometry. In the first set of experiments, attached
cells were incubated with 50 �M DCFH-DA for 30 min,
after which DCFH-DA was washed off and cells were tryp-
sinized and resuspended in medium (to inactivate trypsin).
Cells were then centrifuged and resuspended in PBS, and
separate aliquots were sham-exposed or exposed to 7 Gy �
rays before being assayed by FACS. Such a procedure pro-
duced a very minor shift in fluorescence between irradiated
and sham-irradiated populations (Fig. 1A) of about 6 RFU
(relative fluorescence units). This was improved upon to an
extent when cells were incubated with DCFH-DA in PBS
rather than medium and when cells were centrifuged at the
lowest force able to pellet cells (17.2g). Under these con-
ditions, 7 Gy induced a shift of 17 RFU in DCF fluores-
cence compared to sham exposure (Fig. 1B).

In a second set of experiments, cells in PBS were incu-
bated with 50 �M DCFH-DA for 30 min while attached in
culture and were then exposed to � radiation in the presence
of DCFH-DA. Cells were then collected with trypsin, re-
suspended in medium, centrifuged and resuspended in PBS,
and assayed by FACS. This procedure (Fig. 1C) and its
variations resulted in a similar small shift in fluorescence
of �10 RFU.

In a third set of experiments, cultured AA8 cells were
detached and collected in medium, centrifuged and resus-
pended in medium containing 50 �M DCFH-DA for 30
min. Cells in suspension were then exposed to � radiation
and read by FACS. A greater increase in fluorescence was
observed than with the previous experimental schemes, but
a variation in which cells were incubated with DCFH-DA
in PBS rather than medium yielded an even greater increase
in cellular DCF fluorescence by 7 Gy (Fig. 1D). A method
to measure �-ray-induced DCF fluorescence was then de-
veloped from this experimental scheme to minimize arti-
facts that could arise from extracellular oxidation of DCFH
and DCFH-DA.
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FIG. 3. Ionizing radiation-induced DCF fluorescence as assayed by flow cytometry is using the optimized experimental conditions. A dose-dependent
shift in fluorescence can be seen for each radiation dose.

FIG. 4. Mean cellular ROS as measured by DCF fluorescence as a
function of radiation dose. Results are means � SD from five independent
measurements. ***P � 0.005; **P � 0.01; *P � 0.05.

Measurement of Kinetics of Cellular Uptake of
DCFH-DA

The experimental method that provided the most sensi-
tive measurement of DCF oxidation was used to determine
the kinetics of cellular DCFH-DA uptake. The rate at which
DCFH-DA is removed by cells from extracellular medium
was determined first. Cells were incubated with 50 �M
DCFH-DA in PBS, and at subsequent times the amount of
DCFH-DA remaining in the PBS was quantified by col-
lecting extracellular PBS, deacetylating the dissolved
DCFH-DA in vitro with 20 mM NaOH, oxidizing the re-
sultant DCFH with 10 Gy � rays, and measuring DCF fluo-
rescence with a microplate reader. The amount of DCF fluo-
rescence measured in extracellular PBS decreased rapidly
after incubation with cells (Fig. 2A). After 20 min, a drop
of greater than 80% in DCF fluorescence was measured,
indicating that most DCFH-DA is accumulated within cells

after a 20-min incubation. No further change was seen after
40 min.

The kinetics of the uptake of 2�7�-dichlorofluorescein di-
acetate (DCF-DA) was determined by measuring accumu-
lation within the cells. Like DCFH-DA, DCF-DA is non-
fluorescent and is permeable to cells, but when DCF-DA is
taken up in cells, deacetylation by cellular esterases con-
verts it into the fluorescent product DCF. Cells were incu-
bated with 50 �M DCF-DA in suspension, and intracellular
DCF fluorescence was measured at different times by flow
cytometry. DCF-DA accumulated rapidly and was deace-
tylated in cells (Fig. 2B). After 10 min, cellular DCF fluo-
rescence saturated and did not increase significantly at lon-
ger incubation times.

Measurement of Ionizing Radiation-Induced ROS

The optimized DCF flow cytometry method was used to
measure the dose response for ROS generated intracellu-
larly by ionizing radiation. AA8 cells in suspension were
incubated with DCFH-DA for 20 min prior to �-ray ex-
posure. Immediately after radiation exposure, cells were
placed in ice to slow down the normal oxidative metabolic
production of radicals, because cells on ice were found to
oxidize DCFH at a rate of 0.42 RFU/min compared to 1.68
RFU/min of cells at room temperature (data not shown).
FL1 fluorescence was assayed between 8–12 min after ra-
diation exposure. The histograms were fitted with the best-
fit Gaussian according to Eq. (1) (Fig. 3). The mean fluo-
rescence bin of the Gaussian, x0, fitted to each population
of irradiated cells was taken as the value of DCF fluores-
cence for that dose. A dose response in radiation-induced
DCF fluorescence was observed, and the lowest dose ob-
served to induce a significant increase was 10 cGy (Fig. 4).

Antioxidants were tested for their ability to reduce ra-
diation-induced intracellular oxidative stress. Cells were in-
cubated with 10 �M ascorbic acid or 100 �M NAC for 20
min before and during both sham and 5-Gy exposure. Both
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FIG. 5. The effects of incubation of cells with 10 �M ascorbic acid
(AA) and 100 �M N-acetyl-cysteine (NAC) on radiation-induced ROS.
Cells were cultured with antioxidants for 20 min prior to and during sham
irradiation or 5-Gy radiation exposure. Results are presented as changes
from control cells; means � SD from at least three independent mea-
surements.

FIG. 6. Panel A: DCFH was sham-irradiated or irradiated with 5 Gy
and then added to microwells containing cells in PBS or to control wells
with PBS but no cells. Fluorescence was measured using a microplate
reader. An increase in fluorescence was observed in wells with and with-
out cells when DCFH was irradiated. Panel B: DCFH was sham-irradiated
or irradiated with 5 Gy and added to cells in 5-ml tubes, and fluorescence
was measured by flow cytometry. No increase in fluorescence was ob-
served in cells incubated with irradiated DCFH, demonstrating that flow
cytometry can discriminate against DCFH oxidized extracellularly. Re-
sults are means � SD from at least three independent measurements.

ascorbic acid and NAC reduced the amount of DCF oxi-
dized by ionizing radiation as well as to that produced in
sham-irradiated cells through normal oxidative metabolism
(Fig. 5). Both of these observations are in agreement with
previous reports (20, 28) and serve as a validation of the
optimized DCF flow cytometry method.

The optimized DCF flow cytometry method was also
tested for its ability to discriminate between intracellular
and extracellular radiation-induced DCF fluorescence. Be-
cause the method involves irradiating cells in suspension in
the presence of DCFH-DA, DCFH may exist extracellularly
through either cellular leakage (29) or extracellular hydro-
lysis of DCFH-DA (30). Extracellular DCFH may be a tar-
get for radiation-induced fluorescence. DCFH was prepared
in vitro by 20 min incubation of 100 �M DCFH-DA with
20 mM NaOH. DCFH was oxidized by exposure to 5 Gy
� rays. When irradiated DCFH was added to microwells
(final concentration 50 �M), the DCF fluorescence was sig-
nificantly greater than for sham-irradiated DCFH (Fig. 6A).
This confirms that DCFH is oxidized to DCF by irradiation
in vitro (20). When irradiated DCFH was added to micro-
wells containing cells (�100,000 cells in 100 �l PBS, final
concentration of DCFH 50 �M), significantly more DCF
fluorescence was seen than for cells incubated with sham-
exposed DCFH. This suggests that microplate measure-
ments do not discriminate between extracellular and intra-
cellular DCF fluorescence. When irradiated DCFH was

added to cells and fluorescence was measured by flow cy-
tometry, no difference was observed between irradiated and
nonirradiated DCFH samples (Fig. 6B). This is presumably
due to the fact that extracellular DCF and DCFH do not
diffuse into cells (31).

Measurement of ROS in Bystander Cell Cultures

A mixed suspension system using AA8 and AA8-rfp
cells was developed to measure ROS generation in bystand-
er cell populations. AA8-rfp cells are distinguishable from
AA8 cells using flow cytometry by their red fluorescence
assayed on FL3 (670 nm).

AA8 cells were irradiated and 9 s afterward were mixed
with AA8-rfp cells preloaded for 20 min with DCFH-DA.
Mixed populations were incubated for 30 min, after which
DCF fluorescence in gated AA8-rfp cells was quantified.
Control experiments in which AA8-rfp cells were mixed
with sham-irradiated AA8 cells were run in parallel. The
difference in the fluorescence of AA8-rfp cells mixed with
irradiated cells compared to those mixed with control cells
was measured for doses of 50 cGy, 2 Gy and 10 Gy. These
results are tabulated in Table 1. Bystander cells showed no
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TABLE 1
Measurement of ROS in Bystander Cells

Dose �F (RFU)
Standard

deviation (RFU)
Independent

measurements P value

50 cGy 3.53 2.48 6 0.37
2 Gy 1.41 5.48 7 0.33

10 Gy 4.27 5.62 7 0.53

Notes. Nonirradiated AA8-rfp cells were mixed with irradiated AA8
cells 9 s after exposure and DCF fluorescence in AA8-rfp cells was as-
sayed 30 min later. Control experiments in which AA8-rfp cells were
mixed with sham-irradiated AA8 cells were run in parallel for each ex-
periment. �F is the difference in fluorescence of AA8-rfp cells mixed
with irradiated cells compared to AA8-rfp cells mixed with sham-irra-
diated cells. The P value was calculated using a Wilcoxon signed rank
test for paired data. No significant increase in DCF fluorescence in by-
stander cell populations was observed at any doses tested.

significant increase in DCF fluorescence when mixed with
irradiated cells for 30 min after irradiation with any of the
doses tested.

DISCUSSION

Here the DCFH method is adapted and refined for flow
cytometry measurement of radiation-induced ROS. Consis-
tent with other reports of the low sensitivity of measure-
ment of radiation-induced DCF fluorescence by flow cy-
tometry (21, 23), many experimental procedures tested here
yielded little measurable difference in cellular DCF fluo-
rescence between irradiated and control cell populations
(Fig. 1). Only when the measurement was make on cells in
suspension in the presence of DCFH-DA was a substantial
increase in radiation-induced DCF fluorescence observed.
Under these conditions, the assay was sensitive to 10 cGy
radiation, and the increase in radiation-induced intracellular
DCF fluorescence was found to correlate with dose up to
10 Gy.

The method for analyzing radiation-induced ROS pre-
sented here has both benefits and drawbacks in comparison
to other DCF-based methods. A comparison can be made
to the microwell plate method reported by Wan et al. (20)
and used later to quantify ROS induced by low- and high-
LET radiation (28, 32). This microwell method can detect
ROS induced by as few as 2 cGy, surpassing the 10-cGy
sensitivity observed here with flow cytometry. The micro-
well method is also completely immune to the artifact re-
sulting from extracellular oxidized DCFH-DA entering
cells because DCFH-DA is washed off cells prior to irra-
diation (20). A possible shortcoming of the microwell assay
reflects DCFH leakage. In certain cell lines, DCFH can leak
out of DCFU-DA-loaded cells into the extracellular medi-
um that lacks the probe (29, 33). This extracellular DCFH
can be oxidized by ROS induced by radiation (as shown in
Fig. 6A). Microwell plate analysis is unable to distinguish
such DCF fluorescence from DCF fluorescence occurring
intracellularly. The total fluorescence assayed in microwells
therefore does not accurately depict intracellular oxidation

events for cells that leak DCFH, especially those that do so
rapidly. When DCF fluorescence is scored by flow cytom-
etry, extracellular fluorescence is not measured (Fig. 6B).

The optimized flow cytometry method offers additional
benefits for measuring radiation-induced cellular DCF fluo-
rescence. The flow cytometry and microplate methods both
require a background subtraction correction to normalize
data, but the microwell method requires a cell type-specific
correction factor for cellular density (34) that is automati-
cally accounted for by flow cytometry, in which uniform
cell numbers are used in all measurements. Flow cytometry
is also uniquely suited for taking multiple measurements
with different fluorescent markers simultaneously across a
population of cells. The method reported here could be used
to correlate radiation-induced ROS with a number of other
biologically relevant end points reportable by nonoverlap-
ping fluorescent probes. Here, for example, flow cytometry
was used to measure rfp fluorescence concurrently with
DCF fluorescence to quantify ROS induction in bystander
cells.

Recent reports have indicated that the bystander effect
may be due at least in part to the transfer of ROS induced
in irradiated cells to neighboring unirradiated cells. Cells
cultured in vitro have been shown to exhibit an increased
rate of oxidative ROS production immediately after expo-
sure to radiation (20, 35); this effect was observed to last
for 3–4 min in CHO cells after exposure and to be depen-
dent on mitochondria in osteosarcoma cells (18). In an el-
egant experiment by Wang and Coderre, an increase in mi-
cronuclei was seen in bystander cells co-cultured during �-
particle exposure to irradiated cells; however, if an anti-
oxidant (DMSO) was added to medium during co-culture
exposure, the bystander phenotype was not seen. If by-
stander cells were added to �-particle-irradiated cells �1
min after exposure, no bystander effect was observed (9).
Thus it is reasonable to hypothesize that ROS produced by
irradiated cells may diffuse and oxidize in unirradiated by-
stander cells promptly after irradiation. Here we tested this
hypothesis using CHO cells, in which radiation bystander
effects have been observed previously (24–27).

We measured ROS levels by DCF fluorescence in by-
stander cells mixed with �-irradiated cells as quickly as
possible after exposure. AA8 cells in suspension were ex-
posed to � rays; 9 s after exposure, AA8-rfp cells were
added and the cells were cultured together for 30 min, at
which time DCF fluorescence was quantified in gated AA8-
rfp cells by FACS. The DCF fluorescence in bystander
AA8-rfp cells mixed with cells irradiated with 0.5, 2 or 10
Gy were the same as that in bystander cells mixed with
unirradiated cells. These results suggest that ROS generated
in irradiated CHO cells do not enter and/or induce ROS in
neighboring bystander cells between 9 s–30 min after ir-
radiation.

Due to the limitations of the irradiation device used here,
bystander cells could not be added to irradiated cultures
until 9 s after irradiation. Previous studies narrowed the
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time during which ROS could be implicated in the bystand-
er effect to �1 min after �-particle exposure (9). If ROS
mediate the bystander effect, they may be expressed for just
seconds after radiation exposure and thus would have been
undetectable in our experiments. It is also plausible that
ROS may partially mediate bystander effects within the
time frame measured here but that their effect is too small
to assay.

Care should be taken to avoid artifacts that can arise
from flow cytometry measurement of DCF fluorescence.
DCFH-DA can be photo-oxidized by UV and visible light
(36); thus incubation, irradiation and FACS measurement
should be done in the dark. ROS produced by normal ox-
idative metabolism can produce artifacts if DCF fluores-
cence is measured when the times after exposure are sig-
nificantly different; such artifacts can be minimized if sam-
ples are kept on ice after exposure and are assayed at as
nearly at the same time as possible (37). DCFH-DA present
in the medium can also be oxidized extracellularly to DCF-
DA after irradiation and then enter the cell to become fluo-
rescent after deacetylation to DCF (see Fig. 2B), conse-
quently providing a false measurement of intracellular ROS
events. Although artifact is minimal because DCFH-DA is
substantially more resistant to oxidation than the deacety-
lated DCFH (38), cells here were irradiated only after they
had been fully loaded with DCFH-DA substrate. After 20
min of incubation, over 80% of extracellular DCFH-DA
was absorbed by AA8 cells (Fig. 2A), and between 20 and
40 min of DCF-DA incubation, no additional DCF-DA ac-
cumulated intracellularly (Fig. 2B). Although substrate dif-
fusion is likely dependent on concentration and cell type,
the DCFH-DA loading kinetics measured here correlates
well with previous reports that intracellular DCFH-DA con-
centration stabilized after 10 min in cardiomyocytes (39)
and 15 min in endothelial cell cultures (29), and that the
concentration remained stable for over 1 h. To avoid arti-
facts, cells in suspension with DCFH-DA should not be
exposed to radiation prior to substrate saturation.

When using flow cytometry to analyze ROS fluorescence
using the DCF method, care must be taken to avoid con-
ditions that lead to probe leakage (29, 33). DCFH and DCF
are most likely to leak from cells if the cells are washed
after DCFH-DA incubation with fresh medium not contain-
ing the probe. Interestingly, the experimental variations
tested here that resulted in low radiation-induced DCF fluo-
rescence (Fig. 1 A–C) and the previous studies that failed
to demonstrate sensitive radiation-induced ROS measure-
ment using FACS (21–23) were done using conditions most
susceptible to probe leakage. A recent report (37) was high-
ly critical of studies using DCFH-DA for quantifying intra-
cellular radicals formed by radiation, especially the studies
of Wan et al. (20, 28, 32, 34), and proposed that the DCF
method is subject to an artifact due to an influx of extra-
cellularly generated hydrogen peroxides after irradiation.
We subsequently sought to measure the contribution of this
artifact hypothesized by Korystov et al. (37) and found that

its contribution to DCF fluorescence in CHO cells is neg-
ligible (40).

Additional assay refinements may increase sensitivity in
both low and high dose ranges outside those tested here.
The assay’s sensitivity to low-dose radiation can be in-
creased through normal optimization of cytometry, such as
decreased cell flow rate and increased excitement laser in-
tensity, which offer more sensitive fluorescence measure-
ment [for review, see ref. (41)]. However, simple cell-size
gating also may increase the sensitivity of the assay. Cells
contain varying amounts of fluorescent probe based on cell
size (42); this leads to a broadening of the DCF fluores-
cence Gaussian when cells are measured by FACS. Because
resolution and thus sensitivity worsen with increased
FWHM (43), both can be improved by gating cells for size
when scoring DCF fluorescence. In our studies, DCF fluo-
rescence correlated well with dose between 5 cGy and 10
Gy, but the response was not linear (Fig. 4). This response
is consistent with the probe saturation inherent in detection
systems that contain a finite number of probes (44, 45).
Whereas the dynamic range under the current conditions
likely extends beyond 10 Gy, the effects of probe saturation
at higher doses can be offset by increasing the concentra-
tion of DCFH-DA, which was previously used successfully
in vitro up to at least 200 �M (46, 47).

Here the DCFH method has been adapted for measure-
ment of radiation-induced ROS using flow cytometry. An
optimized method detected low-LET radiation-induced
ROS at doses as low as 10 cGy. The antioxidants ascorbic
acid and NAC abrogated radiation-induced oxidative stress
when present during cellular radiation exposure. This flow
cytometry method is both sensitive to radiation-induced
ROS and capable of simultaneously taking other fluores-
cence measurements in relation to DCF fluorescence. This
is demonstrated in bystander co-culture experiments in
which DCF fluorescence was measured in unirradiated
AA8-rfp cells mixed with irradiated AA8 cells. We suggest
that this flow cytometry method is useful for correlating
radiation-induced intracellular oxidative stress in cells with
other end points reportable by fluorescent markers.

ACKNOWLEDGMENTS

KH was partially funded by a National Institute of Biomedical Imaging
and Bioengineering training grant. This research was supported in part
by project 1 to RHS of NIH grant 1 U19 AI 67769-01 to William
McBride.

Received: August 31, 2007; accepted: November 2, 2007

REFERENCES

1. A. Ito, H. Nakano, Y. Kusano, R. Hirayama, Y. Furusawa, C. Mu-
rayama, T. Mori, Y. Katsumura and K. Shinohara, Contribution of
indirect action to radiation-induced mammalian cell inactivation: De-
pendence on photon energy and heavy-ion LET. Radiat. Res. 165,
703–712 (2006).

2. R. W. Gracy, J. M. Talent, Y. Kong and C. C. Conrad, Reactive

Downloaded From: https://complete.bioone.org/journals/Radiation-Research on 20 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



467TECHNICAL ADVANCE

oxygen species: the unavoidable environmental insult? Mutat. Res.
428, 17–22 (1999).

3. J. Dahm-Daphi, C. Sass and W. Alberti, Comparison of biological
effects of DNA damage induced by ionizing radiation and hydrogen
peroxide in CHO cells. Int. J. Radiat. Biol. 76, 67–75 (2000).

4. S. J. Flora, Role of free radicals and antioxidants in health and dis-
ease. Cell Mol. Biol. (Noisy-le-grand) 53, 1–2 (2007).

5. D. J. Grdina, J. S. Murley, Y. Kataoka, D. Zhou and T. M. Seed,
Radioprotectors: Current status and new directions. Radiat. Res. 163,
704–705 (2005).

6. K. Bracht, M. Liebeke, C. A. Ritter, R. Grunert and P. J. Bednarski,
Correlations between the activities of 19 standard anticancer agents,
antioxidative enzyme activities and the expression of ATP-binding
cassette transporters: comparison with the National Cancer Institute
data. Anticancer Drugs 18, 389–404 (2007).

7. P. K. Narayanan, E. H. Goodwin and B. E. Lehnert, Alpha particles
initiate biological production of superoxide anions and hydrogen per-
oxide in human cells. Cancer Res. 57, 3963–3971 (1997).

8. B. E. Lehnert, E. H. Goodwin and A. Deshpande, Extracellular fac-
tor(s) following exposure to alpha particles can cause sister chromatid
exchanges in normal human cells. Cancer Res. 57, 2164–2171
(1997).

9. R. Wang and J. A. Coderre, A bystander effect in alpha-particle ir-
radiations of human prostate tumor cells. Radiat. Res. 164, 711–722
(2005).

10. K. Otsuka, T. Koana, H. Tauchi and K. Sakai, Activation of antiox-
idative enzymes induced by low-dose-rate whole-body gamma irra-
diation: Adaptive response in terms of initial DNA damage. Radiat.
Res. 166, 474–478 (2006).

11. C. V. Ramana, I. Boldogh, T. Izumi and S. Mitra, Activation of apu-
rinic/apyrimidinic endonuclease in human cells by reactive oxygen
species and its correlation with their adaptive response to genotox-
icity of free radicals. Proc. Natl. Acad. Sci. USA 95, 5061–5066
(1998).

12. J. L. Redpath and M. Gutierrez, Kinetics of induction of reactive
oxygen species during the post-irradiation expression of neoplastic
transformation in vitro. Int. J. Radiat. Biol. 77, 1081–1085 (2001).

13. C. Laurent, J. P. Pouget and P. Voisin, Modulation of DNA damage
by pentoxifylline and alpha-tocopherol in skin fibroblasts exposed to
gamma rays. Radiat. Res. 164, 63–72 (2005).

14. R. E. Rugo and R. H. Schiestl, Increases in oxidative stress in the
progeny of X-irradiated cells. Radiat. Res. 162, 416–425 (2004).

15. A. Gomes, E. Fernandes and J. L. Lima, Fluorescence probes used
for detection of reactive oxygen species. J. Biochem. Biophys. Meth-
ods 65, 45–80 (2005).

16. C. P. LeBel, H. Ischiropoulos and S. C. Bondy, Evaluation of the
probe 2�,7�-dichlorofluorescin as an indicator of reactive oxygen spe-
cies formation and oxidative stress. Chem. Res. Toxicol. 5, 227–231
(1992).

17. H. Yang, N. Asaad and K. D. Held, Medium-mediated intercellular
communication is involved in bystander responses of X-ray-irradi-
ated normal human fibroblasts. Oncogene 24, 2096–2103 (2005).

18. J. K. Leach, G. Van Tuyle, P. S. Lin, R. Schmidt-Ullrich and R. B.
Mikkelsen, Ionizing radiation-induced, mitochondria-dependent gen-
eration of reactive oxygen/nitrogen. Cancer Res. 61, 3894–3901
(2001).

19. Y. Takada, M. Hachiya, S. H. Park, Y. Osawa, T. Ozawa and M.
Akashi, Role of reactive oxygen species in cells overexpressing man-
ganese superoxide dismutase: mechanism for induction of radioresis-
tance. Mol. Cancer Res. 1, 137–146 (2002).

20. X. S. Wan, Z. Zhou and A. R. Kennedy, Adaptation of the dichlo-
rofluorescein assay for detection of radiation-induced oxidative stress
in cultured cells. Radiat. Res. 160, 622–630 (2003).

21. M. T. Park, M. J. Kim, Y. H. Kang, S. Y. Choi, J. H. Lee, J. A. Choi,
C. M. Kang, C. K. Cho and S. Kang, Phytosphingosine in combi-
nation with ionizing radiation enhances apoptotic cell death in radi-
ation-resistant cancer cells through ROS-dependent and -independent
AIF release. Blood 105, 1724–1733 (2005).

22. M. Hachiya and M. Akashi, Catalase regulates cell growth in HL60
human promyelocytic cells: evidence for growth regulation by H2O2.
Radiat. Res. 163, 271–282 (2005).

23. Y. Kubota, S. Takahashi, H. Sato and K. Suetomi, Radiation-induced
apoptosis in peritoneal resident macrophages of C3H mice: selective
involvement of superoxide anion, but not other reactive oxygen spe-
cies. Int. J. Radiat. Biol. 81, 459–472 (2005).

24. H. Nagasawa and J. B. Little, Induction of sister chromatid exchanges
by extremely low doses of alpha-particles. Cancer Res. 52, 6394–
6396 (1992).

25. L. Huo, H. Nagasawa and J. B. Little, HPRT mutants induced in
bystander cells by very low fluences of alpha particles result pri-
marily from point mutations. Radiat. Res. 156, 521–525 (2001).

26. G. Kashino, K. M. Prise, K. Suzuki, N. Matsuda, S. Kodama, M.
Suzuki, K. Nagata, Y. Kinashi and S. I. Masunaga, Effective sup-
pression of bystander effects by DMSO treatment of irradiated CHO
cells. J. Radiat. Res. 48, 327–333 (2007).

27. G. Schettino, M. Folkard, K. M. Prise, B. Vojnovic, K. D. Held and
B. D. Michael, Low-dose studies of bystander cell killing with tar-
geted soft X rays. Radiat. Res. 160, 505–511 (2003).

28. X. S. Wan, J. H. Ware, Z. Zhou, J. J. Donahue, J. Guan and A. R.
Kennedy, Protection against radiation-induced oxidative stress in cul-
tured human epithelial cells by treatment with antioxidant agents. Int.
J. Radiat. Oncol. Biol. Phys. 64, 1475–1481 (2006).

29. J. A. Royall and H. Ischiropoulos, Evaluation of 2�,7�-dichloroflu-
orescin and dihydrorhodamine 123 as fluorescent probes for intra-
cellular H2O2 in cultured endothelial cells. Arch Biochem. Biophys.
302, 348–355 (1993).

30. J. P. Robinson, L. H. Bruner, C. F. Bassoe, J. L. Hudson, P. A. Ward
and S. H. Phan, Measurement of intracellular fluorescence of human
monocytes relative to oxidative metabolism. J. Leukoc. Biol. 43,
304–310 (1988).

31. D. A. Bass, J. W. Parce, L. R. Dechatelet, P. Szejda, M. C. Seeds and
M. Thomas, Flow cytometric studies of oxidative product formation
by neutrophils: a graded response to membrane stimulation. J. Im-
munol. 130, 1910–1917 (1983).

32. X. S. Wan, P. Bloch, J. H. Ware, Z. Zhou, J. J. Donahue, J. Guan, J.
Stewart and A. R. Kennedy, Detection of oxidative stress induced by
low- and high-linear energy transfer radiation in cultured human ep-
ithelial cells. Radiat. Res. 163, 364–368 (2005).

33. G. A. Sawada, T. J. Raub, D. E. Decker and S. E. Buxser, Analytical
and numerical techniques for the evaluation of free radical damage
in cultured cells using scanning laser microscopy. Cytometry 25,
254–262 (1996).

34. X. S. Wan, Z. Zhou, J. H. Ware and A. R. Kennedy, Standardization
of a fluorometric assay for measuring oxidative stress in irradiated
cells. Radiat. Res. 163, 232–240 (2005).

35. O. Micke, A. Haidenberger, T. Auer, S. Egger, M. H. Seegenschmiedt,
P. Hengster and A. F. Devries, Irradiation causes biphasic neutrophilic
granulocyte phagocytic function. Strahlenther. Onkol. 181, 313–318
(2005).

36. P. Bilski, A. G. Belanger and C. F. Chignell, Photosensitized oxida-
tion of 2�,7�-dichlorofluorescin: singlet oxygen does not contribute
to the formation of fluorescent oxidation product 2�,7�–dichloroflu-
orescein. Free Radic. Biol. Med. 33, 938–946 (2002).

37. Y. N. Korystov, V. V. Shaposhnikova, A. F. Korystova and M. O.
Emel’yanov, Detection of reactive oxygen species induced by radi-
ation in cells using the dichlorofluorescein assay. Radiat. Res. 168,
226–232 (2007).

38. M. G. Bonini, C. Rota, A. Tomasi and R. P. Mason, The oxidation
of 2�,7�-dichlorofluorescin to reactive oxygen species: a self-fulfilling
prophecy? Free Radic. Biol. Med. 40, 968–975 (2006).

39. L. M. Swift and N. Sarvazyan, Localization of dichlorofluorescin in
cardiac myocytes: implications for assessment of oxidative stress.
Am. J. Physiol. Heart Circ. Physiol. 278, H982–990 (2000).

40. K. Hafer, T. Konishi and R. H. Schiestl, Radiation-induced long-lived
extracellular radicals do not contribute to measurement of intracel-
lular reactive oxygen species using the dichlorofluorescein method.
Radiat. Res. 000, 000–000 (2008).

Downloaded From: https://complete.bioone.org/journals/Radiation-Research on 20 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



468 TECHNICAL ADVANCE

41. J. L. Collier, Flow cytometry and the single cell in phycology. J.
Phycol. 26, 628–644 (2000).

42. P. O. Krutzik and G. P. Nolan, Fluorescent cell barcoding in flow
cytometry allows high-throughput drug screening and signaling pro-
filing. Nat. Methods 3, 361–368 (2006).

43. J. A. Sorenson and M. E. Phelps, Physics in Nuclear Medicine, 2nd
ed. Grune & Stratton, Orlando, 1987.

44. A. Hassibi, H. Vikalo and A. Hajimiri, On noise processes and limits
of performance in biosensors. J. Appl. Phys. 102, 014909 (2007).

45. R. S. Hansen, Modeling of the nonlinear response of the intrinsic
HgCdTe photoconductor by a two-level rate equation with a finite

number of carriers available for photoexcitation. Appl. Optics 42,
4819–4826 (2003).

46. M. Taglialatela, P. Castaldo, S. Iossa, A. Pannaccione, A. Fresi, E.
Ficker and L. Annunziato, Regulation of the human ether-a-gogo
related gene (HERG) K� channels by reactive oxygen species. Proc.
Natl. Acad. Sci. USA 94, 11698–11703 (1997).

47. T. Arai, S. A. Kelly, M. L. Brengman, M. Takano, E. H. Smith, P. J.
Goldschmidt-Clermont and G. B. Bulkley, Ambient but not incre-
mental oxidant generation effects intercellular adhesion molecule 1
induction by tumour necrosis factor a in endothelium. Biochem. J.
331, 853–861 (1998).

Downloaded From: https://complete.bioone.org/journals/Radiation-Research on 20 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use


