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 The mitochondrion is essential for energy metabolism and production of reactive oxygen species (ROS). In 
intact cells, respiratory mitochondria exhibit spontaneous “superoxide flashes”, the quantal ROS-producing events 
consequential to transient mitochondrial permeability transition (tMPT). Here we perform the first in vivo imaging 
of mitochondrial superoxide flashes and tMPT activity in living mice expressing the superoxide biosensor mt-cpYFP, 
and demonstrate their coupling to whole-body glucose metabolism. Robust tMPT/superoxide flash activity occurred 
in skeletal muscle and sciatic nerve of anesthetized transgenic mice. In skeletal muscle, imaging tMPT/superoxide 
flashes revealed labyrinthine three-dimensional networks of mitochondria that operate synchronously. The tMPT/
superoxide flash activity surged in response to systemic glucose challenge or insulin stimulation, in an apparently 
frequency-modulated manner and involving also a shift in the gating mode of tMPT. Thus, in vivo imaging of tMPT-
dependent mitochondrial ROS signals and the discovery of the metabolism-tMPT-superoxide flash coupling mark 
important technological and conceptual advances for the study of mitochondrial function and ROS signaling in 
health and disease.
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Introduction

Reactive oxygen species (ROS) are bioactive mol-
ecules playing multifunctional roles in cell physiology 
and pathophysiology. Imbalanced ROS signals due to ex-
aggerated ROS production or deficient ROS removal are 
widely recognized as pathogenic factors in a large panel 

of metabolic, cardiovascular and neurodegenerative 
diseases [1-3]. However, low levels of ROS are emerg-
ing as versatile messengers indispensable to vital physi-
ological processes ranging from signal transduction, 
gene expression, development and wound healing [4-
6]. Of many intracellular ROS production mechanisms, 
the mitochondrion is the most prominent ROS generator 
wherein constitutive ROS production arises from leakage 
of a small percent of electrons from the electron transfer 
chain (ETC) [7, 8]. In skeletal muscle, which requires 
high energy supply and contains abundant mitochondria, 
adequate amount of ROS modulates muscle contractility 
and glucose metabolism [9, 10], while excessive ROS is 
responsible for muscle fatigue and insulin resistance [1, 
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11, 12].
Until now, much of our understanding of mitochondri-

al ROS production and its regulation during energy me-
tabolism has been based on experiments in isolated mi-
tochondria and fragmented mitochondrial preparations, 
much less in intact cells and little at the organism level. 
A confounding factor has been the lack of means for de-
tection of mitochondrial ROS dynamics in truly integra-
tive physiological context. For instance, the wildly used 
intracellular ROS probe dichlorofluorescein suffers criti-
cal limitations, including inability for specific targeting 
into mitochondria in cells, poor selectivity among ROS 
species, and generation of ROS by itself on illumination 
[13], while the mitochondria-specific and superoxide-
selective probe dihydroethidium (Mito-HE or MitoSOX 
red) is limited by its irreversible ROS-reactive kinetics, 
rendering its low temporal resolution [14]. 

Recently we reported a serendipitous finding that a 
circularly permuted yellow fluorescent protein (cpYFP) 
is a novel genetically encoded indicator highly selec-
tive for superoxide anions, with sensitivity and kinetic 
properties suitable for real-time tracking of superoxide 
production. By targeting cpYFP into the matrix of mito-
chondria, we discovered a new mode of mitochondrial 
superoxide production in which mitochondria intermit-
tently undergo transient permeability transition (tMPT) 
and consequently generate quantal bursts of superoxide 
anions, termed “superoxide flashes” [15]. Such tMPT-
regulated ROS production requires functioning ETC, as 
is the case with constitutive ROS production mentioned 
above. It has been shown that superoxide flashes occur 
universally in all types of cells and tissues examined, 
including cultured neurons, isolated cardiac and skeletal 
muscle cells, and intact heart under the Langendorff per-
fusion [15, 16]. During hypoxia/reoxygenation injury in 
cultured cardiac myocytes, tMPT/superoxide flash fre-
quency increases in a time window between 5 to 15 min 
after reperfusion, contributing to the oxidative stress [15]. 
This breakthrough holds the promise of investigating 
mitochondrial ROS signals in the truly physiological and 
integrating context of intact organism. 

The primary goal of this study was to develop appro-
priate animal models and novel imaging techniques that 
fulfill the promise of measuring single-mitochondrion 
ROS dynamics in vivo. Specifically, we visualized mi-
tochondrial tMPT and superoxide flash activity in mul-
tiple tissues, including sciatic nerve trunk and skeletal 
muscle in anesthetized mice expressing mitochondrially 
targeted cpYFP (mt-cpYFP). Imaging tMPT/superoxide 
flash activity during whole-body metabolic stimulation 
revealed a tight coupling between tMPT-dependent ROS 
production and mitochondrial energy metabolism in liv-

ing animals. Thus, in vivo imaging of tMPT/superoxide 
flash activity provides a unique and timely technology 
that could be widely applicable for the investigation of 
physiological and pathophysiological mitochondrial ROS 
signaling in living animals.

Results

Pan-tissue mt-cpYFP transgenic mice
To measure mitochondrial superoxide signals in vivo, 

we first generated transgenic mice expressing mt-cpYFP 
driven by the chicken β-actin promoter (Figure 1A, and 
Supplementary information, Figure S1A). Pan-tissue ex-
pression of mt-cpYFP was confirmed by RT-PCR analy-
sis (Supplementary information, Figure S1B). Confocal 
microscopy revealed intense mt-cpYFP fluorescence in 
the myocardium, skeletal muscle and sciatic nerve trunk 
of transgenic mice (Figure 1B-1D), while autofluores-
cence in corresponding tissues from wild type animals 
was negligible under the same detection conditions (data 
not shown). Histological analysis by hematoxylin/eosin 
staining revealed no discernible abnormalities in tissues 
and cell structures (Supplementary information, Figure 
S2A), nor were there significant changes in heart and 
body weight, or their ratio in adult transgenic mice (Sup-
plementary information, Figure S2B). 

The subcellular distribution of mt-cpYFP shows 
tissue-specific patterns that are consistent with mitochon-
drial matrix targeting of the superoxide indicator. Fluo-
rescent cardiac mitochondria were observed between the 
Z-lines of sarcomeres and arranged as longitudinal bun-
dles along the myofibrils (Figure 1B) [17, 18]. In skeletal 
muscle, mt-cpYFP staining of I band-delimited mito-
chondria [18, 19] gave rise to transverse doublet bands 
at 2.6 µm intervals (Figure 1C) that overlapped with 
staining by tetramethylrhodamine methyl ester (TMRM), 
a mitochondrial membrane potential (∆Ψm) indicator 
(Supplementary information, Figure S3). Unlike striated 
muscles, axons within the sciatic nerve trunk were filled 
with slender mitochondria (Figure 1D), many of which 
were engaged in anterograde or retrograde trafficking. 
This pattern is in agreement with a previous report on 
mitochondrial morphology and motility in nerve fibers 
[20].

Visualizing tMPT/superoxide flashes in multiple tissues 
of living animals

We next developed an imaging procedure for real-time 
measurement of tMPT/superoxide flashes in anesthetized 
transgenic mice bearing the superoxide indicator (Figure 
2A). High-resolution imaging of surgically exposed gas-
trocnemius muscle or sciatic nerve trunk was achieved 
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with either an upright or inverted laser scanning confocal 
microscope operating in a 2D (xy), 3D (xy-t) or 4D (xyz-
t) configuration (see Materials and Methods). Figure 2B 
and Supplementary information, Video S1 show a repre-
sentative tMPT/superoxide flash occurring spontaneously 
at an I-band, ∼30 µm beneath the surface of a gastrocne-
mius muscle fiber. Such elemental events rose to a peak 
ΔF/F0 of 0.51 ± 0.06 (n = 68; Figure 2C), lasted 9.15 ± 
0.63 s (full duration at half amplitude, FDHM) and oc-
cupied an area of only 0.54 ± 0.03 µm2 (full area at half 
amplitude, FAHM), the size of one or a small number of 
tightly packed mitochondria. Spontaneous tMPT/super-
oxide flashes were also detected in axons of sciatic nerve 
trunk, with all events (n = 24) found in stationary but not 
traveling mitochondria (Figure 2D, Supplementary infor-
mation, Video S2). This observation is in line with previ-
ous reports and indicates that stationary mitochondria are 
actively respiring and providing ATP for local function 
[21, 22], whereas mitochondria during transportation are 
either immature or inactive in energy metabolism. While 
differing in morphology, neuronal and skeletal muscle 
tMPT/superoxide flashes shared many common features, 
both displaying mean amplitude of 0.5, time to peak of 5 
s and half decay times of 6 s (Figure 2C). These in vivo 
superoxide flashes are also highly comparable with those 

in cells [15, 16] and in isolated hearts from pan-tissue 
(Supplementary information, Figure S4) or cardiac-
specific mt-cpYFP transgenic mice [15]. The occurrence 
of spontaneous superoxide flashes in multiple tissues of 
living animals suggests that tMPT-dependent quantal 
ROS production is a universal and physiological process 
of mitochondria functioning in vivo. 

Imaging tMPT/superoxide flashes revealed functional 
mitochondrial network in vivo

Apart from single-mitochondrion events, in vivo imag-
ing of tMPT/superoxide flash activity uncovered exten-
sive functional mitochondrial networks in skeletal mus-
cle. Arrays of neighboring mitochondria along the same 
or a few neighboring I-bands would ignite and extinguish 
synchronously, giving rise to either a linear (length > 2 
µm) or lamellar (≥ 2 sarcomeres) appearance in xy opti-
cal sections (Figure 2E and 2F). Quantitatively, about 
65% of the total events were categorized as punctiform 
and 35% as synchronized (linear or lamellar) superoxide 
flashes (Supplementary information, Figure S5). Simul-
taneous monitoring of the TMRM fluorescence showed 
that synchronized superoxide flashes were accompanied 
by transient depolarization of membrane potential (loss 
of ΔΨm, an indication of MPT opening; Figure 2F and 

Figure 1 Pan-tissue expression of mt-cpYFP in transgenic mice. (A) A neonatal mt-cpYFP transgenic mouse under UV il-
lumination. Top: plasmid construct for generating the transgenic mouse. The full-length mt-cpYFP DNA was cloned into pUC-
CAGGS vector downstream of the chicken β-actin promoter. Arrows indicate the positions of forward and backward primers 
for genotyping. (B-D) Confocal images of mt-cpYFP fluorescence in myocardium (B), gastrocnemius muscle (C) and sciatic 
nerve trunk (D) at low and high magnifications. Note the cell type-specific pattern of intracellular mitochondrial distribution. (B-D) 
use the same scale bar in D.
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Figure 2 Imaging tMPT/superoxide flashes in living mice. (A) In vivo imaging of a mt-cpYFP transgenic mouse under anes-
thesia. An upright confocal microscope was used to image hind limb skeletal muscle and sciatic nerve trunks exposed after 
skin incision. (B) Punctiform tMPT/superoxide flashes in mouse gastrocnemius. From top to bottom: xy view of mitochondria 
in doublet bands flanking the z-lines; time lapse, enlarged views of the flash in a boxed region of 1.57 µm × 1.76 µm; and 
time course plot of the superoxide flash. (C) Characteristics of skeletal muscle (Sk) and sciatic nerve (SN) superoxide flash-
es. ∆F/F0, amplitude; Tp, time to peak; T50, half decay time. (D) Time-lapse images and time course plot of a tMPT/superoxide 
flash in an axon (outlined in blue) of sciatic nerve trunk. The arrow marks the mitochondrion undergoing excitation. (E) Sur-
face plots showing punctiform (left), linear (middle) and lamellar (right) tMPT/superoxide flashes in gastrocnemius. (F) Tran-
sient loss of ∆Ψm (indexed by TMRM signal) during synchronized tMPT/superoxide flashes (the same as those in E). Similar 
results were obtained in four other fibers.
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Supplementary information, Video S3), suggesting that 
tMPT serves as the common trigger mechanism of syn-
chronized and single mitochondrial superoxide flashes 
[15]. Indeed, synchronized superoxide flashes were 
indistinguishable from punctiform ones by virtue of am-
plitude and kinetics (Supplementary information, Figure 
S5) despite their distinctive morphology.

To determine the degree of synchrony during excita-
tion of a functional mitochondrial network, we performed 
3D (xy-t) imaging at five frames/s. A representative ex-
ample is shown in Figure 3A. This event spanned 6.4 µm 
transversely and 5.7 µm longitudinally, encompassing 
three sarcomeres; yet, space-time plots (xt and yt) recon-
structed from the xy-t image stack showed that all parts 
of the functional network are activated simultaneously 
(within the limit of temporal resolution), indicating that 
the network behaves as if it was a single physical unit. To 
delineate the three-dimensional (3D) geometry of such 
mitochondrial network, we applied 4D (xyz-t) imaging 

technique to acquire xyz stacks at 2.37 s per stack of 10 
optical sections at 1 µm z-intervals (Figure 3B). Recon-
struction from the 4D image data set portrayed the shape 
of synchronized tMPT/superoxide flash as a labyrinthine 
mitochondrial network in three dimensions (Figure 3C). 
On certain z-planes, elongated mitochondrial elements 
ran in the longitudinal direction and appeared to connect 
the mitochondria at I-bands of two or more sarcomeres 
(Figure 3B, 3C and Supplementary information, Video 
S4). Furthermore, the longitudinal mitochondrial ele-
ments were also evident in quiescent cells (Supplemen-
tary information, Figure S6). This suggests that physical 
connectivity underlies functional integration of the local 
mitochondrial network. 

Imaging tMPT/superoxide flash activity during altered 
oxidative metabolism

Previous studies have shown that tMPT/superoxide 
flash production depends on active respiration of the mi-

Figure 3 Synchrony and geometry of functional mitochondrial network in skeletal muscle. (A) Synchrony in a lamellar tMPT/
superoxide flash. Data are shown as xy view (top) and space-time plots along the transverse (yt) and longitudinal (xt) direc-
tions of the flash. Line plots show the rising phase of the flash (normalized by respective amplitude) at locations marked by 
colored bars flanking the space-time plots. Dashed line marks the simultaneous take-off of the flash. (B) Synchronized tMPT/
superoxide flash in xyz stack. Subset z-stacks corresponding to quiescent and excited states of a functional network. Arrow-
heads mark longitudinal elements on a z-plane of the network. (C) Three-dimensional views of the boundary of the network in B. 
See Materials and Methods for details of digital reconstruction and Supplementary information, Video S4 for animation.
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tochondria in intact cells [15]. The in vivo mitochondrial 
ROS imaging technique described above provides an 
unprecedented opportunity to test whether tMPT-depen-
dent ROS signals are coupled to mitochondrial energy 
metabolism at the whole animal level. Because skeletal 
muscles are responsible for 70-90% of insulin-stimulated 
glucose clearance [23, 24] and play a prominent role in 
the development of metabolic disorders, we opted to use 
gastrocnemius muscle to track tMPT/superoxide flash ac-
tivity while varying whole-body metabolic status (Figure 
4A). Intraperitoneal injection of glucose (2 g/kg body 
weight) resulted in a time-dependent rise in the plasma 
glucose level within 30 min, followed by a gradual 
clearance (Supplementary information, Figure S7A) as 
observed previously [25]. In vivo imaging revealed that 
tMPT/superoxide flash activity surged, with a ∼3.0-fold 

increase between 30 to 90 min after glucose administra-
tion (Figure 4A, 4B). Intraperitoneal injection of insulin 
(1 U/kg), which stimulates glucose transportation and 
utilization by skeletal muscles [23], profoundly lowered 
plasma glucose level (Supplementary information, Fig-
ure S7B) while causing a similar surge in tMPT/superox-
ide flash activity (Figure 4A and 4C). These data indicate 
that skeletal muscle tMPT/superoxide flash production is 
closely associated with mitochondrial energy metabolism 
in living animals. 

We further characterized and compared unitary proper-
ties of tMPT/superoxide flashes under different metabol-
ic conditions. The amplitude and FDHM of basal tMPT/
superoxide flashes exhibited broad distributions (Figure 
4D and 4E), the variability of which could be attributed 
to multiple determinants including ETC activity, tMPT 

Figure 4 Decoding metabolic status by the frequency of tMPT/superoxide flashes. (A) Representative examples showing 
tMPT/superoxide flash activities in basal conditions and after glucose or insulin challenges in different mt-cpYFP transgenic 
mice. Data are presented as overlay of xy view of a region of gastrocnemius muscle under study (bottom) and surface plot of 
all superoxide flashes combined from a 100-s data set. (B, C) tMPT/superoxide flash activity (column bars) during glucose (B, 
2 g/kg body weight, n = 9 mice) or insulin challenge (C, 1 U/kg body weight, n = 6 mice). (D, E) Histogram analysis of unitary 
properties of superoxide flashes. F/F0, amplitude; FDHM: full duration at half maximum. The traces represent nonlinear least  

square fittings to the FDHM histograms with multiple Gaussian functions                                                                       and 

data from all three groups were constrained simultaneously, yielding µ1 = 7.5, µ2 = 14, σ1 = 4.9 and σ2 = 7.1. The individual 
component ratio was a1:a2 = 17.3:3.6, 9.6:9.1 or 10.5:8.3 for basal, glucose or insulin group, respectively. n = 68-150 events 
from 4-6 mice. *P < 0.05, **P < 0.01, ***P < 0.001 versus basal.
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duration and the relative location to the focal plane. Mul-
tiple Gaussian fitting to the FDHM histogram revealed a 
major component centered at 7.5 s (mode 1 gating) and a 
minor component at 14 s (mode 2 gating). Remarkably, 
the amplitude histogram distribution of tMPT/super-
oxide flashes was essentially unaffected by glucose or 
insulin challenge (Figure 4D). The relative abundance of 
punctiform versus synchronized flashes was also similar 
regardless of metabolic status (Supplementary informa-
tion, Figure S5), indicating that punctiform and network 
mitochondria respond similarly to metabolic stimulation. 
The FDHM histogram analysis, however, showed an 
increase in mode 2 gating component (Figure 4E), ren-
dering 40% or 33% increase in mean value after glucose 
or insulin challenge, respectively. These results suggest 
that tMPT/superoxide flashes decode metabolic status, in 
a frequency-modulated (FM) manner and involving also 
a shift in the gating mode of mitochondrial permeability 
transition pore (mPTP). 

Discussion

As mitochondria and ROS regain the central stage of 
biomedicine, investigation of mitochondrial ROS signal-
ing is significantly hinged on the development of new 
ROS detection technology applicable to truly physiologi-
cal and integrative conditions. The aim of this study was 
thus to develop a molecular imaging method for real-time 
measurement of mitochondrial ROS in living animals at 
the single mitochondrion resolution. To this end, we used 
the newly developed superoxide-selective indicator mt-
cpYFP to generate indicator-expressing transgenic mouse 
lines, and developed novel in vivo imaging techniques 
that enabled real-time investigation of tMPT/superoxide 
flash in multiple tissues of anesthetized mice under dif-
ferent experimental settings. Specifically, we visualized 
the production of tMPT/superoxide flashes in skeletal 
muscles and sciatic nerves of living mice, correlated mi-
tochondrial ROS bursts with loss of ∆Ψm, characterized 
tissue-specific tMPT/superoxide flash properties, and re-
vealed robust responses of tMPT/superoxide flash activ-
ity to altered metabolic status. 

Unlike cardiac and neuronal tMPT/superoxide flashes 
that are confined to punctiform and linear mitochondria, 
events in skeletal muscle are highly heterogeneous in 
shape and size, manifesting punctiform, linear or lamel-
lar appearance as seen in the confocal optical sections. 
Several lines of evidence indicate that synchronized 
(linear or lamellar) tMPT/superoxide flashes reflect the 
excitation of networking mitochondria. First, ultrafast 
xy-t 3D imaging demonstrated that all parts of a spatially 
extended event are excited and extinguished synchro-

nously. Second, ultrafast xyz-t 4D imaging, to portray 
the event’s morphology in 3D, showed that mitochondria 
within the boundary of labyrinthine tMPT/superoxide 
flashes are physically connected, and the connectivity 
between neighboring sarcomeres appears to be mediated 
by filamentous mitochondrial elements that run longitu-
dinally. Functional characterization further revealed that 
both punctiform and synchronized events display stereo-
typical amplitude and kinetics and their relative abun-
dance remains unchanged during metabolic perturbations 
and oxidative stress. This result is in favor of structural 
rather than functional heterogeneity as the cause of di-
verse spatial patterns of tMPT/superoxide flashes. Taken 
together, these data strongly support a working model 
of local mitochondria networks in which all participant 
mitochondria are physically connected, and operate syn-
chronously in an all-or-none manner. That synchronized 
tMPT/superoxide flashes account for 1/3 of total events 
further suggests that mitochondrial networking is a com-
mon phenomenon in adult skeletal muscle. This find-
ing is in contrast to the apparent lack of mitochondrial 
mobility and hence active fusion and fission (during the 
period of hour-long observation). Nevertheless, it is in 
good agreement with classical electron microscopy stud-
ies that have revealed the existence of reticulum-like, 3D 
mitochondrial networks [19] or inter-mitochondrial con-
nections via filamentous elements in skeletal muscle [26, 
27].

Our in vivo imaging method has enabled us to inves-
tigate, for the first time, single mitochondrial behavior 
in living animals when whole-body metabolism is per-
turbed. This approach has led to the demonstration of the 
coupling between mitochondrial metabolism and tMPT/
superoxide flash activity in living animals: The frequen-
cy of tMPT/superoxide flashes increases in response to 
systemic administration of glucose or insulin, with only 
marginal alterations of unitary properties and no change 
in proportions of punctiform, linear or lamellar events. 
It should be emphasized that the metabolism-flash cou-
pling differs from conventional view of ETC-coupled 
ROS production, in two important ways. First, it invokes 
tMPT activity, while both modes of ROS production 
require electron leakage from the ETC. Second, it oper-
ates in an intermittent, all-or-none manner. As such, the 
superoxide flashes decode mitochondrial metabolism in 
an apparent FM manner. The concurrent change in the 
flash kinetics also suggests the involvement of a shift in 
the gating mode of mPTP. That tMPT and superoxide 
flashes are robust, house-keeping events in vivo provides 
unequivocal evidence that they are a truly elemental 
physiological process, in contrast to the notion that sus-
tained MPT signifies the commitment of the cell fate to 
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apoptosis [7, 28].
Since tMPT allows for rapid equilibrium of small mol-

ecules between the mitochondrial matrix and the cytosol 
[29] and ROS regulate the activity of many kinases (e.g., 
insulin receptor/tyrosine kinase and Ca2+-calmodulin ki-
nase II) [30, 31] and phosphatases (e.g., protein tyrosine 
phosphatases) [4, 32] that participate in energy metabo-
lism, it is conceivable that FM control of the intermittent 
tMPT activity provides an efficient means for feedback 
regulation of metabolism (e.g., coordination of substrate 
and product transport across the inner mitochondrial 
membrane, regulation of the rate of intermediary meta-
bolic reactions). Alternatively, it may represent a feed-
forward mechanism for coordination between energy 
metabolism and local ROS signaling. 

In summary, live animal imaging of superoxide 
biosensor-expressing mice has shown that tMPT and 
superoxide flashes are robust, house-keeping events in 
vivo. With this new technical advance, we have uncov-
ered the coupling between energy metabolism and tMPT-
dependent quantal ROS production. These findings invite 
extension and revision of current theories on the function 
of MPT and the mode of mitochondrial ROS production. 
We envision that our novel technology will be widely 
applicable to delineating role of mitochondria in the 
pathogenesis of metabolic disorders (e.g., obesity and 
diabetes mellitus) and oxidative stress-related diseases 
(e.g., cancer, heart failure and neurodegeneration). In 
preclinical settings, it may also be used for direct assess-
ment of mitochondrial responses to medicinal, cell and 
gene therapies in living animals.

Materials and Methods

Generation of mt-cpYFP transgenic mice
To generate pan-tissue transgenic mice expressing mt-cpYFP, 

full-length mt-cpYFP DNA was cloned into the XhoI site of pUC-
CAGGS vector downstream of chicken β-actin promoter. The con-
struct was linearized with NotI, purified with a DNA purification 
kit (Qiagen), and microinjected into fertilized eggs of ICR (Institute 
of Cancer Research) mice. The transgenic mice were kept on a 
12-h light cycle; food and water were provided ad libitum. Mice 
of both genders at the age of 8-12 weeks were used for live animal 
imaging. All protocols were approved by the Institutional Ani-
mal Care and Use Committee of Peking University accredited by 
AAALAC International. 

Genotyping, RT-PCR and histology
Mouse-tail DNA was isolated with a genomic DNA isola-

tion kit. Genotyping was performed by PCR with a forward 
primer within mt-cpYFP cDNA (5′-GCACAAGCTGGAGTA-
CAACGGT-3′) and a reverse primer within β-globin poly (A) 
(5′-GATGACCTCTTTATAGCCAACCT-3′), giving rise to a 394 
bp fragment. Internal control, a 530 bp Gapdh fragment, was 
amplified with a forward primer (5′-AGGCCGGTGCTGAG-

TATGTC-3′) and a reverse primer (5′-TGCCTGCTTCACCACC 
TTCT-3′). RT-PCR was used to analyze mt-cpYFP mRNA levels 
in multiple tissues of 2-month-old transgenic mice. Total RNA 
was extracted from snap-frozen tissues with Trizol (Invitrogen) 
and a 2 µg of RNA was used to generate cDNA by using M-MLV 
RTase (Takara). The specific primers were mt-cpYFP: forward 
5′-AGTCACTATAGGGAGACCCAAGC-3′, reverse 5′-GACTG-
GAAGCTCAGGTAGTGGTT-3′, with a 273 bp fragment; 18s 
rRNA: forward 5′-GGAAGGGCACCACCAGGAGT-3′, reverse 
5′-TGCAGCCCCGGA CATCTAAG-3′, with a 316 bp fragment.

For histological study, anesthetized mice were sequentially per-
fused with PBS and 4% paraformaldehyde through a syringe in-
serted into the left ventricle, and the right atrial appendage was cut 
open for drainage. Following perfusion, organs and tissues were 
removed and kept in 4% paraformaldehyde for 16 h. The fixed 
tissues were embedded in paraffin, sectioned at 8 µm and stained 
with hematoxylin and eosin. Images were taken with a light micro-
scope (Olympus).

Multidimensional confocal imaging in vivo
Mice were anesthetized with pentobarbital sodium (80 mg/kg 

body weight) by intraperitoneal injection and placed in a custom-
devised chamber. Sterile ophthalmic ointment was placed in each 
eye. Skin at the surgical area was shaved and prepared for sterile 
surgery with 70% alcohol. An incision was made at the medial 
side of one hindlimb to expose the gastrocnemius muscle or sciatic 
nerve trunk. Either an inverted (Zeiss LSM 710) or an upright con-
focal microscope (Zeiss LSM 700) was used to detect superoxide 
flashes while exposed tissues were immersed in isotonic balanced 
salt solution containing (in mM): 140 NaCl, 5 KCl, 2.5 CaCl2, 2 
MgCl2 and 10 HEPES (pH 7.2). Mice were placed on isothermo 
pads to maintain a constant body and muscle temperature. Two-
dimensional (2D, xy) confocal images were recorded using a 40× 
1.0 numerical aperture water-immersion lens in the upright con-
figuration or a 40× 1.3 numerical aperture oil-immersion lens in 
the inverted configuration. Fast time-lapse 3D (xy-t) or 4D (xyz-t) 
images were recorded using a 40× 1.3 numerical aperture oil-
immersion lens (Zeiss LSM 510 Live, inverted configuration). The 
focal plane was set < 50 µm from the tissue surface and the axial 
resolution was set at 1.0 µm. Dual wavelength excitation imaging 
of mt-cpYFP was achieved by alternating excitation at 405 and 
488 nm and detecting emission at > 505 nm. Triple wavelength 
excitation imaging of mt-cpYFP and TMRM was achieved by 
tandem excitation at 405, 488 and 543 nm, and the emission was 
detected at 505-530, 505-530 and > 560 nm, respectively. For 
in vivo loading of TMRM into the skeletal muscle, extracellular 
solution containing 500 nM TMRM was topically applied to the 
incision-exposed skeletal muscle for 30 min and then washed out 
with TMRM-free solution. Time-lapse images (xy-t) were taken at 
1-s intervals. Ten z-planes, each with alternating 405 and 488 nm 
excitation, of a z-stack were taken at 1 µm intervals every 2.37 s. 
The intensity of each pixel was digitized at 8-bit depth. 

Detection of tMPT/superoxide flashes during metabolic ma-
nipulations 

For glucose challenge, mt-cpYFP transgenic mice were fasted 
for 6-12 hr with free access to water. Anesthetized mice were in-
jected intraperitoneally with 2 g/kg body weight glucose. Blood 
was collected at 0, 5, 15, 30, 45 and 60 min after injection, and 
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glycaemia was determined by a portable glucometer (ACCU 
CHEK Advantage, Roche). For insulin challenge, anesthetized 
mice under random-fed conditions were intraperitoneally injected 
with 1 U/kg body weight insulin (Sigma) diluted in sterile saline. 
Blood samples were collected at 0, 5, 15, 30, 45, 60 and 75 min 
for glycaemia analysis. The tMPT/superoxide flash activity was 
monitored over time windows of 20-50 min before and 30-90 min 
after metabolic manipulation, in randomly selected fibers of gas-
trocnemius, with 100 xy images taken in 100 s at each site of 70.8 
× 44.3 µm2.

Image processing and superoxide flash analysis
Confocal images were analyzed using custom-developed 

programs written in Interactive Data Language (IDL, Research 
Systems). Cell motion and contraction artifacts were largely cor-
rected by image processing such that the same cellular structures 
in different frames were aligned for parametric measurement and 
data presentation. This correction was guided by the 405 nm exci-
tation images, which showed no changes during tMPT/superoxide 
flashes, and were omitted from figure presentation for simplic-
ity. Individual superoxide flashes were identified with the aid of 
custom-devised computer algorithms, and their morphological and 
kinetic properties, including amplitude (∆F/F0, maximum fluores-
cence increase over baseline), time to peak (Tp), half decay time 
(T50), FDHM and FAHM, were measured automatically. 

To delineate the 3D boundary of a tMPT/superoxide flash from 
4D xyz-t stacks, the raw xyz stacks were first rotated about the 
z-axis for a proper viewpoint, using bilinear interpolation for this 
geometric transformation. Then, a rectangular volume encompass-
ing a tMPT/superoxide flash was selected and subjected to singu-
lar value decomposition to perform principal component analysis 
in order to decrease the interference of the noise. By taking about 
70% of all the components to reconstruct the image with reduced 
noise and further smoothing with the Gaussian blur method; the 
interval volume tetrahedrization method provided by IDL was 
used to generate a tetrahedral mesh from selected volumetric data 
(e.g., xyz stack at the peak of a tMPT/superoxide flash). 

Statistical analysis
Results are expressed as mean ± s.e.m. Student’s t-test, and χ2-

test were applied, when appropriate, to compare the differences be-
tween two groups. P < 0.05 was considered statistically significant.
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