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Time-Dependent Interactions of Oxidant-Sensitive
Fluoroprobes with Inhibitors of Cellular Metabolism
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SUMMARY: We tested three oxidant sensitive fluoroprobes (dihydrorhodamine [DHR], 2',7'-dichlorodihydrofluorescein [H,DCF],
and dihydroethidium [DHE]) for interactions with three inhibitors of mitochondrial electron transport. DHR, H,DCF, and DHE
produced large time-dependent increases in fluorescence in a cell-free medium that contained either of the site Il inhibitors
antimycin (A) and 2-heptyl-4-hydroxy-quinoline-N-oxide but minimal increases in medium that contained another site Il inhibitor,
myxothiazol (Mx). The interactions between A and each of the fluoroprobes occurred at concentrations of agent/probe that are
frequently used in experiments designed to investigate cellular oxidant production. To define more effectively the nature of these
agent/probe interactions, we determined the oxygen dependence of the interactions between A and each probe. The A/H,DCF
and A/DHR interactions either were highly oxygen-dependent or exhibited a small degree of oxygen dependence, respectively,
whereas the A/DHE interaction was oxygen-independent. Finally, we determined multiple ways to reduce the impact of the
agent/probe interaction on data acquisition. The addition of either fetal bovine serum (10%) or albumin (5%) to the media
abolished the A/DHR and A/H,DCF interactions. Shifting the excitation wavelength of DHE (from 470 to 530 nm) reduced
measurement of the A/DHE interaction while preserving measurement of the intracellular signal. Collectively, these results
emphasize the importance of testing for interactions between agents and probes, because these interactions can interfere with
the accurate interpretation of experimental results. In addition, the methods presented for circumventing these interactions may
be applicable to other experiments in which agent/probe interactions are an obstacle to accurate interpretation of the

experimental results. (Lab Invest 2003, 83:367-375).

he role of reactive oxygen species (ROS) or

reactive nitrogen species in normal cellular me-
tabolism and cell injury is an active area of research.
Recent work has demonstrated a link between oxidant
production and signal transduction as a part of normal
cell function (Lander, 1997). Oxidant production is also
a part of a variety of different pathologic conditions,
including cell senescence (Bindokas et al, 1996; Zhu
et al, 1994), ischemia/reperfusion injury, and hypoxia/
reoxygenation (Bindokas et al, 1996; Dawson et al,
1993; Zulueta et al, 1997). Oxidants have the potential
to react with many cellular molecules, including amino
acids, proteins, nucleic acids, and the lipid compo-
nents of the plasma membrane (Dawson et al, 1993;
Lander, 1997).

Significant progress in the field of ROS/reactive
nitrogen species research was made with the devel-
opment of oxidant-sensitive fluoroprobes. These
probes are frequently used for the measurement of
oxidant production in living cells or organ systems (Al
Mehdi et al, 1997; Bindokas et al, 1996; Carter et al,
1994; Dawson et al, 1993; Hempel et al, 1999; Royall
and Ischiropoulos, 1993; Zulueta et al, 1997). This
methodology involves the use of chemically reduced
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forms of parent dyes that are typically nonfluorescent
or weakly fluorescent in the absence of oxidants but that
are converted to fluorescent metabolites in the presence
of oxidants. Three commonly used fluoroprobes for this
purpose are 2',7'-dichlorodihydrofluorescein diacetate
(H,DCF-DA), dihydrorhodamine 123 (DHR), and dihy-
droethidium (DHE). These probes have been widely
used to measure oxidant production in living cells
and/or isolated perfused organ systems under a vari-
ety of different circumstances using flow cytom-
etry(Carter et al, 1994; Garcia-Ruiz et al, 2000), fluo-
rescence microscopy (Al Mehdi et al, 1997; Bindokas
et al, 1996; Hempel et al, 1999; Zulueta et al, 1997),
microplate fluorimetry (Zulueta et al, 1997), and spec-
trofluorimetry (Dawson et al, 1993; Garcia-Ruiz et al,
2000; Royall and Ischiropoulos, 1993).

Recent work used these probes to investigate the
effect of inhibition of mitochondrial electron transport
on intracellular oxidant production in different cell
lines: U937 cells (Brambilla and Cantoni, 1998), rat
hepatocytes (Dawson et al, 1993), and cortical neu-
rons (Dugan et al, 1995). During our own experiments
in this area, we observed interactions between several
of the metabolic inhibitors and the fluoroprobes. This
observation highlighted the problem of a possible
interaction between a probe and other reagents used
in an experiment. Interactions between agents and
oxidant-sensitive probes in cell culture media have
been previously reported (Benov et al, 1998; Cathcart
et al, 1983; Hempel et al, 1999; Kalinich et al, 1997;
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Marchesi et al, 1999; Martin et al, 1998; Rota et al,
1999; Zhu et al, 1994). This problem is particularly
relevant to work with oxidant-sensitive probes be-
cause of previous work demonstrating that optimal
probe retention requires the presence of the probe in
the medium during the experiment (Royall and Ischi-
ropoulos, 1993).

The present results extend previous work on agent/
probe interactions in the following ways. First, they
demonstrate for the first time the presence of a
time-dependent interaction between three oxidant-
sensitive probes and several inhibitors of the mito-
chondrial electron transport chain. Second, these re-
sults provide insight into the mechanisms of these
interactions. Third, we present several useful ap-
proaches for minimizing these interactions in experi-
mental protocols. The significance of testing for and
attempting to reduce or eliminate these interactions is
that they can lead to artifacts that are easily confused
with intracellular oxidant production and interfere with
the accurate interpretation of the experimental results.

Results

The addition of antimycin (A, 20 wg/mL) and 2-deoxy-
p-glucose (D, 10 mwv) to cell-free medium that con-
tained DHR (1 um) produced a large increase in
medium fluorescence over 2 hours (Fig. 1). The fluo-
rescent signal increased gradually over the course of
the experiment and did not reach a plateau at the end
of the 2-hour measurement period. In contrast, there
was no increase in fluorescence in cell-free media that
contained DHR (1 uwm) in the absence of A/D, demon-
strating that the interaction between the metabolic
inhibitor(s) and the probe occurred in the medium. In
the absence of D, cell-free media that contained A and
DHR demonstrated the same response as illustrated
in Figure 1 (data not shown). Similarly, in the absence
of A/D, there was no increase in fluorescence in
DHR-loaded cells. The magnitude of the increase in
medium fluorescence in medium that contained DHR,
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Figure 1.

Antimycin (A) interacts with DHR in cell-free media, producing a time-
dependent increase in fluorescence. Dihydrorhodamine (DHR; 1 um) was
added to minimal essential media (MEM) in the absence or presence of
A/2-deoxy-p-glucose (D; 20 wg/ml; 10 mm); the solutions were then added to
the wells of a 96-well plate as cell-free media or to wells that contained media
and confluent human pulmonary artery endothelial cells; n = 6 wells;
fluorescence was monitored for 2 hours at excitation/emission wavelengths of
485 nm/530 nm, respectively.
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DHR-loaded cells, and A/D was ~50% of the increase
observed in cell-free medium that contained DHR and
A/D. Figure 2 illustrates the effects of varying doses of
A (0.1 to 20 pg/ml) with a fixed dose of D (10 mwm) on
fluorescence in cell-free media in the presence of
DHR. There was an increase in the magnitude of
media fluorescence as the A concentration increased
to 1 ug/ml. There was no significant additional in-
crease in media fluorescence with the higher doses of
A.

Collectively, the data in Figures 1 and 2 demon-
strate the presence of a time-dependent interaction in
media that contain A and DHR. The increase in media
fluorescence required the simultaneous presence of
both A and DHR. These findings demonstrate that the
increase in media fluorescence observed in the pres-
ence of A/D and DHR was not due to A alone, an
interaction between A and some other component of
the media, or spontaneous oxidation of DHR in the
media. A qualitatively similar time- and dose-dependent
agent/probe interaction was observed with DHR and
2-heptyl-4-hydroxy-quinoline-N-oxide (HQNO), another
site lll inhibitor (data not shown). We also observed a
minimal increase in fluorescence in medium that con-
tained DHR and another site Il inhibitor, myxothiazol
(Mx) and D (10 pm; 10 mm). Unlike the interaction of
DHR with A/D, the increase in medium fluorescence
observed with DHR and Mx/D was minimally time-
dependent (data not shown).

In a similar manner, we monitored the interaction of
H,DCF-DA with the same metabolic inhibitors. There
was no increase in fluorescence in cell-free medium
that contained H,DCF-DA (5 um) and A/D (20 pg/ml;
10 mm; Fig. 3). In contrast, the active form of the
probe, H,DCF (5 um), produced a time-dependent
increase in medium fluorescence in the presence of
A/D (20 pg/ml; 10 mm), similar to DHR. H,DCF alone in
solution demonstrated a small increase in medium
fluorescence over 2 hours, suggesting a small degree
of spontaneous probe oxidization during the experi-
ment. The increase in media fluorescence with A/D
and H,DCF also demonstrated a dependence on the
dose of A (data not shown). The response of H,DCF to
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Figure 2.

The interaction of A with DHR in cell-free media is maximal at a dose of 1
wng/ml A. DHR (1 um) was incubated with D (10 mm) and increasing doses of
A (0.1 to 20 wg/ml); n = 6 wells.
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Incubation of A with 2',7'-dichlorodihydrofluorescein (H,DCF) but not
H,DCF-DA increases media fluorescence. H,DCF-DA (5 um) or its active,
de-esterified form, H,DCF (5 wm), was incubated in the absence or presence
of A/D (20 pg/ml; 10 mm); n = 6 wells; fluorescence was monitored for 2
hours at excitation/emission wavelengths of 485 nm/530 nm, respectively.

HQNO and Mx was qualitatively similar to the results
with DHR (data not shown).

In separate experiments, we monitored the same
agent/probe interactions with DHE. DHE alone in
cell-free medium demonstrated a small increase in
fluorescence over time, like H,DCF, suggesting some
spontaneous oxidation of the probe to its fluorescent
metabolite, ethidium (Fig. 4). Addition of A/D (0.1 to 20
ng/mi/10 mwm) to cell-free medium that contained DHE
(5 um) produced a time-dependent increase in fluores-
cence, similar to the pattern observed with DHR and
H,DCF. This response did not occur below 10 ug/ml
of A. DHE also demonstrated similar interactions with
the other metabolic inhibitors (HQNO, Mx), as ob-
served with DHR and H,DCF (data not shown).

DHE and DHR are used by monitoring the accumu-
lation of their fluorescent metabolites, ethidium and
rhodamine 123, respectively, in the presence of oxi-
dants. We determined whether the interaction of A
with each probe occurred with the parent probe, or the
oxidized metabolite (Fig. 5). We compared the inter-
action of A (20 nwg/mL) with each probe (DHR, 1 uwm;
DHE, 5 uwm) or with their oxidized products (R123, 1
um; EtBr, 5 um), respectively. Ethidium bromide (EtBr)
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Figure 4.

Fluorescence is produced by the incubation of DHE with doses of A of 10
ng/ml or greater. Dihydroethidium (DHE; 5 um) was incubated with varying
doses of A (0.1 to 20 pg/ml) and D (10 mm); n = 4 wells.

Inhibitor/Probe Interactions
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Figure 5.

Ainteracts with DHR and with the product of DHE oxidation (ethidium). A, DHR
(1 um) and R123 (1 wm) were incubated in the absence or presence of A (20
ng/ml); n = 6 wells; fluorescence was monitored for 2 hours at excitation/
emission wavelengths of 485 nm/530 nm, respectively; * p < 0.001 versus
DHR. B, DHE (5 wum) and ethidium bromide (EtBr; 5 um) were incubated in the
absence or presence of A (20 ng/ml); n = 6 wells; fluorescence was monitored
for 2 hours at excitation/emission wavelengths of 470 nm/610 nm, respec-
tively; * p < 0.001 versus DHE; ** p < 0.001 versus EtBr.

was chosen to represent the oxidized molecule of
DHE because it is a readily available form of ethidium.

Incubation of R123 with A in cell-free medium for 2
hours produced no change in media fluorescence,
compared with R123 alone. In contrast, incubation of
DHR with A led to a 40-fold increase in the signal over
the level observed with DHR alone (Fig. 5A), suggest-
ing that the increase in medium fluorescence is a
direct result of an interaction between DHR and A. In
contrast, medium fluorescence increased ~100% in
the presence of A and either DHE or EtBr, compared
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with the signal obtained with DHE or EtBr alone (Fig.
5B). The wavelength settings in this experiment were
set to monitor only generation of ethidium. Therefore,
these results suggest that the major source of media
fluorescence is the interaction of A with ethidium.

The oxygen dependence of the agent/probe inter-
actions was determined by incubating each probe for
1 hour under normoxic or hypoxic conditions in the
absence or presence of A, followed by measurement
of the magnitude of the signal in the cell-free medium
under each condition (Table 1). Under normoxic con-
ditions, agent/probe interactions were again evident,
noted by the increase in media fluorescence in nor-
moxic cell-free media that contained A/probe above
the level observed in media that contained probe
alone. Spontaneous oxidation of H,DCF and DHE was
significantly reduced in hypoxic medium, noted by the
decrease in the magnitude of the fluorescent signal
under these conditions, compared with signal in nor-
moxic medium containing probe. The agent/probe
interaction with A and H,DCF was abolished under
hypoxic conditions, as indicated by the lack of a
significant increase in media fluorescence in hypoxic
media that contained A/probe, compared with media
that contained probe alone. Similarly, the agent/probe
interaction with A/DHR was greatly attenuated under
hypoxic conditions. There was only a small (~31%)
increase in medium fluorescence in hypoxic medium
that contained A/DHR, compared with medium that
contained DHR alone. In contrast, under normoxic
conditions, A/DHR produced a 131% increase in
media fluorescence, compared with media that con-
tained DHR alone. In contrast to the oxygen depen-
dence of the interactions of A with either H,DCF or
DHR, the A/DHE interaction was oxygen-independent.
There was a similar increase in media fluorescence
under both normoxic and hypoxic conditions.

We investigated several ways to reduce or eliminate
agent/probe interactions. Addition of varying concen-
trations of either fetal bovine serum (5%, 10%) or
albumin (5%) to cell-free media that contained A/D (20
pg/ml; 10 mm) and either DHR (1 wm) or H,DCF (5 um)
markedly reduced media fluorescence (Fig. 6). Albu-
min was more effective in reducing medium fluores-
cence with DHR than FBS (Fig. 6A). Both FBS (10%)
and albumin (5%) reduced media fluorescence below
the level observed with H,DCF alone (Fig. 6B).
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Figure 6.

FBS and albumin inhibit the interaction between A and DHR or H,DCF. A, DHR
(1 um) and A/D (20 pg/ml; 10 mm) were incubated in MEM that contained 5%
to 10% FBS or 5% albumin; n = 4 wells; * p < 0.001 versus DHR/A/D. B,
H,DCF (5 um) and A/D (20 wg/ml; 10 mm) were incubated in MEM that
contained 10% FBS, or in the presence of 5% albumin; n = 4 wells;
fluorescence was monitored for 2 hours at excitation/emission wavelengths of
485 nm/530 nm, respectively; * p < 0.001 versus H,DCF/A/D.

The second approach to reducing agent/probe in-
teractions involved adjusting the excitation settings
used with DHE. Investigators have used several differ-
ent excitation wavelengths (475 to 530 nm) with an
emission wavelength at 610 nm when using this probe
(Al Mehdi et al, 1997; Benov et al, 1998; Bindokas et
al, 1996; Carter et al, 1994). Therefore, we performed
a series of excitation/emission scans to determine the
optimal excitation settings in our hands. The emission
scan always demonstrated a broad peak at ~610 nm
(data not shown). Therefore, this wavelength setting
was not altered; all excitation scans were performed
using an emission wavelength of 610 nm. In contrast,
the excitation scans revealed differences in the spec-

Table 1. The A/Probe Interaction Is Oxygen-Dependent for H,DCF and DHR but Oxygen-Independent for DHE

Normoxia Normoxia Normoxia Hypoxia Hypoxia
(Media alone) (Probe) (A/Probe) (Probe) (A/Probe)
H,DCF: (5 uM) 3.0=01 100.5 = 3.3 178.1 = 0.27 46.4 + 2.4° 379+0.6
DHR: (1 wlM) 109 +0.2 62.2 = 0.7 142.9 = 557 551 +11 723 =1.7°
DHE: (5 M) 1.4 +0.03 2.9 =0.02 3.8 = 0.04¢ 2.0 +0.02° 3.0 = 0.05°

Fluorescence was monitored after a 1-hour incubation under the following experimental conditions. Normoxia, solutions that contained probe or A/probe exposed
to room air; hypoxia, solutions that contained probe or A/probe bubbled with argon before and during incubation; the data are expressed in relative fluorescent units
under each experimental condition; wavelengths settings for each probe: H,DCF-DA, DHR, excitation 485 nm/emission 530 nm; DHE, excitation 470 nm/emission 610

nm; n = 5-6 wells of a 96-well plate for each condition.
2p < 0.0001 versus normoxia (probe).
b'p < 0.0001 versus normoxia (probe).
¢p < 0.0001 versus hypoxia (probe).
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tral characteristics of DHE in medium alone versus
when DHE was loaded into cells (Fig. 7A). DHE alone
in solution demonstrated a broad peak extending from
excitation wavelengths 460 to 520 nm. In cell-free
medium that contained DHE and A, there was a similar
peak at wavelengths 460 to 520 nm, which repre-
sented ~100% increase in the magnitude of the signal
with DHE alone. The difference between the signals
under these conditions represented the agent/probe
interaction. The magnitude of this difference in signal
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Figure 7.

Altering the excitation wavelength of DHE reduces the contribution of media
fluorescence to the measured fluorescent signal. A, Excitation scans over the
range of 400 to 550 nm were performed after a 2-hour incubation of DHE (5
um) in the absence or presence of A/D (20 wg/ml; 10 mm), either in cell-free
media or in DHE-loaded cells; fluorescence was monitored at an emission
wavelength of 610 nm; n = 4 wells. B and C, DHE (5 uwm) was incubated for
2 hours in the absence or presence of A/D (20 pg/ml; 10 mw), either in
cell-free media or in DHE-loaded cells; fluorescence was monitored at two
excitation wavelengths: either 470 nm or 530 nm for B or C, respectively, with
an emission wavelength of 610 nm; n = 4 to 8 wells.

Inhibitor/Probe Interactions

strength (DHE alone versus A/DHE) became smaller at
excitation wavelengths > 520 nm.

In contrast to the results with cell-free media, DHE-
loaded cells demonstrated a more narrow range for
the peak signal, which extended from excitation wave-
lengths 500 to 520 nm. The magnitude of this signal
was larger than the signal observed in cell-free me-
dium that contained DHE. DHE-loaded cells incubated
with A/D (20 wg/ml; 10 mm) also demonstrated this
same narrow peak signal range (500 to 520 nm). The
presence of cells significantly increased the magni-
tude of the signal in the 500- to 520-nm range,
indicating that the signal at these higher wavelengths
represented the signal from the intracellular compart-
ment. This signal represents endogenous production
secondary to inhibition of mitochondrial electron
transport at site Ill (Dawson et al, 1993; Garcia-Ruiz et
al, 2000; Turrens, 1997). Thus, use of an excitation
setting > 500 nm was associated with a significant
decrease in the proportion of the signal that repre-
sented agent/probe interaction in the media.

We confirmed these findings by measuring the
increase in signal strength under the same conditions
and concurrently monitoring signal strength at two
different excitation settings (470 versus 530 nm) at an
emission of 610 nm. At an excitation wavelength of
470 nm, we again observed a time-dependent in-
crease in medium fluorescence when A/D was added
to DHE in cell-free medium. The A/D/DHE signal in the
presence of cells was ~10% larger than the signal
obtained with DHE alone in cell-free medium (Fig. 7B).
In contrast, using an excitation setting of 530 nm, the
A/D/DHE signal in the presence of cells was ~100%
larger than the A/D/DHE signal in cell-free medium
(Fig. 7C). Collectively, these results demonstrate that
the DHE assay can be optimized for measurement of
intracellular oxidant production using an excitation
wavelength of 530 nm. This approach reduces the
component of the signal representing medium fluores-
cence secondary to agent/probe interaction.

Discussion

In this study, we evaluated three commonly used
oxidant-sensitive probes for interactions with several
metabolic inhibitors. DHR, H,DCF, and DHE demon-
strated a significant time-dependent interaction with
several mitochondrial electron transport chain inhibi-
tors that are frequently used in experiments designed
to investigate altered cell function (Brambilla and
Cantoni, 1998; Dawson et al, 1993; Turrens, 1997). To
our knowledge, this is the first demonstration of time-
dependent agent/probe interactions between meta-
bolic inhibitors and oxidant-sensitive probes, leading
to the production of a fluorescent signal in the cell
medium. The significance of these agent/probe inter-
actions is that these artifacts could be confused with
the signals generated in response to intracellular oxi-
dant production. Different types of interactions were
observed between the same agent and different
probes, highlighting the need to define carefully the
nature of these interactions for different combinations
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of agents and probes in a specific experimental pro-
tocol. Finally, we demonstrated several useful ways to
reduce or eliminate these agent/probe interactions.
These methods include the addition of protein to the
media and the modification of the excitation wave-
length settings with a specific probe (DHE). These
modifications permit more effective monitoring of the
intracellular signals generated in response to stimuli
known to increase intracellular oxidant production.

Several authors have described time-dependent
interactions between chemical agents and oxidant-
sensitive probes (Hempel et al, 1999; Kalinich et al,
1997; Martin et al, 1998; Zhu et al, 1994). One of the
first reports of a time-dependent interaction was the
oxidation of H,DCF by xanthine oxidase (Zhu et al,
1994). In this study, xanthine oxidase oxidized the
probe to its fluorescent form in the absence of ROS
production. Subsequent work demonstrated that
Trolox and chromate V enhanced the oxidation of
H,DCF to DCF and that the enhancement as a result
of Trolox could be prevented by the addition of other
antioxidants to the experimental media (Kalinich et al,
1997; Martin et al, 1998). Hempel et al (1999) recently
demonstrated that Cu/Zn-SOD oxidized multiple ROS
probes, including H,DCF and DHR, and could act as a
cofactor in the oxidation of these probes by H,O.,.
H,DCF and DHR also demonstrated a time-
dependent interaction with several other compounds,
including horseradish peroxidase, ferric iron, and cy-
tochrome C in this study.

Other types of artifacts have also been reported
with H,DCF. Rota et al (1999) demonstrated that, in
the presence of horseradish peroxidase and a reduc-
ing agent, H,DCF cycles between an oxidized phenol
radical form and its reduced form, generating super-
oxide anion and consuming oxygen. Earlier work from
the same laboratory suggested that this process was
triggered by light exposure of H,DCF (Marchesi et al,
1999). The significance of these types of interactions
is that they can result in the generation of an exagger-
ated H,DCF response in an experimental system
under investigation. We did not encounter this type of
light-dependent artifact in our work, as evidenced by
the absence of an increase in experiments that used
cell-free media that contained a probe but no meta-
bolic inhibitors. The present experiments were per-
formed under conditions in which we took special
precautions to minimize light exposure.

Much less is known about interactions between
DHE and biochemical agents under different experi-
mental conditions. Bindokas et al (1996) found that
DHE may be a weak substrate for xanthine oxidase,
like H,DCF (Zhu et al, 1994), but the magnitude of the
interaction was small. DHE is oxidized by cytochrome
c, an agent that also oxidizes DHR and H,DCF (Benov
et al, 1998; Rota et al, 1999). In contrast, DHE is not
oxidized by certain of the agents that oxidize H,DCF
and DHR, such as horseradish peroxidase, catalase,
and allopurinol (Carter et al, 1994). These findings
emphasize the differential reactivity of probes to dif-
ferent reagents and, thus, the specificity of agent/
probe interactions.
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The present results documented differences be-
tween the response of DHE to metabolic inhibitors
versus the response of DHR and H,DCF to these
same agents. One example is the nature of the inter-
action between A and DHR or DHE. An agent could
interact directly with a probe or with the active metab-
olite of the probe. The results in Figure 5 demonstrate
that A reacts with DHR but not with its active metab-
olite, R123. In contrast, the nature of the interaction
between A and DHE is different. The present results
suggest that A interacts with the active, oxidized
metabolite of DHE (ethidium). These findings demon-
strate the heterogeneity of agent/probe interactions. In
addition, the A/DHE interaction was still observed
under hypoxic conditions (oxygen-independent), in
contrast to the interaction of A with DHR or H,DCF.
These agent/probe interactions demonstrated a mild
to marked degree of oxygen dependence, respec-
tively. Thus, the type of interaction between a specific
agent and different probes cannot be assumed to be
identical. These findings demonstrate the specificity of
agent/probe interactions. The present results do not
provide insight into the mechanism of specific agent/
probe interactions at the molecular level.

Collectively, the present results and previous work
on agent/probe interactions demonstrate the diversity
of interactions (and potential artifacts) that can occur
in experiments that involve the use of different fluoro-
probes. These findings illustrate the need for thorough
testing for possible agent/probe interactions in an
experimental protocol.

We have found that a useful approach to detect and
monitor agent/probe interactions is to design experi-
ments so that the fluorescent signal can be measured
in both cells and cell-free media simultaneously. This
can easily be done when working with cultured cells
grown in tissue culture plates where a plate can be
partitioned into sections that contain only cell-free
media versus media plus cells. This technique allows
the investigator to recognize agent probe/interactions
more readily, quantify the magnitude of these interac-
tions, and test the utility of corrective actions based on
knowledge of the spectral characteristics of the agent/
probe interaction.

The type of interaction observed in the media be-
tween A and DHE would have been especially difficult
to analyze and circumvent if we had not used the
approach of optimizing the excitation wavelength set-
ting used with this probe. Previous work with this
probe used a range of different excitation wavelength
settings (470 to 535 nm) (Al Mehdi et al, 1997; Benov
et al, 1998; Bindokas et al, 1996; Dawson et al, 1993).
The variability in the settings used with this probe
highlights the variability that arises when using a
specific probe under different experimental conditions
and with different optical instruments. Therefore, it is
important for investigators to optimize the settings
used with a probe under the specific experimental
conditions and on the equipment used in their labora-
tory. We used a monochromator-based microplate
fluorimeter for the majority of our experiments. Alter-
ation of excitation/emission wavelengths is easily



done with this type of instrument. Using this approach,
we characterized the spectral range of the medium
fluorescence secondary to the interaction of A with
DHE in cell-free medium. Once this range was defined,
we were able to compare the magnitude of the media
fluorescence at different excitation wavelengths in the
presence and absence of cells. This approach allowed
selection of an excitation wavelength (5630 nm) at
which the medium fluorescence secondary to the
agent/probe interaction was minimized, while the in-
tracellular signal was well preserved. Our choice of an
excitation wavelength of 530 nm was practical in that
this is a standard wavelength for which excitation
filters are commercially available for more traditional
microplate fluorimeters. Therefore, this corrective
measure could also be used with microplate fluorim-
eters that have filters instead of monochromators.

These results demonstrate the utility of optimizing
the excitation/emission wavelength settings as an
approach to reduce or eliminate agent/probe interac-
tions. This approach allows investigators to define the
spectral range of the signal arising from an agent/
probe interaction and consider alternative excitation
settings. Optimization of excitation/emission wave-
length settings is also an alternative to the technique
of adding protein or albumin to the media to reduce
interactions. Addition of reagents to the media might
potentially complicate an experimental protocol. Nev-
ertheless, both approaches are feasible, because they
are applicable to any experiment using a fluoroprobe.

The use of fluoroprobes in molecular and cell biol-
ogy continues to expand at a rapid rate. In particular,
oxidant-sensitive probes continue to be used widely in
different experimental settings to measure intracellular
oxidant production in mammalian cells. Fluoroprobes
offer significant advantages to investigators, including
the avoidance of radioactive waste and the possibility
of making semiquantitative measurements in living
cells or organ systems. Although these advantages
are increasingly recognized, the problems in achieving
optimal use of these valuable tools are sometimes
overlooked. The present results highlight the impor-
tance of testing for agent/probe interactions that could
complicate the interpretation of experiments using
fluoroprobes. Investigators should always consider
the possibility of time-dependent agent/probe interac-
tions as noted in this study and other recent work
(Hempel et al, 1999; Kalinich et al, 1997; Martin et al
1998; Zhu et al, 1994). The techniques for eliminating
or reducing agent/probe interactions in the present
work are potentially applicable to all experiments
using fluoroprobes.

Materials and Methods
Cell Culture and Reagents

Large-vessel human pulmonary artery endothelial
cells were obtained from a commercial vendor (Clo-
netics/BioWhittaker, Walkersville, MD) and grown in
endothelial cell growth medium (EGM-II) that con-
tained 10% fetal bovine serum, as previously de-
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scribed (Cutaia et al, 2000). In preparation for micro-
plate fluorimetry experiments, cells were seeded
uniformly into the first eight columns of 96-well tissue
culture plates using an Eppendorf repeater pipette
(100 wl per well). All experiments were conducted with
cells matched for cell line, passage number, time to
confluence, and cell density between experimental
groups. No differences were observed in the results
using different cell lines or passage numbers (5 to 18).

Fluoroprobes

We used three probes commonly used to measure
oxidant production: H,DCF-DA (5 um), DHR (1 uwm),
and DHE (5 um). Each probe was used in standard
manner, as previously described (Bindokas et al,
1996; Carter et al, 1994; Garcia-Ruiz et al, 2000;
Royall and Ischiropoulos, 1993). H,DCF-DA is a cell-
permeant fluorescein derivative, which becomes
trapped in the cell after de-esterification by intracellu-
lar esterases to form the relatively impermeant non-
fluorescent molecule, H,DCF. H,DCF can then react
with a variety of different radical species to form the
highly fluorescent metabolite dichlorofluorescein.
DHR is a reduced form of rhodamine 123 (R123) that
readily crosses cell membranes. In the presence of
oxidants, DHR is oxidized to R123, which is then
sequestered in mitochondria (Royall and Ischiropou-
los, 1993). DHE is a cell-permeable probe that is
converted to the cell impermeant metabolite,
ethidium, in the presence of oxidants (Haugland,
1996). After loading of each probe into cells, the
experiments were run with the probe in the medium,
based on previous work demonstrating that this ap-
proach optimizes probe retention in the cells during an
experiment (Royall and Ischiropoulos, 1993).

Several experiments were performed using the ac-
tive intracellular form of H,DCF-DA. Before such ex-
periments, H,DCF-DA was cleaved to its fluorescent
metabolite (H,DCF), using a procedure derived from
the manufacturer (Molecular Probes, Eugene, OR).
Briefly, the procedure involves cleaving off the diac-
etate moiety, normally performed by intracellular es-
terases, using NaOH. This procedure consists of add-
ing MeOH (50 nl) and 2 N NaOH (25 ul) to 50 ul of an
H,DCF-DA (5 mwm) stock solution. The solution is then
stored at room temperature in the dark for 1 to 2 hours
and diluted in minimal essential media (MEM; defined
below) to achieve a final working solution with a probe
concentration of 5 um. The pH of the solution is
titrated to 7.4 by the addition of 5 N HCI immediately
before use.

The following wavelength settings were used to
monitor the oxidized fluorescent metabolite of each
probe: H,DCF-DA, excitation 485 nm/emission 530
nm; DHR, excitation 485 nm/emission 530 nm; DHE,
excitation 470 nm or 530 nm/emission 610 nm. All
solutions were made fresh daily, and those that con-
tained fluoroprobes were protected from light expo-
sure during the experiment.
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Metabolic Inhibition

A is a metabolic inhibitor that inhibits the electron
transport chain at the cytochrome bc1-complex (site
). The commonly used preparation of A is a mixture
of four different subtypes, which differ in the length of
the alkyl substituents on the dilactone ring of the
molecule (Slater, 1973). Similar to A, HQNO also acts
at the cytochrome bc1 complex of site Ill of the
electron transport chain (Brambilla and Cantoni,
1998). Myxothiazol blocks the oxidation of ubiquinol at
the Rieske iron-sulfur center of complex Ill (Dawson et
al, 1993).

When A, HQNO, or Mx was used, D, a glycolysis
inhibitor, was also included to simulate a standard
metabolic inhibition protocol consisting of inhibition of
oxidative phosphorylation and glycolysis. The excep-
tions were several single time point experiments in
which we evaluated the spectral characteristics of an
agent/probe interaction, when it was advantageous to
isolate the effects of one agent on the probe. In
preliminary experiments, we found that the presence
of D did not significantly modify any of the agent/
probe interactions within this study (data not shown).

Experiments Using Cell-Free Media

Experiments were performed in 96-well plates in
HEPES-buffered MEM (116.4 mm NaCl, 5 mm KClI, 0.8
mm MgSO,, 5.5 mm glucose, 1.8 mm CaCl,, 1.01 mm
NaH,PO,1H,0, and 10 mm HEPES), pH 7.4, unless
otherwise specified. One plate was considered one
experiment, and one well was considered a single
sample (an n of 1). All experiments were performed at
least twice with qualitatively similar results. This ap-
proach is particularly important in view of the normal
day-to-day variation in the magnitude of the fluores-
cent probe signal strength between experiments. Ex-
periments were initiated by adding the fluoroprobe to
the solution, followed by monitoring of the fluorescent
signal. With DHR, H,DCF-DA, and DHE, fluoroprobes
were added to the solutions last, and solutions were
immediately transferred to the microplate for fluores-
cence monitoring. H,DCF, however, was handled
slightly differently because the stock was highly basic.
After cleavage of the diacetate moiety, the solution
was titrated to pH 7.4. The metabolic inhibitor was
then added, the solutions were immediately trans-
ferred to the microplate, and fluorescence monitoring
was begun.

In experiments performed with reagents and probes
in cell-free media, media fluorescence was monitored
at 15-minute intervals over 2 hours. Two different
microplate fluorimeters were used in these experi-
ments: (@) Gemini SpectraMax-2 (Molecular Devices,
Menlo Park, CA) and (b) Cambridge Technologies
microplate reader (Model 7630). The majority of ex-
periments were performed on the SpectraMax be-
cause of the advantageous features of this instrument
(described below). There were no qualitative differ-
ences in the results in selected experiments with either
instrument.
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We also performed a series of experiments de-
signed to optimize the excitation/emission wavelength
settings used with DHE. These experiments consisted
of a series of excitation or emission scans on a 96-well
plate, using media with DHE or A/DHE in both cell-free
wells, and wells that contained DHE-loaded cells.
These scans were run on the monochromator-based
microplate reader (Gemini SpectraMax; Molecular De-
vices). The scans measured the magnitude of fluores-
cent signals over a range of excitation or emission
wavelengths, respectively. For example, an excitation
scan performed at a fixed emission wavelength was
used to determine the spectral characteristics of the
interaction of agents with DHE. This type of scan is
commonly used to determine the range and magni-
tude of a fluorescent signal obtained under different
conditions. This is a standard method used to opti-
mize wavelength settings for a particular probe. These
scans could be performed only with the use of a
monochromator-based instrument.

Experiments designed to determine the effect of
hypoxia on agent/probe interactions were conducted
in the following way. Hypoxic conditions were created
by bubbling MEM with argon gas (0% oxygen) in a
covered plastic or glass tube for 30 minutes to remove
oxygen from the solutions. Measurements with a dis-
solved oxygen probe (Lazar Research Labs, Inc., CA)
demonstrated an oxygen gas content of 0.2% in the
solutions bubbled with argon gas versus 21.3% in
solutions exposed to room air (n = 3), respectively.
These data confirm that hypoxic conditions were
present in the solutions bubbled with argon gas.
Reagents were then added to the solutions to initiate
the experiment. The solutions were incubated for 1
hour while protected from light exposure. Hypoxic
solutions were continually bubbled with argon gas
during this period. Normoxic solutions were exposed
to room air (21% O,) under similar conditions. After
the incubation, solutions were immediately distributed
into a 96-well plate and read on a microplate
fluorimeter.

Experiments with Cells

These experiments were performed on 96-well plates
with each treatment group consisting of a separate
row across the plate. Solutions were added to the
plate one column at a time so that all treatment groups
were loaded simultaneously, using an 8-channel 100
wl Octapette (Corning-Costar).

Materials and Reagents

All fluoroprobes were purchased from Molecular
Probes. All chemical reagents and drugs were pur-
chased from Sigma (St. Louis, MO), except for myx-
othiazol, which was purchased from Fluka
(Ronkonkoma, NY). Drugs were solubilized as stock
solutions, as follows: H,DCF-DA (5 mwm), DHR (10 mwm),
DHE (5 mm), and R123 (5 mm) were solubilized in
dimethylsulfoxide; antimycin A (5 mg/mL) and HQNO
(10 mm) were solubilized in ethanol; myxothiazol (10



mwm) was solubilized in methanol. The final concentra-
tion of the nonaqueous solvent never exceeded 1% in
any experiment.
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