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 In most cells and under most condi-
tions, mitochondria produce the major-
ity of the readily available energy (in 
the form of ATP) to sustain a myriad 
of biochemical processes necessary for 
the survival and proper function of the 
cell. Excitable cells, such as neurons 
and muscle cells, require very high 
amounts of ATP to maintain and restore 
the ion gradients across membranes 
as they experience frequent bouts of 
depolarization-induced Na+ and Ca2+ 
influx [1]. Oxidative phosphorylation, 
the chemical process by which a high-
energy phosphate bond is added to ADP 
to produce ATP, is mediated by electron 
transport chain (ETC) protein complex 
enzymes associated with the mitochon-
drial inner membrane (Figure 1). During 
the electron transport process super-
oxide anion radical (SO) is produced. 
Mitochondrial manganese superoxide 
dismutase (SOD) converts SO to the 
more stable and membrane permeable 
hydrogen peroxide, with the latter being 
converted to water via the actions of 
catalase and glutathione peroxidases. 
However, SO production can also lead 
to the generation of several highly 
destructive free radicals including hy-
droxyl radical and peroxynitrite [2]. 
Excessive production and/or reduced 
detoxification of SO is implicated in 
the pathogenesis of a range of diseases 
including cardiovascular disease [3], 

diabetes [4] and neurodegenerative 
disorders [5]. On the other hand, SO 
may serve as a signaling molecule that 
regulates cellular energy metabolism, 
growth and survival [6]. 

  SO production occurs primarily at 
mitochondrial complexes 1 and 3. Be-
cause of the cascading nature of the ETC 
assembly, it is generally believed that 
SO production is directly proportional 
to ATP production, such that both SO 
and ATP production are regulated (under 
physiological conditions) mainly by 
O2 and energy substrate (e.g., glucose) 
availability. However, in pathological 
settings an aberrant sustained increase 
in SO production and a reduction in 
ATP production may occur as the result 
of impairment of complex 1, a scenario 
believed to happen in the dopamine-
producing neurons that degenerate in 
Parkinson’s disease [7]. But recent 
findings, bolstered by technological 
advances, challenge the concept that 
SO is normally produced in a graded 
manner proportional to ETC activ-
ity. In particular, the development of a 
genetically-engineered fluorescent SO 
probe provides a tool for observing SO 
production in individual mitochondria 
of living cells in real time [8]. Circular 
permuted yellow fluorescent protein tar-
geted to mitochondria (mt-cpYFP) was 
shown to increase its fluorescence emis-
sion in response to SO, but not other 
reactive oxygen species or ATP. When 
imaged in the mitochondria of cardiac 
myocytes and neurons, the cpYFP sig-
nal exhibited spontaneous ‘flashes’; 

the frequency of the SO flashes was 
increased in response to hyperoxia, and 
the flashes were abolished by inhibition 
of the ETC, by SOD mimetics and by 
inhibition of mitochondrial membrane 
permeability transition pores (mPTP) 
(Figure 1). The latter discovery raised 
many new questions, including whether 
such mitochondrial SO flashes occur in 
vivo and, if so, what factors influence 
their occurrence. 

  Recently, Fang et al. [9] provide 
an important advance towards under-
standing the behaviors and functions of 
mitochondria in vivo. Previous attempts 
to study mitochondrial SO production 
and mPTP opening in vivo had involved 
measurements made using isolated mi-
tochondria, or relied on indirect indica-
tors of SO levels (hydroethidine fluores-
cence) and mPTP opening (cytochrome 
c release into the cytosol), and did not 
reveal the existence of mitochondrial 
SO flashes. The authors generated trans-
genic mice that express mt-cpYFP in all 
of their cells, and found that they could 
image mitochondria in skeletal muscle 
cells and axons of peripheral neurons 
by confocal microscopy in anesthetized 
mice. Mitochondria in skeletal muscle 
cells exhibited spontaneous SO flashes 
that occurred throughout the mito-
chondrial network of individual cells. 
SO flashes occurred asynchronously 
in individual mitochondria distributed 
along axons of the sciatic nerve and, 
interestingly, SO flashes occurred only 
in mitochondria that were stationary 
and not in mitochondria that were being 
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actively transported along the axons [9]. 
Additional experiments in the new study 
showed that, as was the case in cell cul-
ture, the SO flashes are associated with 
and require the opening of mPTP. 

 Diabetes is defined by a defect in the 
regulation of circulating glucose levels 
as the result of impaired sensitivity 
of cells to insulin (type 2 diabetes) or 
failure of pancreatic β-cells to produce 
sufficient amounts of insulin (type 1 

diabetes). There is considerable evi-
dence that mitochondrial alterations and 
oxidative stress play important roles in 
the development of insulin resistance 
in muscle cells and damage to pancre-
atic β-cells in diabetes [4]. Because 
the impact of elevated blood glucose 
levels and insulin on the production 
of SO by individual mitochondria was 
previously unknown, Fang et al. [9] im-
aged mt-cpYFP fluorescence in skeletal 

muscle cells during the administration 
of glucose or insulin to the mice. There 
was a marked increase in the SO flash 
frequency of mitochondria in response 
to systemic administration of either 
glucose or insulin. The amplitude and 
duration of individual SO flashes were 
unchanged in the presence of elevated 
glucose and insulin levels and, inter-
estingly, there was an apparent shift in 
the gating mode of the transient mPTP 

Figure 1 Model of the mechanisms by which mitochondrial superoxide (SO) flashes are generated, and potential roles for 
SO flashes in physiological processes and disease in muscle and nerve cells. SO is generated primarily at complexes 1 and 
3 in the electron transport chain at the inner mitochondrial membrane. Spontaneous bursts of SO (SO flashes) occur and the 
frequency of SO flashes can be increased by elevating the levels of glucose and O2, and in response to Ca2+ influx through 
plasma membrane channels such as ionotropic glutamate receptors (glutamate is the major excitatory neurotransmitter in the 
central nervous system). Insulin signaling can also enhance the generation of mitochondrial SO flashes. The transient open-
ing of mitochondrial membrane permeability transition pores (PTP) is essential for SO flash production, possibly via interac-
tions of PTP proteins with ETC proteins, or by movement of an ion or protein through the PTP. Relatively low levels of SO 
flashes may activate adaptive stress response signaling pathways, resulting in an increase in the expression of proteins that 
protect the cells against more severe stress. Prolonged high frequency SO flashes, caused by hyperoxia, high glucose levels 
and excessive activation of glutamate and insulin receptors, can cause oxidative damage to various cellular components re-
sulting in dysfunction and disease, as may occur in diabetes and neurodegenerative disorders such as Alzheimer’s disease. 
Akt, Akt kinase; ATP, adenosine triphosphate; GluT, glucose transporter; IonGR, ionotropic glutamate receptor; InsR, insulin 
receptor; PI3K, phosphatidylinositol-3-kinase; PTP, permeability transition pore. 1, 2, 3, 4 and 5, electron transport chain 
complexes 1, 2, 3, 4 and 5. 
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opening. Collectively, these new find-
ings suggest the involvement of altera-
tions in mPTPs and increased genera-
tion of SO flashes in the pathogenesis of 
diabetes, and suggest a specific role for 
SO flash generation in the mechanism 
by which muscle cells become resistant 
to insulin [10, 11]. 

  The new findings of Fang et al. re-
veal several previously unknown aspects 
of mitochondrial dynamics in muscle 
cells and neurons in vivo including: (1) 
Both types of excitable cells generate 
transient quantal SO flashes; (2) The 
SO flashes may occur simultaneously 
throughout a mitochondrial reticulum 
(muscle cells) or independently of other 
mitochondria within the cell (neurons). 
Mitochondrial SO flashes are associated 
with transient mitochondrial membrane 
depolarization/mPTP opening; (3) The 
frequency of mitochondrial PTP open-
ing/SO flashes increases in response 
to increased glucose availability and 
insulin signaling; (4) Mitochondria in 
the axons of neurons exhibit PTP open-
ing/SO flashes when they are stationary 
and few of no PTP openings/SO flashes 
when they are in the process of being 
transported in either direction along the 
axons. This is a remarkable amount of 
new information that should be of great 
interest to investigators in the fields of 
mitochondrial biology, physiology and 
disease. 

 Many new questions arise from the 
data obtained using the novel mt-cpYFP 
probe [8, 9]. First, what is the physi-
ological function(s) of mitochondrial 
SO flashes? Their quantal nature sug-
gests that SO flashes in mitochondria 
may play roles in intercellular and 
interorganellar signaling in a manner 
akin to vesicular release of neurotrans-
mitters, endoplasmic reticulum Ca2+ 
sparks and coupling of ER Ca2+ release 
and mitochondrial Ca2+ uptake [12, 13]. 
The latter question leads directly to the 
question of what is the mechanism that 
determines the size of a quantum of SO? 
Perhaps there is a pool of sequestered 
SO analogous to what has been proposed 

as the mechanism for release of quanta 
of Ca2+ through inositol triphosphate 
receptors in the endoplasmic reticulum 
[14]. Third, what is the molecular basis 
of the coupling of mPTP opening and 
SO flash generation? This could occur if 
opening of the PTP results in an interac-
tion of PTP or associated proteins with 
proteins that are part of or associated 
with mitochondrial complex 1. Alter-
natively, a substance (e.g., ion, peptide 
or protein) may move through the PTP 
and interact with ETC proteins. Fourth, 
how is the frequency of the SO flashes 
modified by physiological signaling and 
in pathological settings? Fang et al. [9] 
found that when mice were adminis-
tered either glucose or insulin the fre-
quency of the mitochondrial SO flashes 
increased. Glucose might increase SO 
flash frequency by providing more 
substrate for oxidative phosphoryla-
tion, and insulin might act by increasing 
glucose transport. On the other hand, 
activation of signaling cascades that 
modify activity of mitochondrial ETC 
activity is also a possibility for which 
there is precedence (Figure 1). For 
example, the activation of glutamate re-
ceptors in neurons has been reported to 
increase mitochondrial SO production 
by a mechanism involving Ca2+ influx 
through ionotropic glutamate receptors 
in the plasma membrane [15]. 

 Finally, what is to be learned from 
the observation that SO flashes are re-
duced or absent in mitochondria that are 
being actively transported along axons 
[9]? Apparently, there is a mechanism 
by which PTP opening is inhibited when 
mitochondria are being actively trans-
ported along mitochondria. It has been 
observed that mitochondria stop moving 
and reside for long time periods at sites 
where ATP demand is particularly high 
including at nodes of Ranvier in myeli-
nated axons, the base of the axon and 
in presynaptic terminals [16]. Kinesin(s) 
is the motor protein for anterograde 
transport and dynein(s) is the motor for 
retrograde transport of mitochondria 
in axons [16]. Mitochondria associate 

with the motor proteins via specific 
adaptor proteins including Miro, Milton 
and syntabulin (kinesin), and dynactin 
(dynein) [5]. Other proteins have been 
identified that function in the dock-
ing of mitochondria at specific sites 
within axons, with syntaphilin being 
one example. Perhaps one or more of 
these mitochondrial transport and/or 
docking proteins interact with proteins 
of the SO-generating electron transport 
complex or with the PTP to either inhibit 
or enable SO flashes. The development 
of mt-cpYFP and the demonstration 
of its utility in the visualization of SO 
flashes in muscle and nerve cells in 
vivo, combined with existing molecular 
genetic methods for manipulating the 
expression of specific proteins, sug-
gests that it is likely that many of these 
questions will be answered in the not 
too distant future.
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