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Abstract

Skeletal muscle generation of reactive oxygen species (ROS) is increased following contractile activity and these species
interact with multiple signaling pathways to mediate adaptations to contractions. The sources and time course of the
increase in ROS during contractions remain undefined. Confocal microscopy with specific fluorescent probes was used to
compare the activities of superoxide in mitochondria and cytosol and the hydrogen peroxide content of the cytosol in
isolated single mature skeletal muscle (flexor digitorum brevis) fibers prior to, during, and after electrically stimulated
contractions. Superoxide in mitochondria and cytoplasm were assessed using MitoSox red and dihydroethidium (DHE)
respectively. The product of superoxide with DHE, 2-hydroxyethidium (2-HE) was acutely increased in the fiber cytosol by
contractions, whereas hydroxy-MitoSox showed a slow cumulative increase. Inhibition of nitric oxide synthases increased
the contraction-induced formation of hydroxy-MitoSox only with no effect on 2-HE formation. These data indicate that the
acute increases in cytosolic superoxide induced by contractions are not derived from mitochondria. Data also indicate that,
in muscle mitochondria, nitric oxide (NO) reduces the availability of superoxide, but no effect of NO on cytosolic superoxide
availability was detected. To determine the relationship of changes in superoxide to hydrogen peroxide, an alternative
specific approach was used where fibers were transduced using an adeno-associated viral vector to express the hydrogen
peroxide probe, HyPer within the cytoplasmic compartment. HyPer fluorescence was significantly increased in fibers
following contractions, but surprisingly followed a relatively slow time course that did not appear directly related to
cytosolic superoxide. These data demonstrate for the first time temporal and site specific differences in specific ROS that
occur in skeletal muscle fibers during and after contractile activity.
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Introduction

Reactive oxygen species (ROS) are generated continuously by

skeletal muscle cells and this process is widely recognised to be

increased with contractile activity [1]. The primary reactive

oxygen and nitrogen species generated by skeletal muscle are

superoxide and nitric oxide [1,2], but there is an on-going

discussion about the specific sub-cellular sites that contribute to

superoxide generation in muscle during contractions. ROS

interact with multiple signalling processes including pathways that

mediate adaptive and potentially protective processes in skeletal

muscle, such as the transcription factors AP-1 and NF-kB [3]. An

increase in superoxide and NO can also lead to oxidative damage,

through the formation of highly reactive secondary species such as

peroxynitrite and hydroxyl radical [4–7].

The lack of any definitive conclusion concerning the sub-cellular

sources of ROS that are active during contractions has been in

part due to a lack of definitive analytical approaches to study the

processes in situ. There are multiple potential approaches to

monitoring ROS including electron paramagnetic resonance [8],

monitoring of secondary products of ROS reaction with proteins,

lipids and DNA [4] and fluorescence microscopy utilising ROS

sensitive probes [9–11]. Fluorescence microscopy offers the

potential to obtain real-time measurements from living cells, but

has been severely hampered by the lack of specificity of the probes

that are widely available. MitoSox Red and dihydroethidium

(DHE) which localise predominantly to the mitochondrial and

cytoplasmic compartments of cells respectively [12–14] are

commonly used probes to detect intracellular superoxide. DHE

accumulates in the cell cytoplasm by diffusion and following
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oxidation the product binds with negatively charged DNA that

results in enhanced fluorescence and facilitates indirect superoxide

detection. MitoSox is DHE with a triphenylphoshonium cation

that facilitates its preferential accumulation (100–1000-fold) and

retention within mitochondria [15]. Following oxidation the

product also interacts with mitochondrial DNA and RNA with

enhanced fluorescence. Many previous studies have monitored

non-specific ethidium fluorescence as an index of superoxide

activity following loading of cells with DHE or MitoSox, but

recent studies have identified 2-hydroxyethidium (2-HE) and the

equivalent hydroxylated product of MitoSox (hydroxy-MitoSox) as

specific products of the reaction of DHE or MitoSox with

superoxide [16,17]. Analysis of the fluorescence spectra of DHE,

MitoSox and their oxidation products has identified a specific

excitation wavelength for monitoring hydroxy-MitoSox and 2-HE.

The fluorescent detection of the superoxide specific products for

both MitoSox and DHE has been reported to require excitation at

396 nm whereas non-specific oxidation products are detected

using an excitation of 510 nm with emissions at either excitation

monitored at wavelengths .560 nm [12,15].

Previous approaches to assess hydrogen peroxide within muscle

fibers and other cells have primarily used DCFH (29, 79

dichlorodihydrofluorescein), but despite its extensive use the lack

of specificity of this probe is widely recognised and it has been

shown to be sensitive to a number of ROS and reactive nitrogen

species (RNS) including superoxide, nitric oxide and peroxynitrite

in addition to hydrogen peroxide [18,19]. The genetically encoded

probe, HyPer is a circularly permuted yellow fluorescent protein

(cpYFP) inserted into the regulatory domain of the specific

prokaryotic hydrogen peroxide-sensing protein, OxyR [20] that

has been developed to provide a specific probe for hydrogen

peroxide, but cells must be transfected with this probe. In the

current study isolated muscle fibers were transduced using an

adeno-associated virus to express HyPer within the cytoplasmic

compartment.

Although older data indicated that mitochondria are important

in generation of ROS in skeletal muscle following contractions

[1,2], more recent studies have identified a potential role for

NADPH oxidases (Noxs) in this process [21–23]. Skeletal muscle

has been shown to express Nox2 [21] and Nox4 [24] and the

Nox4 isoform appears to be present in muscle mitochondria [22],

hence these studies also do not define the key sub-cellular sites for

ROS generation during contractions. The aims of this study were

therefore to use specific approaches to monitor the activities of

superoxide in mitochondria and cytosol of isolated mature skeletal

muscle fibers prior to, during, and after periods of contractile

activity compared with fibers at rest. The relationship of

superoxide activity to hydrogen peroxide content of fibers was

also examined following transfection of fibers with the hydrogen

peroxide-specific probe, HyPer.

Materials and Methods

Mice
All experiments were performed in accordance with UK Home

Office guidelines and under the UK Animals (Scientific Proce-

dures) Act 1986. The protocol was approved by the University of

Liverpool animal ethics committee. Male adult (10–16 months old)

C57Bl/6 mice were used for all experiments. Mice were humanely

killed and the flexor digitorum brevis (FDB) muscles were rapidly

removed for isolation of single fibers.

Isolation of single mature skeletal muscle fibers
Single fibers were isolated from the FDB muscles of mice using

the method of Shefer & Yablonka-Reuveni [25] as modified by

Palomero et al., [9]. FDB muscles were incubated for 1.5 hr at

37uC in 0.4% (w/v) Type I collagenase (EC 3.4.24.3, Sigma

Chemical Co., Poole, Dorset, UK) in minimum essential medium

eagle (MEM) media containing 2 mM glutamine, 50 i.u. penicillin,

50 mg ml21 streptomycin and 10% foetal bovine serum (FBS,

Sigma Chemical Co.). The muscles were agitated every 30 min-

utes during the digestion period. Single myofibers were released by

gentle trituration with a wide-bore pipette and fibers were washed

three times in MEM media containing 10% FBS. Fibers were

plated onto pre-cooled 35 mm glass bottomed cell culture dishes

(MatTek, Massachusetts, USA) pre-coated with Matrigel (BD

Biosciences, Oxford, UK) in 2.5 ml MEM media containing 10%

FBS. Fibers were incubated for 20 hrs at 37uC in a 5% CO2 tissue

culture incubator. Fibers prepared and cultured in this manner are

viable for up to 6 days in culture [9] although in practise all fibers

were studied within 30 hours. Experiments were performed on

fibers that retained good morphology and exhibited prominent

cross-striations (see Figure 1).

Solutions
MitoSox red and DHE (Invitrogen, Paisley, UK) were diluted in

DMSO prior to use. MEM, D-PBS, Apocynin, NG-Nitro-L-

arginine methyl ester hydrochloride (L-NAME) and allopurinol

were from the Sigma Chemical Co. MEM solution was made of

(in mM) MgSO4.H2O (0.8), KCl (5.4), NaCl (116.4), NaH2-

PO4.H2O (1), D-glucose (5.5), NaHCO3 (26.2), HEPES (10),

CaCl2.2H2O (1.9) and pH 7.4.

Use of MitoSox red to monitor mitochondrial superoxide
in isolated fibers

Fibers were loaded in 2 ml Dulbecco’s phosphate-buffered

saline (D-PBS) containing 125 nM MitoSox red for 10 minutes at

37uC in a tissue culture incubator. Fibers were then washed twice

with D-PBS and two further washes with MEM solution. Fibers

were maintained in 2 ml MEM solution during the experimental

protocol. Where L-NAME was used to inhibit nitric oxide

synthases [26], this was added 30 minutes prior to the com-

mencement of the experiment and maintained throughout the

experiment.

Use of dihydroethidium to monitor cytoplasmic
superoxide in isolated fibers

Fibers were loaded by incubation in 2 ml D-PBS containing

5 mM DHE for 20 minutes at 37uC in a tissue culture incubator.

Fibers were then washed twice with D-PBS and two further washes

with MEM solution. Fibers were maintained in 2 ml MEM

solution during the experimental protocol.

Use of HyPer to specifically monitor hydrogen peroxide in
isolated fibers

Cyto-HyPer obtained from Evrogen (Moscow, Russia) was cloned

into a recombinant adeno-associated viral vector (pseudotype 6;

rAAV6) to generate vector particles that were used for transduc-

tion of isolated muscle fibers prior to experimentation. Preparation

of rAAV6 vectors was performed essentially as described

previously [27]. Fibers were exposed to 7.56109 adeno-associated

viral particles containing the cyto-HyPer immediately after isolation

and maintained in the presence of the particles for 72 hours in a

tissue culture incubator. Fibers then washed three times and
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maintained in 2 ml MEM-solution during the experimental

protocol.

Confocal microscopy
A Nikon E-Ti inverted microscope with an Okolab heated stage

insert to a motorised stage (TI-S-EJOY, Nikon) for a 35 mm petri

dish equipped with a C1 confocal (Nikon Instruments Europe BV,

Surrey, UK) was used. The confocal had 3 lasers, a diode (UV)

with 405 nm excitation, argon with 488 nm excitation and a

helium-neon with 543 nm excitation. Acquisition software was

EZC1 V.3.9 (12 bit). For assessment of 2-HE and hydroxy-

MitoSox, excitation was at 405 nm with the emission collected

through a 605/15 filter. For the non-specific (ethidium) products

of DHE and MitoSox oxidation, excitation was at 488 nm with

the emission collected through a 605/15 filter. To examine

cytoplasmic DHE, an additional scan was undertaken (at 405 nm

excitation) and the emission was collected through a 450/35 filter.

Cyto-HYPER was sequentially excited at 405 and 488 nm with

emission collected between 515/30 nm, with the ratio of 488/

405 nm excitation being presented. Bright field images were

acquired using the 543 nm laser. The objective was a PlanApo VC

660A/1.2NA/0.27 mm working distance water immersion.

Pinhole size was 150 mm with a 1.86 msec pixel dwell time in all

cases. Regions of interest for determination of fluorescence/area

were selected as previously reported [10]. All experiments were

performed at 25uC.

Electrical stimulation of muscle contraction in isolated
fibers

Single muscle fibers were subjected to electrical field stimulation

(Harvard Apparatus, Kent, UK) in 35 mm petri dishes using

platinum electrodes (Advent, Oxford, UK) as previously described

[28]. The total incubation time for the fibers was for 60 minutes

with confocal images captured every ten minutes. Following an

initial 10 minutes at rest, fibers were stimulated to contract for

10 minutes with trains of bipolar square wave pulses of 2 ms in

duration for 0.5 sec repeated every 5 sec at 50 Hz and 30 V/well.

Fibers then remained at rest for 20 minutes followed by a second

identical stimulation protocol and a final 10 minute recovery

period at rest.

Statistical Analysis
Data are presented as means 6 SE for each experiment, where

n represents number of mice. Data were analysed using SPSS

V.17. Data distribution was checked using KS-test and were

normal throughout, variance was checked using Levene’s test.

Data were then examined by General linear models repeated

measures examining treatments (i.e. exposure to drug and/or

exposure to contraction), followed by one way ANOVA or

Student’s t test. Data were considered significant at P,0.05.

Results

Detection of superoxide in mitochondria of skeletal
muscle fibers using MitoSox red

MitoSox red was used to detect superoxide within mitochondria

of single muscle fibers. In initial experiments, fibers were loaded

with both MitoSox red and mitotracker green (20 nM) to

determine whether MitoSox co-localised with mitotracker

(Figure 1A) The ability of MitoSox red in fibers to detect

superoxide within mitochondria was confirmed by use of

antimycin A, an inhibitor of the electron transport chain that

induces generation of superoxide from complex III [29]. Figure 1B

shows changes in fluorescence from MitoSox-loaded muscle fibers

monitored using two excitation wavelengths, 405 and 488 nm

(n = 3). Fibers were exposed to antimycin A (10 mM) at 0 minutes,

and throughout the rest of the experiment. After 90 minutes

exposure to antimycin A the MitoSox fluorescence had increased

by 44628% when monitored at 405 nm excitation and 143617%

at 488 nm excitation. Best fit slopes of linear lines fitted to the

MitoSox fluorescence at the 2 wavelengths between 0 to

95 minutes were significantly different with the slope from

fluorescence with 488 nm excitation being approximately 36
steeper than that obtained with 405 nm excitation (slopes of 1.44

versus 0.44 arbitrary units respectively, t-test, P = 0.04). Thus

exposure to antimycin A induced oxidation of MitoSox that was

detectable using the non-specific excitation wavelength and by

analysis of hydroxy-MItoSox albeit at a lower sensitivity. For all

subsequent experiments, results using 405 nm excitation (i.e. 2-HE

or hydroxy-MitoSox) are presented.

Figure 1. (A) Fluorescent confocal images of a single isolated FDB
muscle fiber loaded with MitoSox red (125 nM) and Mitotracker green
(20 nM). (i)Fluorescent image of fiber loaded with mitotracker, (ii)
Fluorescent image of fiber loaded with MitoSox obtained using
excitation at 405 nm, (iii) Fluorescent image of fiber loaded with
MitoSox obtained using excitation at 488 nm, (iv) merge of bright field
and fluorescent images, (v) merged fluorescent images i–iii, (vi) bright
field image. Scale bar = 25 mm. (B) Fluorescence values from MitoSox
red loaded fibers (n = 3) with time, prior to -, and after exposure to
10 mM antimycin A (denoted by the black bar). Data from excitation at
405 nm is claimed to reflect 2-hydroxy MitoSox and excitation at
488 nm monitors non-specific oxidation products of MitoSox.
doi:10.1371/journal.pone.0096378.g001
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Detection of superoxide in mitochondria from resting
and contracted skeletal muscle fibers using MitoSox red

Changes in mitochondrial superoxide were investigated using

MitoSox red in resting, non-stimulated single FDB fibers and

fibers that were electrically stimulated to contract (Figure 2). Fiber

contraction was stimulated by two protocols separated by twenty

minutes at rest. The timing of contraction periods are shown by

bars on the Figure. Data are presented as the relative fluorescence

normalised to the initial fluorescence value (Figures 2B and D) and

as the change in fluorescence compared with non-stimulated fibers

over each 10 minute period (Figures 2C and E). Figure 2B shows

the hydroxy-MitoSox fluorescence changes over time from fibers

that were not stimulated to contract and fibers exposed to the two

contraction protocols (n = 6 for both groups). Non-stimulated

fibers showed no significant increase in hydroxy-MitoSox fluor-

esecence over time. Stimulated fibers showed a small increase in

hydroxy-MitoSox fluorescence over the course of the experiment

and by the end a 1565% increase in fluorescence from these fibers

was seen. This change in fluorescence only achieved statistical

significance at the final time point compared with values from

non-stimulated fibers (one way ANOVA, P = 0.04). Repeated

measures analysis over the whole time course showed no

significant effect of stimulation between the two groups (F = 4.2,

P = 0.069, General linear model). The net change in hydroxy-

MitoSox fluorescence did not differ significantly between stimu-

lated and non-stimulated fibers at any time point (Figure 2C).

Since superoxide can rapidly react with NO to form peroxyni-

trite and hence excess NO might limit superoxide availability for

reaction with MitoSox, the effect of the NOS inhibitor, L-NAME,

on MitoSox fluorescence was examined (Figures 2D and E). In the

presence of L-NAME, the hydroxy-MitoSox fluorescence from

non-stimulated fibers was unchanged, but there was an overall

increase in the MitoSox fluorescence from stimulated fibers that

reached statistical significance after the second contraction

protocol and showed a 37616% increase above non-stimulated

values (P = 0.028, one way ANOVA). Analysis over the whole time

course showed a significant effect of stimulation (F = 5.3, P = 0.04,

General linear model repeated measures) between the stimulated

and non-stimulated groups in the presence of L-NAME. Analysis

of the rate of change in hydroxy-MitoSox fluorescence in the

presence of L-NAME showed increases during the first and second

periods of muscle contraction and during the resting period30–

40 minutes compared with non-stimulated fibers at the same time

points.

Detection of superoxide in the cytoplasm of resting and
contracted skeletal muscle fibers using DHE

DHE was used to detect superoxide within the cytoplasm of

non-stimulated and stimulated muscle fibers in the presence and

absence of L-NAME (Figure 3). Fluorescence was monitored from

nuclei and showed a significant effect of stimulation with respect to

time (repeated measures F = 6.6, P = 0.016). No significant effect of

L-NAME on fluorescence from non-stimulated or stimulated fibers

was seen. The fluorescence from 2-HE increased acutely and

significantly in response to each of the two periods of muscle

contraction, exhibiting a 2066% and 1764% increase above

baseline in the first and second contraction periods in the absence

of L-NAME when compared with non-stimulated fibers at the

same time points (Figure 3B, one way ANOVA P,0.02 for first

and second contractions). Very similar data were obtained in the

presence of L-NAME (Figure 3D).

The net change in 2-HE fluorescence (Figure 3C) from the

nuclei of non-stimulated fibers showed a significant increase with

each period of stimulation (1st stimulation P = 0.01, 2nd stimulation

P = 0.01, Student’s t-test) compared with non-stimulated fibers. In

the 10 minute time period following each stimulation there was

significant reversal in the rate of change of fluorescence in the

stimulated fibers, leading to a net decline in fluorescence values

(after 1st stimulation P = 0.02; after 2nd stimulation P = 0.006,

Student’s t-test). An identical pattern of changes was observed in

the presence of L-NAME (Figure 3E).

Changes in the muscle fiber content of cytoplasmic DHE
during contractions

The data in Figure 3 show increased nuclei fluorescence

resulting from the contractions that was rapidly followed by a

decrease in fluorescence to near baseline values. To find a

potential explanation for these changes we repeated the experi-

ments with additional measurements of non-oxidised cytoplasmic

DHE (see Figure 4Aiii) in parallel with the changes in nuclear 2-

HE fluorescence (Figure 4Ai). A potential explanation for the

decline in fluorescence signal was that oxidised DHE, which

exhibits a 20–40 fold increase in fluorescent intensity upon binding

to DNA, might be displaced from DNA resulting in a decline in

fluorescence. Because of the proportional increase in fluorescence

that occurs on binding to DNA, a decline in signal might result

from a modest amount of oxidised DHE being displaced from

DNA. Figure 4B shows the pattern of changes in 2-HE measured

from the nuclei of contracted fibers in comparison with the total

content of DHE from the cytoplasm of the same cells (open

symbols) The apparent rates of loss of DHE from fibers were

generally similar between stimulated and non-stimulated fibers,

but there were small increases in the rate of loss of non-oxidised

DHE during the stimulation periods (potentially due to additional

loss of DHE to an oxidised form which binds to DNA) followed by

small but significant declines in the rate of loss of DHE in the

periods immediately following the stimulations (Figure 4C) which

we speculate reflects an effect due to DHE being displaced from

DNA.

Detection of hydrogen peroxide in the cytoplasm of
resting and contracted skeletal muscle fibers using HyPer

Transduction of fibers with a rAAV6 vector [27] expressing

cyto-HyPer (Evrogen, Moscow) led to the expression of HyPer

within the cytoplasm of all fibers. Figure 5A shows the distribution

of HyPer in a single fiber at 72 hours post-transduction and

demonstrates the predominant localisation to the cytoplasmic

compartment. Figure 5B shows the non-specific fluorescence from

control fibers that were not transfected with HyPer, but exposed to

the contraction protocols. In HyPer transfected fibers fluorescence

was generally increased in the contracted fibers (Figure 5C), but

the rate of change in fluorescence was only significantly increased

in the contracted fibers during the time periods immediately after

cessation of contractions (Figure 5D).

Discussion

The potential for skeletal muscle to generate reactive oxygen

and nitrogen species in response to contractile activity has been

widely examined, but despite extensive descriptive studies there

remains considerable debate about the nature and time-course of

changes in different cellular compartments [1,2]. Inhibitor and

other studies have recently indicated that non-mitochondrial

sources may be important [21–23], but recent developments in

approaches to localise ROS-sensitive probes within sub-cellular

compartments of cells and to improve the specificity of probes

provide the opportunity to directly address these questions. The
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Figure 2. (A) MitoSox red loaded single isolated skeletal muscle fiber, (i) Fluorescent image obtained using excitation at 405 nm, (ii) Fluorescent
image obtained using excitation at 488 nm, (iii) merged images i and ii, (iv) bright field image, scale bar = 25 mm. Figures B and D show the relative
fluorescence with time from skeletal muscle fibers loaded with MitoSox red (data presented from 405 nm excitation). Fibers were either non-
stimulated or subjected to two periods of electrically stimulated contractions during the time periods denoted by a black bar. No significant effect of
stimulation over the whole time course was found in the absence of L-NAME (Fig. 2B) whereas in the presence of L-NAME (Fig. 2D) a significant effect
of stimulation was found (repeated measures, F = 5.3, P = 0.04) compared with non stimulated fibers. Figures C and E show the rate of change in
relative fluorescence (derived from figures B and D ) between the indicated time points with the stimulation periods denoted by black bars. Data
shown in Figures B and C were from untreated fibers, data in Figures D and E were from fibers in the presence of 100 mM L-NAME. *P,0.05 compared
with non-stimulated fibers at the same time point (n = 6–7 for all groups).
doi:10.1371/journal.pone.0096378.g002
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Figure 3. (A) DHE loaded single muscle fiber, (i) Fluorescent image obtained using excitation at 405 nm, (ii) Fluorescent image obtained using
excitation at 488 nm, (iii) merged images i and ii, (iv) bright field image, scale bar = 50 mm. Figures B and D show relative fluorescence with time from
skeletal muscle fiber nuclei (data presented from 405 nm excitation only, n = 8). Fibers were either at rest or subjected to muscle contraction as
denoted by the black bar. Figures C and E show the rate of change in relative fluorescence (derived from figures B and D respectively) between
indicated time points. Data shown in Figures B and C were from untreated fibers, data in Figures D and E were from fibers in the presence of 100 mM
L-NAME. *P,0.05 compared with non-stimulated fibers at the same time point.
doi:10.1371/journal.pone.0096378.g003
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current study has demonstrated that cytosolic superoxide activity

increases acutely in response to contractions, but this was not

accompanied by a similar acute change in mitochondrial

superoxide availability and that modification of NO availability

only influenced mitochondrial superoxide with no effect on

cytosolic superoxide. Surprisingly, changes in cytosolic hydrogen

peroxide monitored using the HyPer probe were found to follow a

considerably slower time course than the rapid changes in

cytosolic superoxide observed following contractions.

Loading of cells with DHE and monitoring of its oxidation

through measurement of ethidium fluorescence has been used for

a considerable time as an index of superoxide activity [14,30,31],

but more recent studies have identified 2-hydroxyethidium (2-HE)

as a specific product of the reaction of DHE with superoxide

[12,15,16]. Monitoring of 2-HE has been described through

analysis by HPLC techniques [11,13,16,32] or through selective

excitation of the 2-HE product in fluorescence microscopy

[12,15]. DHE and MitoSox are structurally similar, the triphe-

nyl-phosphonium cation being incorporated into MitoSox to

facilitate its charge dependant accumulation in mitochondria. The

superoxide specific product of MitoSox oxidation has also been

reported to be detected by selective excitation of the hydroxy-

MitoSox product in fluorescence microscopy in an analogous

manner to 2-HE [12,15]. The data shown in Figure 1 confirms the

localisation of MitoSox to the mitochondria of isolated mature

muscle fibers. MitoSox red fluorescence was found to co-localise

with mitotracker green (Figure 1A(v)) confirming the mitochon-

drial selectivity and no MitoSox fluorescence was seen from nuclei

(Figure 1A(ii–iii) respectively). In contrast, the distribution of

DHE-oxidation products in DHE loaded fibers was predominantly

nuclear (Figure 3A(i–ii)). Although DHE is able to enter

mitochondria, it does not accumulate and predominantly remains

cytosolic. Following oxidation of DHE, the products intercalate

into nuclear DNA and fluorescence is measured from nuclei. The

data in Figure 1 also show the relative insensitivity of monitoring

of 2-HE (with excitation at 405 nm) compared with the

monitoring of non-specific oxidation products with 488 nm

excitation. Nevertheless changes in the specific product were

detectable following treatment with antimycin A and this

approach was used for all further studies.

A comparison of the pattern of formation of 2-HE in the cytosol

of DHE loaded fibers (Figure 3) with hydroxy-MitoSox in the

mitochondria of MitoSox-loaded fibers (Figure 2) showed that

cytosolic superoxide increased acutely in response to contractile

activity but there was no similar acute increase in hydroxy-

MitoSox in response to contractions. In addition treatment of

fibers with the NOS inhibitor, L-NAME significantly increased the

formation of hydroxy-MitoSox, but had no effect on 2-HE

Figure 4. (A) DHE loaded single muscle fiber, (i) Fluorescent image obtained using excitation at 405 nm, (ii) Fluorescent image obtained using
excitation at 488 nm, (iii) Fluorescent image obtained with 405 nm emission and 450/35 nm emission monitoring non-oxidised DHE, (iv) bright field
image, scale bar = 50 mm, (v) merged figures i–iii. (B) Data from muscle fibers that were either stimulated (as denoted by black bar) or non-stimulated
(n = 6 for all groups). Solid symbols show 2-HE fluorescence over time measured from nuclei showing the acute increases in fluorescence following
contractions and open symbols show the ‘‘unoxidised’’ DHE fluorescence measured from the same muscle fibers. Cytosolic fluorescence from
‘‘unoxidised’’ DHE decreased by approximately 50% over sixty minutes in both experimental groups reflecting loss of DHE from the cell. (C) Rate of
change in relative fluorescence with time for cytosolic DHE (derived from figure B). *P,0.05, compared with non stimulated fibers at the same time
point.
doi:10.1371/journal.pone.0096378.g004
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formation. Taken together, these data do not support the

possibility that contractile activity induces an increase in

mitochondrial superoxide generation that results in a subsequent

increase in cytosolic superoxide. Skeletal muscle is reported to

contain both the type I (neuronal) and type III (endothelial) NOS

isoforms with eNOS localised to mitochondria [33]. Contraction

increases the production of NO by muscle fibers [2,10,34] that is

reported to occur primarily through activation of nNOS [10]. The

data presented here indicate that non-specific inhibition of NOS

using L-NAME had a significant effect on superoxide availability

in mitochondria, but no effect on the cytosolic superoxide

implying that the effect is likely to be due to an effect on

mitochondrial eNOS [33], but this cannot be confirmed by the

current data.

The rapid decline in 2-hydroxyethidium fluorescence that

occurred following the end of the contraction protocols is difficult

to explain since the fluorescent oxidised products of DHE should

not degrade rapidly. Data in Figure 4 suggest that this may be due

to some dislocation of the oxidised DHE from nuclei and since the

fluorescence from DHE oxidation products is increased markedly

by binding to DNA, a relatively small dislocation of these products

from DNA might produce the effect observed in the period

following the end of contractions.

The overall conclusion that mitochondria are not the major

source of the acute contraction-induced increase in superoxide is

supported by previous studies using MitoSox which assessed the

non-specific oxidation products [35] and by measurements of

mitochondrial redox potential monitored using mito-roGFP (a

mitochondrial targeted redox sensitive GFP) [36]. A number of

recent studies have focussed on the potential role of NADPH

oxidases as a source of superoxide generation during contractions.

This possibility is supported by the presence of Nox2 [21] and

Nox4 [24] in skeletal muscle, the demonstration that inhibition of

Noxs can reduce contraction-induced generation of ROS [22] and

the direct demonstration of activation of Nox2 by electrical

stimulation of single FDB fibers [23]. There is also some evidence

that Nox4 is found in muscle mitochondria [22], but the data

presented here argue against Noxs localised to mitochondria

playing a role in the contraction induced generation of superoxide.

A further aspect of the data obtained was the gradual increase in

hydroxy-MitoSox fluorescence that was seen to occur with time

both in the absence or presence of L-NAME. This increase

appeared to be initiated by contractile activity, but unlike the

changes in cytosolic 2-hydroxyethidium, the hydroxy-MitoSox

fluorescence also increased during some periods when contraction

was not occurring. We speculate that these changes in hydroxy-

MitoSox reflect a general increase in mitochondrial activity that is

stimulated by the contractions, but occurs over a slower and

delayed time course. This may be highly relevant to understanding

ROS generation during studies of longer term exercise or training

Figure 5. (A) Cyto-HyPer transfected single muscle fiber, (i) Fluorescent image obtained using excitation at 405 nm, (ii) Fluorescent image obtained
using excitation at 488 nm, (iii) bright field image, (iv) merged images i and ii, scale = 50 mm. (B) Non-transfected single muscle fiber, (i) Fluorescent
image obtained using excitation at 405 nm, (ii) Fluorescent image obtained using excitation at 488 nm, (iii) bright field image, (iv) merged images i
and ii, scale = 50 mm. (C) Ratio of fluorescence values at excitations of 488/405 nm from fibers transfected with HyPer that were either stimulated (as
denoted by black bars) or non- stimulated (n = 7 for both groups). (D) Rate of change in ratio of fluorescence at excitations of 488/405 nm from fibers
transfected with HyPer. *P,0.05, compared with non stimulated fibers at the same time point.
doi:10.1371/journal.pone.0096378.g005
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programmes and recognition that acute and longer term

contraction protocols may activate different sources of superoxide

generation could explain several apparent contradictions in the

literature [1].

Previous attempts to monitor hydrogen peroxide in muscle

fibers have primarily used DCFH or other non-specific probes

[19,35]. HyPer is a genetically encoded specific probe for hydrogen

peroxide and this was expressed in single isolated muscle fibers

using an adeno-associated viral vector [27,37]. The HyPer

construct that was used localises the protein to the cytosol and

the data in Figure 5 show slow increases in HyPer fluorescence

occur over a time course that does not follow those seen from 2-

hydroxyethidium or hydroxy-MitoSox or reflect the time course

seen in previous data obtained with the non-selective probe,

DCFH [9]. The HyPer probe is reversible and a decline in

fluorescence reflects reduction by endogenous cellular thiols

[20,38]. The kinetics of HyPer responses to hydrogen peroxide

have been studied by Markincheva et al [38] who reported the half

oxidation time of HyPer by hydrogen peroxide to be ,6 seconds.

This is slower than DCFH reaction with multiple ROS, but

indicates that the rate of oxidation would not be limiting with the

experimental design used here (where fluorescence measurements

were taken every 10 minutes). Thus the data obtained appear to

reflect a true delay in the increase in fiber hydrogen peroxide

concentration in response to contractions. The reasons underlying

the slower changes are unclear, but may reflect rapid clearance of

hydrogen peroxide through intracellular activities of glutathione

peroxidise, catalase etc, or may be associated with differences in

cellular distribution between DHE and HyPer. An interesting

possibility is that since the potential sources for cytosolic

superoxide generation, such as NADPH oxidases, are localised

to the plasma membrane, the local changes in hydrogen peroxide

concentration occur relatively slowly compared with superoxide

since hydrogen peroxide can rapidly diffuse across the plasma

membrane whereas superoxide cannot.

These data appear to be the first to report specific changes in

hydrogen peroxide in muscle fibers resulting from contractile

activity and they provide support for the key role that investigators

have ascribed to hydrogen peroxide in regulation of multiple cell

functions, such as force generation, stress responses and modifi-

cation of gene expression [1]. An examination of the sensitivity of

the HyPer probe in muscle fibers to exogenous hydrogen peroxide

is provided as supplementary data (Figure S1) and shows that

changes in HyPer fluorescence from fibers were apparent at

,5 mM external hydrogen peroxide. This sensitivity is approxi-

mately equivalent to that of other probes such as DCFH [9] and

demonstrates that the likely increase in intracellular hydrogen

peroxide in muscle fibers following contractile activity is likely to

be less than 1 mM, a figure that is in line with previous estimates

[2].

In summary, the current study has demonstrated that cytosolic

superoxide activity increased acutely in response to contractions,

but this was not accompanied by a similar acute change in

mitochondrial superoxide availability and that inhibition of NOS

influenced mitochondrial superoxide availability but not cytosolic

availability. These data therefore strongly support the hypothesis

that the rise in cytosolic superoxide that accompanies contractile

activity in skeletal muscle fibers is not derived from mitochondrial

sources. Studies with the specific HyPer probe confirm that

hydrogen peroxide is generated within muscle fibers, but

demonstrate that the acute increase in muscle fiber cytosolic

superoxide induced by contractions is not associated with an

immediate increase in cytosolic hydrogen peroxide content.

Supporting Information

Figure S1 Effect of increasing extracellular hydrogen peroxide

concentration on the fluorescence monitored at excitations of 488/

405 nm from fibers transfected with HyPer (n = 4 at each

concentration).

(TIF)
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