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Mitochondrial superoxide flashes: From discovery to new controversies
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Introduction

Reactive oxygen species (ROS) and reactive nitrogen
species (RNS) generated during normal physiological
processes are highly reactive with cellular lipids, DNA,
and proteins. Superoxide and nitric oxide are the pri-
mary ROS and RNS, respectively, produced in cells, and
both species react with other molecules and each other
to form a diverse array of additional ROS and RNS (e.g.,
hydrogen peroxide, hydroxyl radical, peroxynitrite, hy-
perchlorite, singlet oxygen). ROS/RNS were originally
thought to represent noxious species produced during
oxidative stress that are primarily destructive to cells.
Indeed, high levels of ROS and RNS have long been
known to promote cell damage and death. However, re-
cent evidence indicates that the production of low to
moderate levels of ROS/RNS is critical for the proper
regulation of many essential cellular processes includ-
ing gene expression, signal transduction, and muscle
adaptation to endurance exercise training (Reid, 2001;
Droge, 2002; Powers et al., 2011).

Cellular levels of ROS reflect a delicate balance be-
tween ROS production and detoxification. Cellular pro-
duction of ROS in skeletal muscle, with superoxide as the
primal species, originates from three principal sources:
(1) membrane-associated NADPH oxidase, (2) cytosolic
xanthine and xanthine oxidase, and (3) the mitochon-
drial electron transport chain (ETC). Cellular RNS
levels are generated primarily by nitric oxide synthase
(to produce nitric oxide) or its subsequent reaction
with superoxide to produce peroxynitrite. ROS detoxi-
fication involves several cellular antioxidant defense sys-
tems including superoxide dismutase (SOD; converting
superoxide to HyOy), catalase (breaking down HyOs to
oxygen and water), thioredoxin reductase/thioredoxin
(catalyzing the formation/reduction of protein disulfide
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bonds), glutathione peroxidase (catalyzing reduced
glutathione and HyO, to oxidized glutathione and
water), and various non-enzymatic antioxidants (such
as reduced glutathione). Despite the existence of such
well-coordinated cellular ROS detoxification systems,
when uncontrolled ROS production overwhelms these
defense mechanisms, excessive ROS stress can trigger
irreversible cell damage that contributes to the patho-
genesis of a wide variety of disorders including cancer,
neurodegenerative diseases, cardiovascular diseases, and
muscular dystrophies (Andersen, 2004; Paravicini and
Touyz, 2006; Haigis and Yankner, 2010; Lawler, 2011;
Khan, 2012).

An unmet need for direct measurement of mitochondrial
superoxide dynamics

Superoxide is the primary oxygen free radical produced
in mitochondria and is highly unstable, being rapidly
dismutated to HyO, by Mn-SOD. Mitochondria are a
major source of superoxide production, which plays a
critical role in maintaining the proper redox status of
both the organelle and cell. Superoxide is produced in
mitochondria by slippage of an electron from the ETC
to molecular oxygen during oxidative phosphorylation,
the source of aerobic cellular ATP production. Neuro-
degeneration, cardiomyopathy, and perinatal death re-
sult from increased ROS stress caused by ablation of
mitochondrial Mn-SOD (Li et al., 1995; Lebovitz et al.,
1996). Therefore, characterizing the properties and regu-
lation of mitochondrial superoxide production and de-
toxification is of central importance to understanding
proper cellular redox regulation and the impact of its
dysregulation on various pathologies.

The absence of a suitably targeted, specific, and read-
ily reversible sensor for mitochondrial superoxide
production has severely limited progress toward this
important objective. The most commonly used ROS
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detectors are MitoSOX-red, HyDCF, and the protein-
based redox probe, roGFP. MitoSOX-red is mitochondrial
targeted and considered to be a relatively superoxide-
specific fluorescent dye at certain excitation wavelengths
(e.g., 396 nm). However, superoxide-induced changes
in MitoSOX-red fluorescence are irreversible, and its
signal is contaminated by DNA binding when using
non-optimal excitation wavelengths. HyDCF is normally
used to measure cellular levels of ROS, as it is not spe-
cifically targeted to mitochondria. In addition, H,DCF
fluorescence is also irreversible and dependent on
several cellular processes, and thus, does not provide an
accurate direct readout of dynamic changes in ROS
(Karlsson etal., 2010). Although roGFP can be targeted
to the mitochondrial matrix, it is a general redox sensor
and does not directly measure levels of ROS or superox-
ide (Hanson et al., 2004).

Discovery of mitochondrial superoxide flash

(mSOF) activity using a reversible, GFP-based

superoxide biosensor

“Flashes,” stunning discrete bursts of fluorescence
within the mitochondrial matrix, were first observed
using a CCD camera in epifluorescence experiments of
quiescent skeletal myotubes expressing the mitochon-
drial-targeted Ca*'-sensitive probe, ratiometric pericam
(mt-pericam). However, these flashes were quickly
deduced to not be caused by changes in matrix Ca**
because they were observed only for one of the two Ca®*-
sensitive excitation wavelengths of mt-pericam (i.e.,

A Mt-cpYFP

TMRE

426 Mitochondrial superoxide flashes

o HEILIEIEIEIRIF:
E]Fiﬁ!!ﬂﬂ!ili TvRe

490 nm, but not 405 nm). This conclusion was confirmed
in experiments in which flash activity was unaffected
after deletion of the calmodulin and calmodulin-binding
domains of mt-pericam (termed mt-cpYFP). Subsequent
work revealed that mt-cpYFP is a superoxide-specific
ROS sensor (Wang et al., 2008).

Using mt-cpYFP in conjunction with confocal micros-
copy, discrete large fluorescence flashes (Fig. 1, A and D)
that occur along with a depolarization of the mitochon-
drial membrane potential (i.e., coincident with a de-
crease in mitochondrial-targeted tetramethylrhodamine
ethyl ester [TMRE] fluorescence; Fig. 1, B and D) are
observed within either single or restricted clusters of in-
terconnected mitochondria across a wide variety of cell
types (Wang et al., 2008; Pouvreau, 2010; Wei et al.,
2011). The depolarization reflects the transient open-
ing of a large conductance pore because the events
coincide with a sustained loss of mitochondrial-loaded
Rhod-2 fluorescence (Wang et al., 2008) and significant
mitochondrial swelling (Ma et al., 2011). Flash events
are stochastic and quantal in nature, exhibiting a rela-
tively well-conserved magnitude (0.5 AF/F), time to peak
(~5's), and Tyeay (~8 ), although the frequency of these
events varies widely across different cell types and ex-
perimental conditions.

The transient events of mt-cpYFP fluorescence were
termed “mitochondrial superoxide flashes” (mSOFs) be-
cause their frequency is increased after knockdown of
mitochondrial SOD2 (Huang et al., 2011), inhibited by
ROS scavengers (tiron), SOD mimetics (MnTMPyP)

Figure 1. mSOFs are coincident with depo-
larization of the mitochondrial membrane
potential. (A and B) Representative mt-cpYFP
(A) or TMRE (B) confocal images of an
adult skeletal muscle fiber obtained from a
muscle-specific, mt-cpYFP-expressing trans-
genic mouse co-labeled with TMRE, a mito-
chondrial membrane potential indicator;
boxed region indicates an area containing an
mSOF. (C) A standard deviation (STD) map
generated from a stack of time-lapsed images
from the same fiber shown in Aand B (1.24 s/
frame, 100 frames), using a custom-developed
program (Flash Collector) for automated
mSOF detection and analysis. Detected mSOF
events are outlined in yellow and numbered
in red (event no. 25 corresponds to the boxed
flash shown in A and D). (D) Time course
of mt-cpYFP and TMRE fluorescence within
the boxed region shown in A (mt-cpYFP) and
B (TMRE). (Top) Series of pseudo color time-
lapse mt-cpYFP (top) and TMRE (bottom)
images within the boxed regions. (Bottom)
Time course of simultaneously recorded
mt-cpYFP (green) and TMRE (red) fluores-
cence for the individual flash event shown in
A and B. Numbers and arrows (1-4) indicate
times where the corresponding pseudo color
images were taken.
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(Wang et al., 2008) and mitochondrial-targeted antioxi-
dants (mito-TEMPO) (Huang etal., 2011), and abolished
under conditions of complete anoxia (Huang et al.,
2011). In addition, an irreversible increase in MitoSOX-
red fluorescence occurs during each mSOF event
(Pouvreau, 2010), consistent with a burst of superoxide
production during a flash. Importantly, the in vitro
fluorescence of purified recombinant cpYFP is signifi-
cantly increased by superoxide (produced by xanthine
and xanthine oxidase in the presence of oxygen), but
not by other ROS/RNS species including hydrogen per-
oxide, hydroxyl radical, nitric oxide, peroxynitrite, or
even across a wide redox potential range (from —319 to
—7 mV). The fluorescence of purified cpYFP is also not
altered by millimolar concentrations of Ca*, ATP, ADP,
NAD(P)*, or NAD(P)H (Wang et al., 2008). However, as
cpYFP fluorescence, like other GFP-based biosensors, is
pH sensitive (with a pKa of ~8.5; Wang et al., 2008),
flashes could reflect a complex combination of changes
in matrix superoxide and pH (see Controversy 3 below).

Several observations support the stochastic nature of
mSOF activity. First, mSOF events occur randomly dis-
tributed in space and time, with no apparent connec-
tion to one another (Wang et al., 2008). Individual
mSOF events occur spontaneously and abruptly and do
not propagate to adjacent mitochondria, and repetitive
activity from a given site is rarely observed in healthy
cells during the time course sampled (Wang etal., 2008;
Wei et al., 2011; Li et al., 2012). For example, in adult
skeletal muscle fibers, only 3.6 = 0.5% of all mSOF
events exhibit a second event during 2 min of continu-
ous recording. Moreover, a random distribution of
individual noncoupled events continues to be observed
even when sampling the same region of the cell for sev-
eral scans. Finally, for cells with two or more flashes, the
interval between consecutive flashes in time is well de-
scribed by an exponential function that depends on the
basal mSOF frequency, consistent with flash production
being a stochastic Poisson process with a variable rate
(Lietal., 2012).

The spatial morphology of mSOF events is highly
heterogeneous (see the standard deviation map of de-
tected flash events shown in Fig. 1 C). In skeletal muscle
fibers, flashes are observed as being either punctuate,
rod-shaped, U-shaped, or string-like either along or
across the Z-line. In addition, large clusters or patches
that can span several sarcomeres are also observed
(Pouvreau, 2010; Fang et al., 2011; Wei et al., 2011).
Comparison of mitochondrial localization observed by
electron microscopy (Wei et al., 2011) with mSOF di-
mensions observed in confocal measurements in iso-
lated skeletal muscle fibers or in vivo xyzt 4-D muscle
imaging (Fang et al., 2011) indicates that the heteroge-
neous morphologies of mSOF events observed in skele-
tal muscle reflects an extensive and highly complex
underlying mitochondrial network.

Relationship between mSOF activity and prior studies

of mitochondrial membrane potential flickers

and ROS generation

The characteristic that mSOF events occur concur-
rently with a transient depolarization of the mitochon-
drial membrane is reminiscent of previously described
spontaneous transient depolarizations in the mitochon-
drial membrane potential (“flickers”) that in some cases
exhibit similar spatial-temporal properties (Duchen
et al., 1998; Hiser et al., 1998; Buckman and Reynolds,
2001; O’Reilly et al., 2003). However, although a tran-
sient depolarization of the mitochondrial membrane
potential occurs during every mSOF event, similar
flickers often occur in the absence of mSOF activity
(Wang et al., 2008; Pouvreau, 2010; Wei et al., 2011).
In addition, flickers are often repetitively generated at
the same site and have been linked to a wide range of
stimuli including mitochondrial Ca** uptake (Duchen
et al., 1998), proton entry through the ATP synthase
(Buckman and Reynolds, 2001), and the opening of
inner membrane anoin channels (O’Rourke, 2000;
Aon et al., 2003). On the other hand, flickers associ-
ated with mSOF activity are rarely repetitive, do not
require mitochondrial Ca*" uptake (Wang et al., 2008),
and are not blocked by inner membrane anoin chan-
nel inhibitors (Pouvreau, 2010). Thus, transient depo-
larizations of the mitochondrial membrane potential
observed during mSOF events appear to reflect a spe-
cific subpopulation of the spontaneous flickers re-
ported previously.

Zorov et al. (2000) reported that intense focal laser
photoactivation can experimentally trigger a local de-
polarization of the mitochondrial membrane potential
that is coincident with a corresponding discrete in-
crease in mitochondrial ROS production. Moreover,
under conditions of substrate deprivation (Romashko
et al., 1998) or continued intense laser irradiation (Zorov
et al., 2000; Aon et al., 2003; Brady et al., 2004), local
events of mitochondrial membrane potential depo-
larization and ROS generation can lead to propagating,
cell-wide oscillations in membrane potential, ROS, and
NADH. The potential role of mitochondrial permeabil-
ity transition pore (mPTP) activity in both discrete mi-
tochondrial membrane potential flickers (Huser et al.,
1998; Zorov et al., 2000; Buckman and Reynolds, 2001;
Jacobson and Duchen, 2002; Aon et al., 2003) and
propagated global metabolic oscillations (Romashko
etal., 1998; Aon et al., 2003; Brady et al., 2004) has been
debated. Thus, in some respects (e.g., coincidence of a
flicker with an ROS burst, ETC dependence, and debate
regarding mPTP involvement), mSOF events are re-
lated to these findings. Indeed, it is possible that mSOFs
may serve as fundamental building blocks for triggered
local ROS-induced ROS release and propagating cell-
wide waves of metabolic oscillation. Specifically, propa-
gating waves of mitochondrial depolarization and ROS
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production may arise from the coordination and sum-
mation of discrete mSOF events, analogous to how prop-
agating global Ca* waves can result from the spatial and
temporal summation of Ca** sparks (Cheng et al., 1996).
Nevertheless, the discovery of mSOF activity repre-
sents a major advance for the field because their identi-
fication demonstrates that individual mitochondria
in quiescent (unstimulated) cells produce discrete quanta
of superoxide over time that do not normally pro-
pagate into cell-wide events. As such, mSOF activity
reflects a constant, ongoing physiological process of mi-
tochondrial bioenergetics that uses the fundamental
core elements and machinery shown previously to
also mediate mitochondrial flickers and cell-wide me-
tabolic oscillations.

mSOF events as biomarkers of cellular metabolic activity
Similar to localized Ca* release events in muscle,
termed “Ca® sparks,” mSOF activity is also stochastic
and quantal in nature, exhibiting relatively uniform am-
plitude, spatial, and temporal properties, whereas the
frequency of mSOF events varies across cell types, meta-
bolic activity, and pathological conditions. Importantly,
mSOF activity reflects the cellular aerobic metabolic
state, as flash frequency is strongly dependent on mito-
chondrial ETC, ATP synthase, and adenine nucleotide
translocase (ANT) functionality (Wang et al., 2008;
Fang et al., 2011; Wei et al., 2011). mSOF frequency in
skeletal muscle is increased early during repetitive te-
tanic stimulation and decreased after prolonged re-
petitive stimulation (Wei et al., 2011). Moreover, mSOF
activity in adult ventricular cardiomyocytes is abolished
during complete anoxia (Huang etal., 2011) and mark-
edly increased during reperfusion after either hypoxia
(Wang et al., 2008) or chemical anoxia (Huang et al.,
2011). In addition, mSOF activity is significantly in-
creased when skeletal muscle fibers are exposed to
media rich in mitochondrial substrates (Pouvreau, 2010;
Wei et al., 2011) and after glucose injection in live ani-
mals (Fang et al., 2011). Finally, mSOF activity is also
increased in several pathological models of enhanced
oxidative stress including cardiac ischemic reperfusion
injury (Wang et al., 2008), malignant hyperthermia
(Wei et al., 2011), and ROS-induced apoptosis (Ma
et al., 2011).

Proposed mechanism of mSOF generation

Although the precise sequence of events responsible for
initiation and termination of an mSOF event remains
unclear, the mechanism must explain the following
fundamental observations: (a) mSOFs are stochastic all-
or-none events with relatively uniform spatiotemporal
properties; (b) mSOF frequency is regulated by the
cellular metabolic state; (c) mSOF activity depends on
ETC, ATP synthase, and ANT functionality; and (d) mSOF
events are coincident with the opening of a large
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conductance pore that depolarizes the mitochondria
membrane potential (Fig. 1 D).

To account for these fundamental observations,
Wang et al. (2008) proposed that constitutive low-level
superoxide production from the ETC triggers the open-
ing of a large pore within the mitochondrial inner
membrane (e.g., mPTP) that results in depolarization,
mitochondrial swelling, and alterations in the molecu-
lar components of the ETC machinery. The depolariza-
tion stimulates ETC activity to increase extrusion of
protons from the mitochondrial matrix to restore the
mitochondrial membrane potential. This acceleration
in ETC activity, coupled with alterations in the molecu-
lar components of the ETC machinery that reduce effi-
ciency of electron flux, is proposed to lead to an increase
in electron slippage and superoxide production from
several specific sites within the ETC (see red “explo-
sions” in Fig. 2), leading to a burst in superoxide pro-
duction (Fig. 2 A). Consistent with this general proposed
mechanism, prior studies in intact cells indicate that
brief openings of the mPTP result in both mitochon-
drial depolarization and increased ROS production
(Zorov et al., 2000; Batandier et al., 2004). The reason
for flash termination in this mechanism is not entirely
clear but could result from either auto-inhibition of the
ETC by superoxide or other downstream ROS/RNS
species (Brookes et al., 2004), proton influx and matrix
acidification inhibiting mPTP activity (Nicolli et al.,
1993), local depletion of ETC substrates, or decelera-
tion in ETC activity upon restoration of the mitochon-
drial membrane potential.

Although this proposed mechanism for mSOF gen-
eration accounts for the fundamental observations
outlined above (quantal nature of flash properties, met-
abolic state of the cell, ETC/synthase/ANT depen-
dence, and depolarization via the opening of a large
pore channel), several notable controversies and un-
answered issues remain to be resolved. These issues
include the identity of the large pore channel, the tem-
poral relationship between channel opening and flash
generation, and the relative importance of changes in
matrix superoxide and pH during a flash. These hotly
debated controversies and their implications for future
work are considered in detail below.

Controversy 1: Identity of the large pore channel

The finding that mSOF activity is coincident with a tran-
sient depolarization of the mitochondrial inner mem-
brane potential, rapid equilibration of small molecules
(e.g., Rhod-2) between the matrix and cytosol (Wang
etal., 2008), and mitochondrial swelling (Ma etal., 2011)
demonstrates that mSOF events are coincident with the
opening of a large conductance channel within the
mitochondrial inner membrane. However, a consensus
regarding the identity of the channel involved and pre-
cisely how it is activated has not been reached. Initial



studies conducted in cardiac myocytes (Wang et al., Although tissue-specific factors may underlie some
2008) and subsequently in HeLa cells (Ma et al., 2011) differences observed between mSOF activity in cardiac
implicated the mPTP, a high-conductance Ca**/ROS-  and skeletal muscle cells, the observation that mSOF
sensitive pore capable of permeating molecules up to  activity is normal in skeletal muscle fibers from CypD-
1.5 kD. These studies found that mSOF frequency is re-  null mice indicates that CypD-dependent mPTP activity
duced both by the addition of 1 pM cyclosporin A (CsA) is not an essential requirement for mSOF generation.
and after siRNA-mediated knockdown of cyclophilin D As one possible explanation, a CypD-independent mech-
(CypD). In addition, 20 pM atractyloside (an mPTP ac-  anism for mPTP activation could be involved. Although
tivator and ANT inhibitor) increases mSOF frequency = the mPTP in CypD-deficient cells shows a striking re-
in neonatal rat ventricular cardiomyocytes (Wang etal.,  duction in Ca®' sensitivity of activation (Baines et al.,
2008). However, a role for CsA/CypD-dependent mPTP 2005; Basso et al., 2005; Nakagawa et al., 2005), mPTP
activity in mSOF activity was not confirmed in adult  responsiveness to ubiquinone 0, depolarization, pH,
skeletal muscle fibers where mSOF activity is unaltered ~ adenine nucleotides, and oxidative stress is unaffected
by 1-5 pM CsA (Pouvreau, 2010; Wei et al., 2011) andis by CypD ablation (Basso et al., 2005). Thus, high levels
normal in muscle fibers isolated from CypD knockout  of superoxide produced during a flash could trigger
mice (Wei etal., 2011). In addition, 1 pM carboxyatrac-  depolarization by opening nearby mPTP channels in a
tylaside decreases both mSOF frequency and amplitude ~ CsA/CypD-independent manner, although this mecha-
in adult skeletal muscle fibers, presumably as a result ~ nism would place mPTP activation and mitochondrial
of an inhibition of ANT activity because a similar effect ~ depolarization downstream of superoxide production

is also observed for the ANT inhibitor bongkreric acid (see below). Alternatively, it will be important for future
(20 pM) (Wei etal., 2011). studies to consider the potential role of other large
A [ Outer membrane
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Figure 2. Potential mechanisms for mSOF generation. (A) Mechanism 1: Pore opening triggers mSOF events. A small increase in
constitutive ROS production opens a large pore channel to cause depolarization of the mitochondrial membrane potential, which sub-
sequently stimulates the ETC to produce a burst in superoxide production. (B) Mechanism 2: Pore opening terminates mSOF events.
A mild hyperpolarization of the mitochondrial inner membrane potential results in a dramatic increase in superoxide production from
complex I, which triggers the opening of a large pore channel that depolarizes the mitochondrial membrane potential. The pore open-
ing dissipates the electrical and proton gradient across the inner membrane to terminate ETC-dependent superoxide production from
complex I (see text for details). ETC, electron transport chain; ETF-QO, electron transferring flavoprotein-quinone oxidoreductase;
ANT, adenine nucleotide translocase; mPTP, mitochondrial permeability transition pore; Cyt C, cytochrome C; Q, Q cycle; Cx I, 11, III,
IV, complex I, II, III, IV; TMRE, tetramethylrhodamine ethyl ester. Red “explosion” symbols indicate places where electron leak and
superoxide production occur. Green arrows indicate stimulatory effects, and red arrows indicate inhibitory effects.
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conductance channels present within the mitochon-
drial inner membrane. For example, two separate large
pore, high-conductance translocase of inner membrane
(TIM) channels (~1 nS) coordinate the transfer of poly-
peptides from the mitochondrial intermembrane space
into the matrix (TIM22 and TIM23) (Grigoriev et al.,
2004). Thus, an intriguing possibility that warrants fu-
ture consideration is to determine if mSOF events are
initiated by a transient depolarization of the mitochon-
drial membrane potential produced during polypep-
tide import into the mitochondrial matrix through
TIM22/23 channels.

Controversy 2: Chicken or egg: Temporal relationship
between large pore channel opening and mSOF activation
Prior studies demonstrated a clear depolarization of the
mitochondrial membrane potential (i.e., transient re-
duction in TMRE fluorescence) coincident with every
mSOF event (Wang et al., 2008; Pouvreau, 2010; Fang
etal., 2011; Ma et al., 2011; Wei et al., 2011). Although
in some cases the TMRE fluorescence returns to base-
line during the decay in mt-cpYFP fluorescence, in
other cases the return is significantly delayed (e.g., tens
of seconds). However, within the temporal resolution of
these experiments, the time course of the reduction
in TMRE fluorescence overlaps with the rise time in
mt-cpYFP fluorescence during an mSOF event. In addi-
tion, potential kinetic differences between the TMRE
and mt-cpYFP reporters further limit the ability to deter-
mine which of the two events occurs first. Thus, definitive
evidence is lacking with regard to whether large pore
channel opening and mitochondrial depolarization
precede or are the consequence of the corresponding
mSOF event.

Because transient depolarizations of the mitochon-
drial membrane potential in intact cells were shown to
stimulate ROS production from the ETC (Zorov et al.,
2000; Batandier et al., 2004), Wang et al. (2008) pro-
posed that openings of a large pore channel (e.g.,
mPTP) in the mitochondrial inner membrane trigger
an ETC-dependent burst in superoxide production
(Fig. 2 A). Consistent with this idea, the reduction of
mSOF activity by inhibition of mPTP activity (Wang
et al., 2008; Ma et al., 2011), the rapid equilibration of
small molecules (Wang et al., 2008), and mitochon-
drial swelling (Ma et al., 2011) during a mSOF event
support the involvement of the opening of a large con-
ductance channel within the mitochondrial inner mem-
brane during each mSOF event. However, although all
mSOF events occur together with a simultaneous re-
duction in TMRE fluorescence (i.e., mitochondrial
depolarization), many similar reductions in TMRE
fluorescence occur in the absence of an mSOF (Wang
etal., 2008). Thus, if a flash event reflects a depolariza-
tion-induced burst in ETC-dependent superoxide
production, it is not entirely clear why this would be
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observed for only a subset of these depolarizations. In
addition, the application of tiron, a superoxide scav-
enger, similarly reduces the frequency of both mSOF
events and TMRE flickers in adult skeletal muscle
fibers (Pouvreau, 2010). These two observations (i.e.,
TMRE reductions without mSOFs and tiron similarly
reducing both mSOF and TMRE frequency) are most
consistent with large pore channel openings residing
downstream of (and potentially activated by) bursts in
superoxide produced by the ETC.

Results from isolated mitochondria demonstrate a
very steep nonlinear relationship between the mitochon-
drial membrane potential and ROS produced by com-
plex I (Hansford et al., 1997; Votyakova and Reynolds,
2001; Miwa and Brand, 2003). Specifically, the rate of
superoxide production from complex I during reverse
electron transport is exquisitely sensitive to changes in
the proton motive force (Lambert and Brand, 2004;
Lambert et al., 2010), such that superoxide production
by complex I is markedly reduced by even mild uncou-
pling (Brand et al., 2004). Thus, an alternate mecha-
nism for mSOF generation and termination is that mild
hyperpolarization of the mitochondrial membrane po-
tential produces a burst of superoxide produced at
complex I that is then terminated by superoxide activat-
ing nearby CypD-independent mPTP channels to open,
and thus, depolarize the mitochondrial membrane po-
tential, dissipate the proton motive force, and reduce
superoxide production from complex I (Fig. 2 B). In-
deed, Pouvreau (2010) reported that transient mito-
chondrial hyperpolarization is sometimes observed just
before flash generation. According to this model, CypD-
independent mPTP activation is located downstream of
ETC-dependent superoxide production, and its activa-
tion by superoxide serves to terminate the mSOF event
by rapidly dissipating the mitochondrial proton motive
force, and thus, superoxide production from complex I
(Fig. 2 B).

Clearly, additional work is required to more defini-
tively determine the temporal relationship between
large pore channel opening, depolarization of the mito-
chondrial inner membrane potential, and mSOF gen-
eration. Resolution of this central issue will significantly
impact proper refinement of the fundamental mecha-
nism for mSOF generation and termination.

Controversy 3: Do flashes reflect oscillations in
mitochondrial superoxide, ATP, and/or pH?

As discussed above, the following lines of evidence sup-
port the conclusion that mt-cpYFP flash events reflect a
transient elevation of superoxide within the mitochon-
drial matrix: (a) purified cpYFP fluorescence is increased
by superoxide produced by xanthine and xanthine
oxidase and reversed by the addition of Cu/Zn-SOD
(Wang et al., 2008); (b) purified cpYFP fluorescence
is not altered by other ROS/NOS, Ca*, ATP, ADP,



NAD(P)H/NAD(P)", or redox potential (Wang et al.,
2008); (c) flash frequency is inhibited by superoxide
scavengers (e.g., tiron), SOD mimetics (e.g., MnTMPyP),
and mitochondrial-targeted antioxidants (e.g., mito-
TEMPO) (Wang etal., 2008; Pouvreau, 2010; Huang etal.,
2011); (d) flash activity is enhanced by agents that in-
crease superoxide production (e.g., menadione) (Huang
et al,, 2011); (e) flash activity is enhanced after siRNA-
mediated knockdown of mitochondrial Mn-SOD (Huang
et al., 2011); (f) flash events are coincident with an
irreversible increase in MitoSOX-red fluorescence
(Pouvreau, 2010); and (g) flash activity is reduced during
severe hypoxia, abolished under conditions of complete
anoxia, and increased immediately upon reperfusion with
oxygenated media ( Wang et al., 2008; Huang etal., 2011).

Despite this considerable evidence, the suggestion
that mt-cpYFP flashes reflect transient bursts of super-
oxide production within the mitochondrial matrix has
been challenged. Because flash events are tightly cou-
pled to respiration and blocked by agents that inhibit
ATP synthesis, including oligomycin and antimycin A,
the latter of which actually enhances steady-state super-
oxide production from purified mitochondria (Muller
etal., 2004; Anderson and Neufer, 2006), Muller (2009)
suggested that the probe may actually report changes in
mitochondrial ATP rather than superoxide. However,
in contrast to this suggestion, purified cpYFP exhibits
no sensitivity to concentrations of ATP up to 10 mM,
flash activity is absent in glycolytic p, cells, and mSOF
frequency transiently peaks immediately upon reperfu-
sion after anoxia, whereas ATP recovery during this
time is quite slow as the adenine nucleotide deficit is
replenished (Wang et al., 2008; Huang et al., 2011).

A recent study in Arabidopsis mitochondria observed
stochastic bursts in mt-cpYFP fluorescence with ampli-
tude and spatiotemporal properties similar to those
reported previously for mSOF activity, but concluded
that the events reflected transient alkalinization of the
mitochondrial matrix rather than a change in super-
oxide (Schwarzlinder et al., 2011). Indeed, like other
GFP-based probes, purified cpYFP is pH sensitive, with
an increase in fluorescence observed upon alkaliniza-
tion (Wang et al., 2008). Schwarzlinder et al. (2011)
reported that mt-cpYFP exhibits a pKa of ~8.6 in lysed
Arabidopsis mitochondria (we have confirmed a simi-
lar pKa for the probe in intact adult mouse skeletal
muscle fibers using an in vitro K'/nigericin calibration
approach). Thus, mt-cpYFP fluorescence is clearly
sensitive to both superoxide ions and pH.

Schwarzlinder et al. (2011) reported that global
mt-cpYFP fluorescence in purified Arabidopsis mitochon-
dria was increased upon the application of substrates
(e.g., succinate with rotenone, pyruvate plus malate,
and thiamine pyrophosphate). Moreover, this increase
in global probe fluorescence was not altered by conditions
expected to either enhance (e.g., menadione, Mn-SOD

knockdown) or reduce (tiron, tempol) superoxide pro-
duction. Thus, the observed increase in global mt-cpYFP
fluorescence during the addition of mitochondrial
substrates is consistent with ETC-dependent proton
flux promoting matrix alkalinization. Unfortunately,
however, effects of superoxide-modifying interventions
on dynamic flash activity in Arabidopsis mitochondria
were not determined. The proposal that mt-cpYFP
flashes in Arabidopsis mitochondria reflect transient
events of matrix alkalinization was based on the obser-
vation that flashes were eliminated by nigericin, a K'-H"
antiporter that abolishes the mitochondrial pH gradi-
ent without altering membrane potential (Schwarzlander
et al., 2011). However, mt-cpYFP flashes in this study
were obtained from purified mitochondria in the pres-
ence of 20 pM rotenone, a potent complex I inhibitor
that abolishes mSOF activity in intact cells (Wang et al.,
2008; Wei et al., 2011). Thus, the relevance of these
events to those reported in cells with intact complex I
functionality is unclear. More importantly, nigericin
treatment will also inhibit ETC-dependent superoxide
production because ROS generation from complex I
depends strongly on the presence of the pH gradient
across the mitochondrial inner membrane (Lambert
and Brand, 2004; Lambert et al., 2010).

Mitochondria are highly dynamic organelles that con-
stantly undergo oxidative phosphorylation to produce
ATP needed to support a diverse array of cellular en-
ergy requirements. Because the ETC pumps protons
out of the matrix and the resulting proton gradient
is used to drive ATP production by the F,F, ATPase,
fluctuations in matrix pH in actively respiring mito-
chondria are not unexpected. Indeed, mitochondrial
alkalinization transients in quiescent cells have been
reported using mito-SypHer, a mitochondrial-targeted
ratiometric pH-sensitive probe (Azarias and Chatton,
2011; Santo-Domingo, J., and N. Demaurex. 2011. 65th
Annual Meeting of The Society of General Physiolo-
gists. Abstr. 34). In astrocytes, mitochondrial alkaliniza-
tion transients are coincident with mitochondrial Na*
spikes (increase in CoroNa Red fluorescence), mito-
chondrial depolarizations (decrease in TRME fluores-
cence), and bursts in superoxide production (increase
in MitoSOX-red fluorescence) (Azarias and Chatton,
2011). These results are consistent with the model in
Fig. 2 A, as the opening of a large conductance channel
would: (a) provide a pathway for Na’ influx down its
electrochemical gradient, (b) depolarize the mitochon-
drial membrane potential, and (c) stimulate a burst in
ETC activity that pumps protons across the inner mem-
brane to alkalinize the matrix. Because mt-cpYFP fluo-
rescence increases in response to both superoxide ions
and alkalinization, it is conceivable that flashes repre-
sent a combination of changes in both superoxide and
pH. However, a critical piece of evidence that argues
strongly against matrix alkalinization occurring during
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a flash is that these events are coincident with the opening
of a large pore channel (e.g., CypD-independent mPTP
activation) (Wang et al., 2008; Pouvreau, 2010; Ma et al.,
2011; Wei et al., 2011). Given the significant pH gradi-
ent and highly negative membrane potential across the
mitochondrial inner membrane, the opening of a large
pore channel would result in significant proton influx
and matrix acidification. Simultaneous measurement of
matrix pH during mSOF activity would help to address
this issue.

Implications and future perspectives
Mitochondria have long been known to represent a pri-
mary source for energy and superoxide production in
the cell. The recent discovery of stochastic mSOF activ-
ity in quiescent cells and the tight linkage of these
events to ETC/ANT activity, large pore channel open-
ing, and the cellular metabolic state have provided
intriguing new insights into the intimate relationship
between mitochondrial energy production and ROS
signaling. As highlighted in this Perspective, several un-
answered questions and pressing controversies regard-
ing mSOF activity remain to be resolved. For example,
details regarding the precise mechanism of mSOF gen-
eration/termination and their temporal relationship
with several other simultaneously occurring mitochon-
drial processes (e.g., changes in mPTP activity, membrane
potential, pH, Na®, Oy consumption, ATP production,
etc.) still need to be fully worked out. Potentially, many
of the studies discussed in this Perspective may actually
be measuring different aspects of a common fundamen-
tal bioenergetic process in individual mitochondria. In
this context, mSOF events reflect a constant, ongoing
physiological process in quiescent cells that is designed
to produce quanta of mitochondrial superoxide, the
frequency of which is modulated by the particular cel-
lular context and metabolic state. However, additional
work is needed to fully characterize the cellular mecha-
nisms that regulate the frequency of mSOF production.
For example, the frequency of mSOF activity may be
regulated by many cellular signaling processes includ-
ing mitochondrial Ca®* uptake during cytoplasmic Ca*"
signaling (Wei et al., 2011) or mitochondrial PKCe
translocation during ischemic preconditioning (Budas
and Mochly-Rosen, 2007). Finally, it will be important
for future studies to determine the degree to which al-
tered mSOF activity contributes to ROS overproduction
and metabolic dysfunction in a wide range of mitochon-
drial diseases and oxidative stress related disorders.
This Perspectives series includes articles by Sheu et al.,
Zhang et al., Balaban, Santo-Domingo and Demaurex,
O-Uchi et al., Nowikovsky et al., and Galloway and Yoon.
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