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Abstract

Mitochondrial reactive oxygen species (ROS) are important cellular signaling molecules, but can
cause oxidative damage if not kept within tolerable limits. An important proximal form of ROS in
mitochondria is superoxide. Its production is thought to occur in regulated stochastic bursts, but
current methods using mitochondrial targeted cpYFP to assess superoxide flashes are confounded
by changes in pH. Accordingly, these flashes are generally referred to as ‘mitoflashes’. Here we
provide regulatory insights into mitoflashes and pH fluctuations in skeletal muscle, and the role of
uncoupling protein-3 (UCP3). Using quantitative confocal microscopy of mitoflashes in intact
muscle fibers, we show that the mitoflash magnitude significantly correlates with the degree of
mitochondrial inner membrane depolarization and ablation of UCP3 did not affect this correlation.
We assessed the effects of the absence of UCP3 on mitoflash activity in intact skeletal muscle
fibers, and found no effects on mitoflash frequency, amplitude or duration, with a slight reduction
in the average size of mitoflashes. We further investigated the regulation of pH flashes (pHlashes,
presumably a component of mitoflash) by UCP3 using mitochondrial targeted SypHer (mt-
SypHer) in skeletal muscle fibers. The frequency of pHIlashes was significantly reduced in the
absence of UCP3, without changes in other flash properties. ROS scavenger, tiron, did not alter
pHlash frequency in either WT or UCP3KO mice. High resolution respirometry revealed that in
the absence of UCP3 there is impaired proton leak and Complex I-driven respiration and maximal
coupled respiration. Total cellular production of hydrogen peroxide (H,0,) as detected by
Amplex-UltraRed was unaffected. Altogether, we demonstrate a correlation between
mitochondrial membrane potential and mitoflash magnitude in skeletal muscle fibers that is
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independent of UCP3 and a role for UCP3 in the control of pHlash frequency and of proton leak-
and Complex | coupled- respiration in skeletal muscle fibers. The differential regulation of
mitoflashes and pHlashes by UCP3 and tiron also indicate that the two events, though may be
related, are not identical events.

Keywords

mitochondrial flashes; superoxide; pH; reactive oxygen species; electron transport chain;
uncoupling protein 3; proton leak

INTRODUCTION

Mitochondria are a major cellular source of reactive oxygen species (ROS)L. The production
of ROS by mitochondria is inherently dependent on redox poise (i.e., the balance between
the supply and demand for reducing equivalents) and polarization across the mitochondrial
inner membrane (MIM) [1, 2]. An important site of ROS production in mitochondria is the
electron transport chain (ETC). There are many forms or types of ROS, including superoxide
(O57), hydrogen peroxide (H»,05) and hydroxyl radical ("OH). O,-~is formed at the level of
the ETC, which has the reduction of O, to water as its final step. Indeed, O, is a powerful
oxidizing agent and its reduction via the ETC occurs in a sequential fashion, and the
associated energy is captured as proton motive force across the mitochondrial inner
membrane (MIM). O2~ is the result of the transient formation of a singlet electron
intermediate, and is the primal form of ROS produced by the ETC. When the supply of
electrons to the ETC respiratory complexes exceeds the activity of the ETC, there is a slight
hyperpolarization of the MIM potential and electrons escape from the complexes to cause
the univalent reduction of O, to O, [1, 2].

Although toxic at high concentrations, ROS serve as important signaling molecules when
maintained within tolerable limits [1, 3, 4]. Controlled ROS emission from mitochondria
regulates a variety of important processes, such as increases in phosphorylation cascades
through the inhibition of phosphatases as occurs during hypoxic signaling, insulin release,
insulin signaling, and adipocyte differentiation [5-7]. To keep ROS levels in balance,
mitochondria are equipped with an extensive series of anti-oxidative enzymes and low
molecular weight molecules capable of reducing ROS. Of relevance to this work, the
production of ROS by mitochondria is thought to be self-regulating through the activation
and deactivation of uncoupling proteins -2 and -3 (UCP2 and UCP3), which can act in a
negative feedback loop to limit subsequent mitochondrial ROS emission [8,9].

Accurate measurement of cellular ROS levels is highly challenging [10]. Traditionally, ROS
detection methods have been reliant on redox-active and ROS sensitive chemicals such as
DHE and DCFH-DA, which react to produce fluorescent signals [10, 11]. However, these
probes display unfavorable properties, including irreversible oxidation by ROS, particularly
when measuring ROS in cellular environments. Thus, while cumulative ROS levels can be
determined using these sensors, the sensors are unable to detect dynamic fluctuations in
ROS within cells. Focus has shifted to the use of redox- and ROS-sensitive fluorescent
proteins that cycle between reduced and oxidized states within the cellular environment.
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Thus, the use of such biosensors allows dynamic assessment of changes in cells and
organelles. For example, the mitochondrial targeted circularly permuted YFP (mt-cpYFP),
allows real-time read-outs of dynamic changes in mitochondrial O,~ production coupled to
a modest transient pH alkalinization depolarization of the MIM, termed mitochondrial
flashes or “mitoflashes” [12-14].

Initial studies showed that mitoflashes are coincident with MIM depolarization, reliant on
normal functionality of ATP synthase, adenine nucleotide transporter (ANT), and the ETC,
and that mitoflash activity is tightly linked to metabolism [12, 13, 15, 16]. Activation of the
mitochondrial permeability transition pore (MPTP) is thought to be involved in the
generation of mitoflashes, although the exact mechanism for mitoflash genesis and
termination remains unclear [12, 15, 17]. Experimental evidence discounts a critical role for
the inner membrane anion channel (IMAC) in controlling mitoflash activity [15].
Mitoflashes represent a mixed signal consisting of both a transient burst in superoxide
production (70%) coupled to a modest alkalization of the matrix (30%) [14]. The latter is
also detected as pH spikes, or “pHIashes” using the genetically engineered pH-specific
probe mt-SypHer [18, 19]. Multiple studies have confirmed simultaneous changes in ROS
production coincident with pH alkalinization and MIM depolarization across a wide variety
of cell types using different probes [14, 18, 20], consistent with a transient burst of
mitochondrial ROS production coincident with matrix alkalization being metabolically
linked events. Mitoflash activity is increased by superoxide generating agents including
menadione, aldrithiol and paraquat and inhibited by antioxidants including tiron, TMPYP,
SS-31, and superoxide dismutase-2. Moreover, mitoflash activity is strongly dependent on
the proton motive force across the MIM [14] and Complex | activity [21].

Even prior to the identification of UCP2 and UCP3, it was well recognized that slight
depolarization of the MIM resulted in decreased emission of ROS from mitochondria [22].
Following the identification of UCP2 and UCP3, a series of studies employing exogenous
ROS, or ROS byproducts, concluded that the function of UCP2 and UCP3 is the mitigation
of ROS production through a ROS-induced negative feedback loop (reviewed in [23, 24]).
Mechanistic details however remain largely unknown. While UCP?2 is fairly widely
expressed, the expression of UCP3 is limited to a few tissues, including skeletal muscle,
brown adipose tissue and cardiac muscle. These are all tissues that rely heavily on fatty acid
oxidation, which is associated with high rates of mitochondrial ROS production [25-28].
Genetic knockout of UCP3 in skeletal muscle is associated with oxidative damage [29],
while increased UCP3 expression is linked to enhanced fatty acid uptake, transport and
metabolism, as well as mitigated ROS damage in muscle [29-35]. Inhibiting UCP2 activity
in adult cardiac myocytes by genipin and UCP2 knockdown in neonatal cardiac myocytes
slightly increased mitoflash frequency [36]. However, a role for UCP3 in the control of
mitoflashes has never been studied. Indeed, the transmembrane protein(s) responsible for
governing the depolarization events, regulatory mechanisms, and mechanistic details are
unknown. Here we aimed to explore mitoflash and pHlash events in intact muscle cells in
the presence or absence of UCP3.
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MATERIALS AND METHODS

Mice

Ucp3™~ (UCP3KO) and wild-type (WT) mice on a C57BL/6J background were housed at
the University of Ottawa and the University of Rochester School of Medicine and Dentistry.
All procedures involving the use of animals were performed according to the principles and
guidelines of the Canadian Council of Animal Care and the Animal Care Committee of the
University of Ottawa approved the study. The University of Rochester Committee on Animal
Resources approved all animal protocols used at their facility. Mice were housed in a facility
with controlled temperature, humidity, and light-dark cycle (06:00-18:00) and given free
access to rodent chow. Both male and female mice were included for each set of
experiments, with equal or roughly equal numbers of both sexes according to availability.

In vivo electroporation of mt-cpYFP cDNA into hindlimb footpads of anesthetized mice

For mitochondrial Oy~ and pH flash determinations, mt-cpYFP and mt-SypHer were
transiently expressed in six-month-old WT and UCP3KO flexor digitorum brevis (FDB)
muscle using an /n vivo electroporation described previously [13]. Briefly, mice were
anesthetized by intraperitoneal injection with 100 mg/kg ketamine, 10 mg/kg xylazine and 3
mg/kg acepromazine. Introduction of 30 ug of DNA (15 ul of 2 pg/ul in 712 mM NaCl) was
preceded by 1 h digestion of extracellular matrix material in the footpad with 16 pg of
bovine hyaluronidase. In order to deliver electrical pulses for muscle electroporation (100
V/cm, 20 ms duration at a rate of 1 Hz), two 30-gauge needles were placed subcutaneously
close to the proximal and distal tendons.

Western blotting

FDB muscles were lysed in RIPA buffer supplemented with protease inhibitor cocktail
(Sigma P8340) using a MagNA Lyser (Roche). Protein was quantified using a BCA assay.
50 ug of muscle homogenate protein were loaded into each lane of a Bio-Rad minigel
system. Following SDS-PAGE, blots were incubated with primary antibodies for UCP3
(AbCam 3477 at 1:1000) and for tubulin (Sigma T6199 at 1:5000), and with their
corresponding conjugated secondary antibodies (Promega W4011, and W4021 at 1:2,000)
for autoradiographic imaging.

FDB muscle fiber isolation

One week post electroporation, single FDB muscle myofibers were isolated using an
enzymatic digestion protocol described previously [13]. FDB muscles of 6-month-old mice
were removed and digested in 1.2 mg/mL collagenase A in regular rodent ringer (RRR)
solution for 1 h at 37 °C with agitation. Tissue was dissociated by trituration and plated on
glass bottom dishes and allowed to settle for >30 min. Single myofibers were transferred to
culture medium (1:1 DMEM/F12, 2 % fetal bovine serum and 1 % penicillin and
streptomycin) and kept at 37 °C and 5 % CO». For mitoflash measurements, isolated
myofibers were transferred to RRR solution containing 10 mM glucose and 20 nM
tetramethylrhodamine ethyl ester (TMRE) 10 min prior to imaging in order to permit
simultaneous monitoring of both mitoflash events and changes in mitochondrial membrane
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potential. For pHlashes measurements, FDB fibers were transferred to TMRE solution with
or without 10mM tiron 30 min before measurements.

Confocal microscopy

Mt-cpYFP, mt-SypHer and TMRE fluorescence were monitored by confocal imaging as
described previously [13]. Time-lapse images were captured using a SuperFluor 40x (1.3
NA) oil immersion objective over 124 s at a rate of 1.24 s/frame. Images were acquired
using a Nikon Eclipse C1 Plus confocal microscope (Nikon Instruments, NY, USA). Mt-
cpYFP, mt-SypHer and TMRE fluorescence were excited using 488 nm, 488nm and 543 nm
lasers and their emissions were detected at 515/30 nm, 515/30 nm and 605/75 nm,
respectively.

Event detection and analysis

Time-lapse images acquired by confocal imaging of mt-cpYFP, mt-SypHer and TMRE were
aligned in Image J software (NIH, Bethesda, MD) and mitoflash events were detected using
a previously described Matlab-based software, Flash Collector (University of Rochester,
Rochester, NY) [13]. Flash frequency, amplitude, duration, and area were calculated directly
by the analysis program.

Analyses of spatially and temporally linked mitochondrial depolarization events were
conducted using Image J software. Flash Collector identified mitoflash regions of interest
were traced onto imported image stacks for the TMRE channel and measurements of
fluorescence intensity over time were then calculated. Calculations of event amplitude
(AF/Fy) were carried out for changes in TMRE fluorescence across all time-lapse images
acquired. The data points were plotted using linear regression and the correlation was
evaluated using a Pearson correlation test.

Electron microscopy

FDB muscles from 6-month-old mice were removed, fixed (2.5 % glutaraldehyde, 2 %
paraformaldehyde in phosphate buffered saline, pH 7.4), and stored at 4 °C until preparation
for imaging. Muscle was embedded in LR white (Marivac, Quebec, Canada) and thin
sections were cut using a Leica Ultracut E Ultramicrotome. Sections were counterstained
with lead citrate and uranyl acetate and digital images of muscle longitudinal fiber slices
were taken using a JEOL 1230 transmission electron microscope at 60 kV adapted with a
2x2 K bottom-mount CCD digital camera (Hamamatsu, Japan) and AMT software.
Subsequently, mitochondrial areas were traced and quantified using Image J software.

Measurement of mitochondrial O, consumption and H,O, emission in permeabilized
mouse myofibers

High-resolution respirometry was performed as described previously [37]. In a
separatecohort of mice, white and red gastrocnemius were removed and immediately placed
inice-cold biopsy preservation solution (BIOPS; 2.77 mM CaK,EGTA, 7.23 mM Ko,EGTA,
5.77 mM NayATP, 6.56 mM MgCl,-6H,0, 20 mM taurine, 15 mM NayPhosphocreatine, 920
mM Imidazole, 0.5 mM DTT, 50 mM MES; pH 7.1). Fibers were permeabilized by
incubation in 2 ml of BIOPS with 50 pg/ml saponin for 30 min at 4 °C. Samples were then
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washed with a mitochondrial respiration medium (MIRO5; 0.5 mM EGTA, 3 mM
MgCl,-6H,0, 20 mM taurine, 10 mM KH,PQO,4, 20 MM HEPES, 110 mM D-sucrose, 0.1%
BSA, 60 mM lactobionic acid; pH 7.1) for 10 min at 4 °C. 1-2 mg of muscle bundles were
blotted dry and the wet weight was recorded. Measurements of oxygen consumption were
performed in duplicate and obtained at 37 °C in MIRO5 using the Oxygraph-2k (Oroboros,
Innsbruck, Austria). Measurements were performed in a hyperoxygenated chamber to
prevent any potential oxygen diffusion limitation. The following substrates and compounds
were added in sequence: malate (2 mM), octanoyl carnitine (200 pM), ADP + Mg2* (5 mM),
pyruvate (5 mM), glutamate (10 mM), succinate (10 mM), ADP + MgZ* (5 mM),
cytochrome ¢ (10 uM), oligomycin (5 pM), antimycin A (2.5 uM), ascorbate (2 mM) and
TMPD (0.5 mM), and NaN3 (100 uM). Malate and octanoy! carnitine were added to
determine adenylate free leak respiration (Ly). ADP was subsequently added to determine
maximal electron flow through electron-transferring flavoprotein (ETF) and fatty acid
oxidative capacity (PeTg). Submaximal state 3 respiratory capacity through Complex | (P¢y)
was determined following the addition of pyruvate and glutamate. Succinate and ADP were
then added to determine maximum oxidative phosphorylation capacity (Pci+cr)-
Cytochrome ¢ was added to test the integrity of the outer mitochondrial membrane. In all
preparations, addition of cytochrome ¢ caused <+10% increase in respiration, and therefore,
none were excluded. Antimycin A was added to inhibit Complex 111 and terminate
respiration in order to determine non-mitochondrial oxygen consumption in the chamber. All
values were corrected for residual oxygen consumption.

Measurements of H,O, production were performed in a single run and obtained at 37 °C in
ROS buffer (120mM KCI, 20mM HEPES, 10mM KH,PQy4, 2.86mM MgCl,, 0.2mM EGTA,
0.02% BSA; pH7) using the Oxygraph-2k (Oroboros, Innsbruck, Austria). The following
substrates and compounds were added in sequence: Amplex UltraRed (10 pM), horseradish
peroxidase (1.25 U/ml), malate (2 mM), octanoyl carnitine (200 uM), succinate (10 mM),
ADP + Mg2* (5 mM), oligomycin (5 pM), FCCP (0.25 uM titrating up to four times). In
addition, two injections of 41 nM H,O, were used to calibrate the data.

Results are expressed as mean+SEM. Statistical analyses were carried out using two-tailed
Student-t tests. A Pearson correlation test was used for correlation analysis between peak
mitoflash and TMRE amplitudes. An analysis of variance F test was used to compare the
slopes of peak mitoflash and TMRE amplitude relationships between WT and UCP3KO for
difference in correlation. P<0.05 was considered as statistically significant.

Mitoflash amplitude correlates with the magnitude of spatiotemporally coincident
depolarizations of the mitochondrial inner membrane (MIM)

It has been proposed that mitoflashes are controlled by a self-regulating mechanism through
which mitochondrial depolarization events are activated by the bursts in Oy~ [17]. If these
two events are mechanistically associated, their magnitudes should be correlated. We
simultaneously monitored changes in transiently expressed mt-cpYFP and TMRE
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fluorescence in FDB fibers from WT and UCP3KO mice using confocal imaging.
Quantification of the magnitude of mitoflashes and coincident MIM depolarizations revealed
a strong correlation between the two events in fibers from both WT and UCP3KO mice
(Figure 1). This correlation is similar in both WT (r2 = 0.68, slope = —3.0) and UCP3KO
muscle fibers (r2 = 0.72, slope = -3.6; slope analysis between WT and UCP3 KO, ANOVA
F test p=0.38). These results indicate that large amplitude mitoflashes are associated with
large depolarizations of the MIM, regardless of mouse genotype. Representative western
blotting results for UCP3 in FDB muscle of WT and UCP3KO mice are shown in Figure 1C.

Decreased mitoflash area, but no differences in duration, amplitude or frequency in the
absence of UCP3

Previous research demonstrates that UCP3 proton leak activity is activated by increases in
ROS or ROS byproducts, which serves as a negative feedback loop whereby UCP3
activation decreases ROS production by decreasing the MIM potential [38]. However, the
role of UCP3 in the temporal control of endogenous ROS production has never been
investigated. In order to assess the contribution of UCP3 in the regulation of mitoflash
events in intact cells, we examined FDB fibers isolated from adult WT and UCP3KO mice,
in which muscle expression of mt-cpYFP was achieved through electroporation.

Analysis of mitoflashes, using FlashCollector [13], provides a wide array of objective
characteristics of these events, including amplitude, time-to-peak, duration, and frequency.
Alterations in these parameters provide mechanistic insight into the regulation of these
events in a model in which the suspected regulator is not present. Our analyses indicate that
mitoflashes in muscle fibers obtained from UCP3KO mice were of similar frequency
(10.7+0.5 flashes/1000um?2/100s for WT vs. 10.8+0.3 for UCP3 KO; n=4, p=0.9, Figure 2A-
C), amplitude (0.45+0.0.08 for WT vs. 0.46+0.009 for UCP3 KO; n=4, p=0.6, Figure 2D) or
duration (full duration half max FDHM, 2.98+0.0.071s for WT vs. 2.84+0.14s for UCP3
KO; n=4, p=0.40, Figure 2E). Surprisingly, we observed that average mitoflash area is
reduced 30% in fibers from UCP3KO mice (0.50+0.03 um? vs. 0.72+0.05 um?, respectively;
n=4, p=0.009, Figure 2F). All observed flash areas were sorted and it was noted that the
largest flash area is the same, suggesting that while both genotypes are capable of producing
large flashes a difference in the average flash area exists. All other characteristics, including
decay constant, time to peak, and full duration were not different between fibers from WT
and UCP3KO mice (data not shown).

Mitochondrial size is reduced in muscle from UCP3KO mice

Given our finding of a smaller mitoflash area in single muscle fibers from UCP3KO mice,
we next examined mitochondrial size using quantitative morphometry of transmission
electron micrographs. Since mitoflash events in muscle occur in single and interconnected
mitochondria and do not propagate between mitochondria, we set out to assess whether there
are inherent differences in mitochondrial dimensions in FDB muscle from WT and
UCP3KO mice. Quantitative electron microscopy analyses revealed a potentially smaller
average mitochondrial area in muscle from UCP3KO mice compared to that of WT controls
(0.047+0.003 pm? vs. 0.056+0.002 pm?2; n=4, p=0.06, Figure 3), consistent with the reduced
mitoflash area observed in fibers from UCP3KO mice.
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Mitochondrial energetics in permeabilized muscle fibers of UCP3 KO are impaired.

Given previous observations that mitoflashes depend on mitochondrial metabolism [15], we
examined the effects of loss of UCP3 on mitochondrial energetics in muscle fibers. While
the effect of UCP3KO on mitochondrial energetics was previously studied in isolated
mitochondria from skeletal muscle [33], the effect of UCP3KO on various states of
mitochondrial energetics in intact muscle fibers has not been determined. To do this, we
examined energetics in gastrocnemius, a muscle group in which UCP3 is highly expressed
[39]. In the absence of UCP3, respiration in white gastrocnemius was significantly lower in
response to the fatty acid octanoyl carnitine (10.59+1.39 pmol/(s*mg) vs. 15.94+1.81 pmol/
(s*mg) in UCP3KO vs. WT, respectively, Figure 4A). We also observed impaired activity of
Complex | (44.01+4.75 vs. 60.06+3.21 in UCP3KO vs. WT, respectively; Figure 4B), and of
maximal oxidative phosphorylation (66.45+7.68 pmol/(s*mg) vs. 92.68+5.91 pmol/(s*mg)
in UCP3KO vs. WT, respectively; Figure 4C). Of particular importance, regarding the
physiological function of UCP3, is our observation of lower leak respiration in the absence
of UCP3 (21.90+2.32 pmol/(s*mg) vs. 33.14+2.66 pmol/(s*mg) in UCP3KO vs. WT,
respectively; Figure 4D). Notably, no differences in mitochondrial content were observed
between muscles from WT and UCP3KO mice (Figure 4E). In addition, no significant
differences in either Complex | activity (Figure 4G) or maximal oxidative phosphorylation
(Figure 4H) were observed between red gastrocnemius muscles obtained from WT and
UCP3KO mice.

Finally, we used Amplex UltraRed, a fluorimetric detector of H,05, to determine if UCP3
deficiency alters total levels of this form of ROS in white or red gastrocnemius muscle under
different experimentally imposed metabolic states. No significant differences in H,O,
production were observed during either maximal respiration (Figure 4F) or under other
metabolic states including adenylate free leak respiration, fatty acid oxidation or state 3
respiration (Complex I) (data not shown).

pHlash activity was reduced in UCP3KO mice.

As mentioned earlier, pHIashes represent a matrix alkalinization component in mitoflashes.
Since a reduction in some of the metabolic parameters were observed in UCP3 KO mice, we
further examined if pHlash activity is affected using mitochondrial targeted SypHer (mt-
SypHer). Seven days following /n vivo electroporation of the construct, FDB fibers exhibited
a robust mt-SypHer signal (Figure 5A-D left panels). Interestingly, pHlash frequency is
significantly reduced in UCP3 KO mice (5.99+0.4 flashes/1000um?2/100s for WT vs.
4.38+0.2 for UCP3 KO; Figure 5A-D right panels & E), with no difference observed in
amplitude, duration, and flash area (Figure 5F-H). To examine whether the reduction in
pHlash activity is related to mitochondrial ROS production, pHlashes were also measured in
the presence of ROS scavenger tiron. The application of tiron did not affect pHlash activity
in either WT or UCP3 KO mice (5.8+0.5 5.99+0.4 flashes/1000pm?2/100s for WT with tiron;
4.36x0.5 for UCP3 KO with tiron, Figure 5E), indicating that the reduction of pHlash events
is independent of ROS in both genotypes. Correlation analysis between the magnitude of
pHflashes and MIM depolarizations revealed a moderate correlation between the two events
(Figure 51; r2=0.41 for WT and 0.47 for UCP3KO), in contrast to the strong correlation
between mitoflash amplitude and magnitude of MIM depolarizations. In line with the
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mitoflash correlation results, this correlation is similar in FDB fibers from WT and
UCP3KO mice.

DISCUSSION AND CONCLUSIONS

Cellular ROS levels are controlled by many complex processes, but ultimately, ROS levels
are dictated from moment to moment by a balance between their rates of production and
clearing. ROS production in most cell types occurs to the greatest extent in mitochondria,
which are the cellular sites of the majority of reducing and oxidizing (redox) reactions,
including the ETC, which in turn uses oxygen as the ultimate electron acceptor.
Mitochondrial ROS production is elevated when mitochondrial membrane potential is high,
as occurs at, or near, State 4 respiration, when ETC constituents exist primarily in their
reduced form. While Complexes | and |11 have traditionally been accepted as the major
sources of ROS production via electron slippage mechanisms, during reduction of FMN/
ubiquinone and cytochrome c, respectively, additional sites of mitochondrial ROS
production have been identified [2, 40, 41]. Other sites of ROS production with
physiological relevance are heavily dependent on both the type of substrate being oxidized
and the redox state of the cell; these sites include Complex 11 (succinate dehydrogenase),
alpha-ketoglutarate dehydrogenase, glycerophosphate dehydrogenase, dihydroorotate
dehydrogenase, pyruvate dehydrogenase complex and ETF:QO [2, 40-46]. A better
understanding of the mechanisms and implications of ROS formation is important because
ROS have emerged as key signaling molecules in cell biology [3], and because impaired
ROS handling is associated with a wide range of disease states, particularly diseases
associated with impaired metabolism, such as diabetes, obesity and cardiovascular diseases
[3, 10, 47].

There is a growing recognition that most current methods to assess ROS do not accurately
measure them in biologically meaningful ways (e.g., [10]). The high temporal resolution and
reversible kinetic characteristic of mitoflashes and pHlashes have the capacity to increase
our understanding of ROS and ROS-related mitochondrial events. Mitoflashes are associated
with the stochastic generation of quantal bursts of O,~ by mitochondria across a variety of
cell types on a quiescent background [12, 13, 15, 16]. They are also associated with
mitochondrial depolarizations and mild matrix alkalization, but the mechanistic details
regarding their generation, termination and regulation remain unknown. Confirmation that
O, ™ is a major component in these events is based on several key findings: 1) SOD2
knockdown increases mitoflash frequency; 2) SOD mimetics, ROS scavengers and
mitochondrial antioxidants decrease their frequency; and 3) anoxia abolishes mitoflash
activity [12, 48]. Likewise, the rate of increase in MitoSOX fluorescence increases during
each mitoflash, consistent with a burst in O, production during each event [15, 48].
Moreover, mitoflash frequency at a particular age in development was shown to negatively
correlate with lifespan in a variety of C. elegans models [49].

While the existence of mitoflashes is well-established, it is now clear that we are just
beginning to understand the complexities concerning the mechanisms of their generation,
regulation and physiological relevance. Each mitoflash is accompanied by the opening of a
large channel pore sufficient to result in depolarization of the mitochondrial membrane
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potential and loss of large organic molecules [12, 14]. Based on this and the fact that
mitoflash activity is inhibited in some, but not all [13, 15], cell types by cyclosporin A and
cyclophilin D deficiency, the mPTP is a likely candidate for the large channel pore that
opens during a mitoflash event. Although the mPTP is the most probable large pore channel
activated during a flash, the exact relationship between mPTP activation and mitoflash
activity is yet to be determined. For example, mPTP has been proposed as the trigger of
mitoflashes since atractyloside increased flash frequency by promoting the opening of mPTP
[12]. Alternatively, superoxide produced during a mitoflash event could activate the mPTP to
open, resulting in a depolarization of the MIM potential that inhibits superoxide production
by Complex I, and thus, terminates the mitoflash [17].

Given the potential importance of mitoflashes in a variety of ROS mediated events,
delineation of the mechanism linking quantum bursts in O, and temporally-linked
mitochondrial depolarization would provide important information for future research in
mitochondrial ROS signaling/metabolism. In this regard, our results demonstrate a strong
positive correlation between mitoflash amplitude and the degree of MIM depolarization
(Figure 1). Individual flash analyses revealed that the amplitude of each event was similarly
positively correlated in muscle fibers from both WT and UCP3KO mice, consistent with a
direct relationship between these two mitoflash components as suggested above.
Unfortunately, it was not possible to resolve temporal differences between the two events
within the constraints of the temporal resolution of the experiments (1.24 sec/image). The
absence of a difference in this relationship between muscle fibers from WT and UCP3KO
mice suggests that UCP3 is not a primary determinant of the link between mitoflash activity
and depolarization of the MIM potential. It should also be noted that mitochondrial
depolarization and mitoflashes are not always temporally linked [17]. Moreover, previous
work has established that not every membrane depolarization is accompanied by a mitoflash,
although every mitoflash occurs with depolarization [17].

In this study we did not assess the effect of UCP3 knockout on mitochondrial membrane
potential. We and others have assessed this before. In the first report on the effects of
UCP3KO in mice, we demonstrated in isolated mitochondria from skeletal muscle that
mitochondrial membrane potential was ~15mV higher over a range of non-phosphorylating
respiration rates in KO vs WT mice [33]. Talbot et a/. demonstrated a UCP3 dependent
effect on mitochondrial membrane potential in their experiments involving ROS activation
and GDP inhibition of UCP3 in skeletal muscle mitochondria [50]. Also, Murphy et al.
demonstrated that superoxide and lipid peroxidation products activate the UCPs, including
UCP3, and thereby result in decreases in mitochondrial membrane potential [51]. Moreover,
we and others have shown differences in proton leak kinetics (JO2/ membrane potential
during non-phosphorylating respiration) as an effect of “‘physiological’ increases in the
expression of UCP3 protein (7.e., 2.5-fold) such that respiration at a given membrane
potential is increased [52]. Our more recent work has demonstrated that UCP3-dependent
proton leak is controlled by glutathionylation, which is dependent on redox potential and
reactive oxygen species [53]. Given that UCP3 dependent proton leak is controlled by ROS,
redox and post-translationally (glutathionylation) it is therefore not surprising that under
some experimental conditions, differences in UCP3-dependent kinetics of proton leak are
difficult to detect. This would explain some of the controversy in the field.
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We found that mitoflashes area was significantly reduced in fibers from UCP3KO mice
compared to that of WT mice (Figure 2F), consistent with the smaller mitochondrial area
observed in UCP3KO mice by EM analysis (Figure 3). It is important to note that the
respective sizes of the mitoflashes and mitochondrial surface area are very different. In light
microscopy, the X-Y optical resolution limit is d=0.61A/NA, which in the case of green
emission (~550nm) and the objective used in our study (1.4NA) is ~240nm (0.24pm); thus
0.24x0.24=0.57um?2, which is approximately what we calculate for UCP3KO. Electron
microscopy provides a much higher resolution compared with traditional light microscopy,
closer to 0.2nm. This high resolution enables measurement of the actual size of a single
mitochondrion. It is likely that, using confocal microscopy, our mitoflash measurements
reflect small clusters of mitochondria that “flashed” together. If this is the case, a reduction
in mitoflash size in UCP3KO FDB fibers could reflect a disruption of the underlying
mitochondria network. The reason for why only mitoflash area (and not pHlash area) was
significantly different between WT and UCP3KO is not entirely clear, but may be due to
mitoflashes representing a subset of pHflashes. This idea is supported by our results that
demonstrate a stronger correlation of TMRE dips with mitoflash amplitudes compared to
pHIlash amplitudes. While we are the first to observe smaller average mitochondria surface
area in muscle of UCP3KO mice, this does not mean that there is a lower total mitochondrial
content in the muscle. Indeed, when total mitochondrial content was assessed by cytochrome
c oxidase activity (Figure 4E), there were no differences. As with many regulatory
mechanisms, redundancy exists such that it is likely that UCP3 is only one of several
mitoflash modulators, and the absence of UCP3 may lead to compensation by another
mechanism (e.g., ANT activity). Indeed, while the overall phenotype of the UCP3KO mouse
is mild, previous investigations have demonstrated increased oxidative stress and decreased
FAQ in muscle from these mice [29, 54]. Since there are as yet no known specific inhibitors
or activators for UCP3, it is difficult to definitively discern the role of UCP3 in governing
these events. However, it is well known that even small decreases in MIM potential decrease
mitochondrial ROS production and multiple mechanisms exist through which MIM
polarization could decrease via possible compensatory mechanisms [53]. Since UCP3 is
sensitive to ROS, UCP3-mediated proton leak could regulate certain mitoflash properties
(e.g., time course of MIM depolarization and/or pH alkalinization).

Currently, two mechanisms have been proposed for the temporal linkage of mitoflashes and
membrane depolarization. Simply put, depolarization may either initiate or assist in
terminating the burst in Oy~ production. If UCP3 were in the inactive state, it could
contribute to mechanisms initiating (“turn-on”) the flash; mechanistically this would involve
a metabolically-induced gradual hyperpolarization of the MIM, thereby increasing
constitutive ROS production, which then in turn would activate UCP3, causing MIM
depolarization. The latter would be observed as a decrease in TMRE signal when used in the
non-quench mode as was employed in this study. As a result of the depolarization, the ETC
would be stimulated to restore membrane potential through increased ETC function.
Increased ETC activity could result in increased electron (e-) slippage causing mitoflashes.
Alternatively, if UCP3 were acting in a mechanism to terminate (“turn-off’) mitoflashes,
increases in ETC function would result in slight hyperpolarization of the MIM, which would
lead to increased e- slippage, resulting in a measured burst of O,-~ production. The ROS or
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ROS by-products would then activate UCP3-mediated leak mechanisms and thereby induce
depolarization of the MIM. However, our results showing the similar relationship between
mitoflash amplitude and MIM depolarization in fibers from both WT and UCP3KO mice
argues against a critical role for UCP3 in MIM depolarization during each mitoflash event.

The slight reduction in pHlash frequency, but not in mitoflash frequency, observed in UCP3
KO mice clearly indicates that mitoflashes and pHlashes are different events, which argues
against the proposed notion that mitoflashes are identical to “pH spikes’ [55-57]. This is
further supported by the lack of changes in pHlash activity in the presence of tiron in both
WT and UCP3 KO mice. This result is in marked contrast to the fact that tiron reduces
mitoflash frequency by half in FDB fibers (13.1+1.5 vs. 6.4+1.0 flashes/1000um?2/100s in
the absence and presence of tiron, respectively, and as previously reported [15]). pHlashes
might include the tiron-insensitive/ROS-insensitive component of mitoflashes. However how
much the two types of events overlap requires further investigation. Previous work from this
group also indicated that mitoflash has a minor pH component [14]. The frequency of
mitoflash is slightly higher than pHlash and they have similar amplitude and kinetics. It is
possible that pHlashes represent the portion of mitoflashes that have a pH component. Our
results showed that UCP3KO only suppressed pHIash activity, but not mitoflash frequency.
Since only ~30% of the mito-cpYFP signal during a mitoflash results from pH changes [14],
and the reduction of pHlash in UCP3KO is also small (~27%), if pHIlashes are indeed the pH
component in mitoflashes, this small reduction will be hard to resolve using mitoflashes.

Compared to WT mice, UCP3KO mice exhibit lower respiration rates in white
gastrocnemius, but similar rates in red gastrocnemius (Figure 4). White gastrocnemius has
higher levels of UCP3 expression, despite reduced mitochondrial content compared to red
gastrocnemius [58]. While a previous study reported reduced oxygen consumption rates in
primary myotubes derived from UCP3KO mice to that of WT controls [54], our results are
the first to demonstrate UCP3-dependent differences in mitochondrial energetics as assessed
in permeabilized muscle fibers. All previous studies in the literature have examined
bioenergetics in isolated mitochondria or in primary cells from skeletal muscle. The ex vivo
permeabilized muscle fiber system is more physiological because mitochondria retain their
reticular structures, which are destroyed in the process of mitochondrial isolations.
Moreover, all mitochondria are retained in the preparation, and none are lost, as occurs
during mitochondrial isolation procedures. Our findings are consistent with the conclusion
that UCP3 is responsible for at least some proton leak in these physiologically relevant
muscle preparations.

It was previously shown that there is increased oxidative damage, as measured by lower
aconitase activity in muscle of UCP3KO mice [29]. UCP3 has been shown to reduce levels
of ROS in primary myotubes cultured for 24 hours in the presence of high glucose [54]. For
these determinations H,O, was measured using dichlorofluorescein-diacetate (DCFH-DA)
over a 30-minute period. Moreover, muscle-specific over-expression of UCP3 lowers ROS
emission from muscle mitochondria [59]. In the latter study ROS was measured as H,0,
using the p-hydroxyphenylacetate (PHPA) and horseradish peroxidase in isolated
mitochondria over 30-minute incubation periods. Here we observed no significant difference
in Amplex-Ultrared detection of H,O, production in white and red gastrocnemius muscle
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fibers from UCP3KO, compared to WT mice. It is difficult to reconcile these different
findings. Given the increased oxidative damage in muscle tissue from mice, it seems clear
that UCP3 plays some role, direct or indirect, in protection from oxidative damage.
Conflicting observations from /n vitro studies could be related to differences in the
biological preparations (e.g., isolated mitochondria, intact cultured cells, permeabilized
myofibers) and/or differences in types or levels of metabolic substrates, and/or differences in
the reagents used to detect ROS. Moreover, all known reagents for the detection of ROS,
including Amplex-Ultra Red, have limitations (e.g., irreversibility, insensitivity, non-
specificity) [10].

Nonetheless, the major findings of the current study include demonstration of a tight
correlation between the magnitude of mitochondrial ROS production and the degree of
membrane depolarization during mitoflashes in skeletal muscle. These findings strengthen
the proposed temporal-spatial link between these parameters and provide support for a role
for more than one transmembrane protein regulators in the modulation of skeletal muscle
mitoflash activity /7 vivo. Characterization of mitoflash events in UCP3KO and WT mice
showed no difference in event duration, frequency, or amplitude. UCP3 deficiency resulted
in a statistically significant changes in the area of mitoflash activity. Consistent with these
observations, electron microscopy revealed smaller mitochondria in skeletal muscle of
UCP3KO mice. In addition, skeletal muscle energetics of white gastrocnemius muscle
showed reduced proton leak- and Complex | coupled-respiration in skeletal muscle fibers.
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Highlights:
. Mitoflash intensity is positively correlated with the magnitude of membrane
depolarization, independent of UCP3
. UCP3 controls pHIlash frequency in skeletal muscle fibers
. UCP3 controls proton leak and Complex-I driven respiration in muscle fibers
. Mitoflashes and pHlashes are not identical events
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Figure 1. Positive correlation between flash intensity and the magnitude of MIM depolarization
in both WT and UCP3 KO mice.

A. Representative traces from WT (top) and UCP3 KO (bottom) FDB fibers showing
different amplitude of mitoflashes corresponding to different amplitude of MIM
depolorisation (TMRE fluorescence). B. Correlation analyses of the amplitude of mt-cpYFP
flashes and concomitant mitochondrial depolarization events (TMRE fluorescence).
(n=60-112 events for each genotype, p<0.0001). C. Representative western blot of UCP3 in
FDB muscle from WT and UCP3 KO mice. Asterisk indicates the top band at ~34kDa,
which is missing in UCP3KO muscle.
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Figure 2. Mitoflash activity in FDB fibers from UCP3KO mice was unaltered, with a slight
reduction in the size of flashes.

A. representative standard deviation maps automatically generated by “flash collector”
indicating all the events detected (circled in magenta) in the cell. B. a tic registry showing
the occurrence of every single events during the 120s recording. Calculated frequency for
the particular cell is indicated on the right. C-F. Average (xSEM) flash frequency (C),
amplitude (D), FDHM (E) and flash area (F) for WT and UCP3 KO mice. N=4 mice with
each genotype. *significantly different from WT, unpaired, two tail Student-ttest, p<0.05.
Scale bars: 10 pm.
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Figure 3. Mitochondrial area in FDB muscle fibers from UCP3KO mice.
A-B) Representative EM images used for analysis of mitochondrial area obtained from FDB

muscles of WT (A) and UCP3KO (B) mice. C) Average (+SEM) area of measured
mitochondria. Mitochondrial area in UCP3KO muscle was potentially smaller than that in
muscle of WT mice. n=4 mice, two-tail Student-ttest., p=0.06. Scale bars: 2um.

Arch Biochem Biophys. Author manuscript; available in PMC 2020 March 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

McBride et al.

Page 22

A WG Perr B WG P,
5
> — _w s .
5 =)
E® . E e 2= N
- - L
3 % " 3 o9
E o
L e == =
e am £ 2 -
s ° S
0: T T 0 T T
UcP3WT UCP3 KO UCP3WT UCP3 KO
C WG Pcyaci D WG Leak
150 50 *x
. - —
= — | = (]
g o 2
2 10 & % "
= Ll -
s = :
5 —= £ o ° —E—
x5 m 5 .
:,;‘ - Lé 10 L ]
0 T T 0 T T
UCPIWT UCP3 KO UcP3WT UCP3 KO
E WG Complex IV Activity F WG ROScscil
200 _ %0
3 o n =) -
E 150 ° " E 4
R — d °
£ 100: £
s s 2 .
2 s E T
- S 10 oo =
[e) Q -
0 T T T 0
ucpswr UCP3 KO N UCP3WT UCP3 KO
G RG Pg H RG Pciici
150 200
L |
o L™ o 150
£ £ 100
2 " ] o uy
E] 50 o 5 .
[y oy 50-
) )
0 : . 0 . :
UCP3WT UCP3 KO UCP3WT UCP3 KO

Figure 4. Mitochondrial energetics in permeabilized white and red gastrocnemius muscle fibers
from WT and UCP3KO mice.

Oxygen flux data for permeabilized white gastrocnemius muscle fibers are shown for A)
fatty acid oxidative capacity (Pgtg), B) Complex I (P¢)), C) maximal oxidative
phosphorylation capacity (Pcj+c1), and D) Leak. E) Estimation of mitochondrial content
using TMPD and ascorbate. F) H,O, flux at maximal oxidative phosphorylation capacity in
white gastrocnemius. Oxygen flux data for permeabilized red gastrocnemius muscle fibers
are shown for G) Complex | (P¢|) and H) maximal oxidative phosphorylation capacity
(Pci+cn)- (AveragexSEM) (UCP3WT n=5-6, mice; two-tail Student-ttest.
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Figure 5. pHlash activity is reduced in FDB fibers from UCP3 KO mice.
A) A representative image for mt-SypHer fluorescence (left) and standard deviation map

(right) generated by “flash collector” during event detection in a WT FDB fiber. Active
mitochondria are circled in magenta. Boxed area indicates an active flash. B) same as A,
except for from a FDB fibers from a UCP3 KO mouse. C) left; plotted trace of mt-SypHer
fluorescence for the flash in the boxed area in A. right: a tic registry showing the occurrence
of each events during the 120s recording. Calculated frequencies were indicated above the
registry. D) same as C, except for the traces and registry corresponding to the cell in B. E-H)
Average (£SEM) flash frequency (E); amplitude (F); FDHM (G); and flash area (H) for WT
and UCP3 KO mice. N=5-17 mice for WT and UCP3 mice with and without tiron. (1)
Correlation analyses of the amplitude of pH flashes (mt-SypHer) and concomitant
mitochondrial depolarization events (TMRE fluorescence). (n=64 events for WT; n=68
events for UCP3KO) *significantly different from WT, unpaired, two tail Student-ttest,
p<0.05. Scale bars for A: 10 um; Scale bars for C &D: vertical, 0.2 AF/Fg; horizontal, 20s.

Arch Biochem Biophys. Author manuscript; available in PMC 2020 March 15.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Mice
	In vivo electroporation of mt-cpYFP cDNA into hindlimb footpads of anesthetized mice
	Western blotting
	FDB muscle fiber isolation
	Confocal microscopy
	Event detection and analysis
	Electron microscopy
	Measurement of mitochondrial O2 consumption and H2O2 emission in permeabilized mouse myofibers
	Statistics

	RESULTS
	Mitoflash amplitude correlates with the magnitude of spatiotemporally coincident depolarizations of the mitochondrial inner membrane (MIM)
	Decreased mitoflash area, but no differences in duration, amplitude or frequency in the absence of UCP3
	Mitochondrial size is reduced in muscle from UCP3KO mice
	Mitochondrial energetics in permeabilized muscle fibers of UCP3 KO are impaired.
	pHlash activity was reduced in UCP3KO mice.

	DISCUSSION AND CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

