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ABSTRACT

Reactive oxygen species (ROS) produced by skeletal muscle stimulate adaptive responses to activity and me-
diate some degenerative processes. ROS activity is usually studied by measuring indirect end-points of their
reactions with various biomolecules. In order to develop a method to measure the intracellular ROS genera-
tion in real-time in mature skeletal muscle fibers, these were isolated from the flexor digitorum brevis (FDB)
muscle of mice and cultured on collagen-coated plates. Fibers were loaded with 5- (and 6-) chloromethyl-2',7'-
dichlorodihydrofluorescein diacetate (CM-DCFH DA) and measurements of 5- (and 6-) chloromethyl-2',7'-
dichlorofluorescin (CM-DCF) fluorescence from individual fibers obtained by microscopy over 45 min. The
sensitivity of this approach was demonstrated by addition of 1 uM H,O, to the extracellular medium. Con-
tractions of isolated fibers induced by field electrical stimulation caused a significant increase in CM-DCF
fluorescence that was abolished by pre-treatment of fibers with glutathione ethyl ester. Thus, CM-DCF fluo-
rescence microscopy can detect physiologically relevant changes in intracellular ROS activity in single iso-
lated mature skeletal muscle fibers in real-time, and contractions generated a net increase that was abolished
when the intracellular glutathione content was enhanced. This technique has advantages over previous ap-
proaches because of the maturity of the fibers and the analysis of single cells, which prevent contributions
from nonmuscle cells. Antioxid. Redox Signal. 8, 1463-1474.

INTRODUCTION

REACTIVE OXYGEN sPECIES (ROS) are continuously pro-
duced by skeletal muscle. They are thought to act to stim-
ulate adaptive responses in skeletal muscle and may also me-
diate some degenerative processes (30, 34). Historically, ROS
activities in tissues, including skeletal muscle, have usually
been studied using indirect markers based on end-point prod-
ucts of the reactions of ROS and reactive nitrogen species with
lipids, proteins, or DNA (14, 22). Other studies have obtained
indirect information on the role of ROS in skeletal muscle by
evaluation of the activities of the main antioxidant enzymes,
such as manganese superoxide dismutase, copper, zinc super-
oxide dismutase, catalase, and glutathione peroxidase (34).

A variety of different technical approaches have been applied
to study the activity and role of ROS in skeletal muscle (34).
This tissue has been examined using both in vivo (36) and in
vitro (39) studies. Our group has recently developed the tech-
nique of microdialysis to quantify ROS in the extracellular fluid
of muscle in vivo, but cell types other than skeletal muscle such
as endothelial cells, lymphocytes, and fibroblasts may contrib-
ute to the ROS detected in the extracellular fluid (13, 30). Other
studies have reported data on ROS activity in contracting skele-
tal muscles using the ROS-sensitive fluorescent indicator 2',7’
dichlorodihydrofluorescein (DCFH). These involved the mea-
surement of 2',7" dichlorofluorescin (DCF) fluorescence from
homogenized myotubes (42) or homogenized muscle (7), but
disruption of the tissue during homogenization may lead to ar-
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tifactual enhanced ROS generation (18). DCFH has also been
used as an intracellular probe to examine ROS activity directly
by measurement of epifluorescence from strips of isolated di-
aphragm (38), but again the DCF fluorescence may have also
originated from other types of cells in addition to the muscle
fibers.

Recently, studies of both extracellular and intracellular ROS
generation have been undertaken using skeletal muscle myo-
tubes in culture (30, 31, 37, 44) although since myotubes are
immature skeletal muscle cells, their utility as a model to study
ROS activities in mature skeletal muscle is limited.

A major aim of the current study was to develop and vali-
date a new method, based on dichlorofluoroscein fluorescence
microscopy, to monitor the generation of ROS in real-time in
single mature skeletal muscle fibers. We argue that this ap-
proach may have significant advantages over current tech-
niques, since the measurements are made from mature skeletal
muscle fibers that have been isolated from adult muscle and
hence are likely to reflect the situation in muscle in vivo to a
greater extent than is seen with myotubes, the data are derived
from a single isolated muscle fiber, avoiding any contribution
to ROS generation from other cell types located within muscle
tissue, and the isolated mature muscle fibers are viable in cul-
ture and retain excitability to electrical stimuli allowing for real-
time monitoring of ROS generation during muscle contractile
activity. A second aim of the study was to define whether ma-
nipulation of the content of the major intracellular reductant,
glutathione in isolated fibers, would influence their ROS ac-
tivity both at rest and following contractile activity.

METHODS

Isolation of single skeletal muscle fibers

Experiments were performed in accordance with UK Home
Office guidelines under the UK Animals (Scientific Procedures)
Act 1986. Female C57BL/6 mice, 2—4 months old, were hu-
manely killed and the flexor digitorum brevis muscles were re-
moved and placed into 0.4% type H collagenase (EC 3.4.24.3)
(Sigma—Aldrich Co. St. Louis, MO) solution in culture medium.
This was composed of minimum essential medium Eagle (MEM)
(Sigma—Aldrich Co.) supplemented with 10 1466% fetal
bovine serum (FBS) (Invitrogen Ltd, Paisley, UK) containing 2
mM glutamine, 50 i.u. penicillin, and 50 ug ml~! streptomycin.
Both FDB muscles from each mouse were incubated in collage-
nase solution at 37°C for 2 h, the mixture was manually shaken
every 30 min to improve digestion of the connective tissue. Fiber
bundles that had not been separated during the incubation were
gently triturated by a wide-bore plastic pipette to separate the
fibers. Free single muscle fibers were separated from damaged
fibers and contaminating cells by centrifugation at low speed (600
g for 30 s). The fibers were washed four times in fresh culture
medium. Cleaned fibers were plated onto 35-mm dishes pre-
coated with 120 ul of a 1:6 mixture of Vitrogen collagen (Co-
hesion Technologies Inc., Palo Alto, CA) in 7 X Dulbecco’s
modified Eagle’s medium (D-MEM) (Invitrogen Ltd.). Fibers
were allowed to attach for 30 min at 37°C, 1 ml of fresh culture
medium was added to each plate, and fibers were cultured for 18
h at 37°C in a 5% CO, atmosphere (2, 41).
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Viability of single skeletal muscle fibers

The viability of the isolated muscle fibers in culture was de-
termined by examination of their morphology by bright-field
microscopy and by their ability to exclude the vital stain, try-
pan blue. Fibers were incubated in a 0.04 mg/ml solution of
trypan blue (Sigma-Aldrich Co.) in culture medium and exam-
ined under bright-field microscopy.

Loading of single skeletal muscle fibers
with CM-DCFH DA

A solution of 5- (and 6-) chloromethyl-2',7’-dichloro-
dihydrofluorescein diacetate (CM-DCFH DA) (Molecular
Probes,™ Invitrogen, Eugene, OR) was prepared daily in ab-
solute ethanol and kept at 4°C. Culture plates containing iso-
lated fibers were washed with Dulbecco’s Phosphate Buffered
Saline (D-PBS) (Sigma-Aldrich Co.), and fibers were pre-in-
cubated in D-PBS at 37°C for 30 min. The medium was then
replaced by D-PBS containing CM-DCFH DA (17.5 uM) and
incubated for 30 min at 37°C. The fibers were then washed with
D-PBS and covered with MEM without Phenol Red (Sigma-
Aldrich Co.) for fluorescence microscopy.

5- (and 6-) chloromethyl-2',7’'-dichlorodihydrofluorescein
(CM-DCFH) is a derivative of DCFH modified to improve re-
tention by cells. The diacetate form (CM-DCFH DA) is a non-
polar molecule that diffuses into the fibers, and within the cy-
tosol the acetate group is cleaved by cytosolic esterases to yield
CM-DCFH, a hydrophilic nonfluorescent molecule that is re-
tained by the cell. Intracellular ROS, particularly hydrogen per-
oxide, convert CM-DCFH to its fluorescent derivate, CM-DCF
(49).

Fluorescence microscopy and image analysis

The imaging system consisted of a Zeiss Axiovert 200M epi-
fluorescence microscope equipped with X10 and X20 objec-
tives and filter sets: a 450490 nm excitation/515-565 nm emis-
sion filter set that was used for CM-DCF fluorescence, and a
365 nm excitation/420 nm emission filter set that was used for
4’ ,6-diamidino-2-phenylindole (DAPI) fluorescence (Carl Zeiss
Microimaging GmbH, Jena, Germany). Images were acquired
and analyzed using a computer-controlled Zeiss HRc charged-
coupled device (CCD) camera (Carl Zeiss Microimaging
GmbH) and by AxioVision 4.4 image capture and analysis soft-
ware (Carl Zeiss Microimaging GmbH) for quantification of
changes in emission fluorescence. This software allows mea-
surements to be made from user-defined areas of the micro-
scope field; in this case, the fluorescence measurements were
localized to selected areas of the muscle fibers.

CM-DCEF fluorescence from fibers was recorded at 15 min
intervals over 45 min at 25°C. Exposure of fibers to ultravio-
let (UV) light was minimized by use of a 500 ms exposure time.
Immediately after the measurement at 45 min, all remaining
CM-DCFH in the fibers was photo-oxidized by continuous il-
lumination with UV light for 15 min. During this time, images
were recorded every 20 s. Overexposure of fibers to UV light
caused oxidation of all remaining CM-DCFH and produced a
maximum CM-DCEF fluorescence emission that provides a mea-
sure of the total amount of available CM-DCFH in the portion
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of each fiber under study (31). The effect of temperature on en-
dogenous CM-DCFH oxidation was examined by increasing the
temperature of the cell culture to 37°C throughout the mea-
surement.

In some studies, the CM-DCEF fluorescence in fibers was ex-
amined by confocal microscopy in comparison with the fluo-
rescence of mitotracker red (MitoTracker® Red CMXRos, (Mo-
lecular Probes™, Invitrogen). Fibers loaded with CM-DCFH
(17.5 uM) and mitotracker red (20 nM) were examined using
a Zeiss LSM 510 confocal microscope with a 63X/1.4 oil DIC
objective and an argon ion laser. Excitation of CM-DCF was
at 488 nm and the emission was monitored through a 505-530

FIG. 1. Viability of single mature skeletal muscle fibers in culture.
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nm filter reflected from a 545 nm dichroic mirror. Excitation
of mitotracker red was achieved using a 543 nm helium neon
laser and the emission was collected through a 545 nm dichroic
mirror and a 560 nm long pass filter. Image data acquisition
and analysis were carried out with Carl Zeiss Laser Scanning
Systems LSM 510 software, version 3.2 (Carl Zeiss Micro-
imaging GmbH).

Experimental protocol

Exposure of fibers to exogenous oxidant. The sen-
sitivity of the experimental system to small changes in ROS
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Light microscopic images of isolated fibers after 24 h

in culture: (A) Bright field image, 32X original magnification. (B) Epifluorescence image of fibers stained with DAPI, 20X orig-
inal magnification. (C) Bright-field image showing a viable fiber that excluded Trypan blue and parts of two damaged fibers.
32X original magnification. Scale bar = 10 um. (D) (i—viii) Bright-field images of the same fiber acquired each day over 7 days.
Main image: 32X original magnification. Scale bar = 10 uwm. Inset image: 20X original magnification.
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was evaluated by addition of hydrogen peroxide to the culture
wells at 15 min after the beginning of the experiment. Follow-
ing preliminary titration experiments to determine the appro-
priate concentration of hydrogen peroxide for use (not shown
in detail), a small volume of a concentrated solution of hydro-
gen peroxide was added to the 2 ml culture medium to produce
a final concentration of 1 wM and the time-course and change
in CM-DCF fluorescence monitored.

Electrical stimulation of contractions by fibers.
Isolated fibers were stimulated to contract, as previously de-
scribed for myotube cultures (31, 37). In brief, platinum elec-
trodes were placed into the well and provided trains of bipha-
sic square wave pulses of 2 ms in duration for 0.5 s repeated
every 5 s at 50 Hz and 30 V/well. The total stimulation time
was 15 min and this commenced at 15 min following the be-
ginning of the experiment. Fibers contracted throughout the 15
min period (see video in supplementary material; for supple-
mentary video, see www.liebertonline.com/ars)*.

Enhancement of intracellular glutathione content.
Isolated fibers were incubated with 5 mM glutathione ethyl es-
ter (GSHEE) (Sigma-Aldrich Co.) in the culture medium for
2 h prior to loading with CM-DCFH DA.

Statistical analyses

Data are presented as mean = S.E.M. For multiple compar-
isons at any time point, analysis was by one-way ANOVA fol-
lowed by the post hoc LSD test. Single comparisons between
two experimental conditions at a time point were undertaken
using the unpaired Student’s 7 test. Comparisons between data
from individual fibers at different time points were undertaken
using Student’s paired ¢ test. Statistical significance was set at
the « level of 0.05 for all of the tests.

RESULTS

Viability of single mature skeletal muscle fibers
in culture

The majority of the isolated fibers showed good viability over
24 h in culture. Figures 1A and B show bright-field images of
muscle fibers attached to the collagen layer which displayed
typical morphology of skeletal muscle fibers with well-defined
striations in the sarcolemma (Fig. 1A). Following staining with
DAPI, nuclei showed peripheral distribution with no evidence
of nuclear breakdown (Fig. 1B). The vast majority of fibers
showed exclusion of trypan blue (Fig. 1C), although a small
proportion showed both changes in morphology (shortening,
thickening, and loss of striations) and an inability to exclude
the dye. It is likely that these fibers were damaged during the
isolation process (Fig. 1C).

*Supplementary Material: Video of contracting isolated mature
skeletal muscle fiber. Contractile activity was induced by electrical
stimulation. Platinum electrodes were placed into the medium to pro-
vide trains of biphasic square wave pulses of 2 ms in duration for
0.5 s repeated every 5 s at 50 Hz and 30 V/well.
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Images of a single isolated skeletal muscle fiber in culture
taken daily over 7 days are shown in Fig. 1D. Typically fibers
retained their morphology over 67 days (with changes of the
culture medium every 48 h). In the example shown, there was
no apparent morphological change over 6 days, but the fiber
shortened by 7 days in culture and appeared to lose viability.

FIG. 2. Confocal images of a single mature skeletal muscle
fiber. Selected area of a single mature skeletal muscle fiber
loaded with the fluorophores CM-DCFH (17.5 uM) and Mito-
tracker red (20 nM). (A) Bright-field image. (B) and (C) Con-
focal images of the same optical section (thick = 2.61 um)
showing: CM-DCF fluorescence (B) and Mitotracker red fluo-
rescence (C). 63X original magnification. Scale bar = 10 wm.
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Optimization and standardization of CM-DCF
fluorescence measurements

Confocal images of the CM-DCF fluorescence for the isolated
fibers showed a homogeneous spread across the fiber in contrast
to the localization of mitotracker red (Fig. 2). Mitotracker red has
previously been shown to localize to the Z lines in skeletal mus-
cle (46), and the appearance in Fig. 2C is compatible with this. Us-
ing the epifluorescence microscope (Zeiss Axiovert 200M) and
AxioVision software, CM-DCF fluorescence emission measure-
ments were obtained from user-defined areas of the image, and the
image analysis system provided the mean gray value for the area
selected. Fluorescence from the fibers appeared to be homogeneous
and the area selected for measurements covered a wide surface of
the fiber, avoiding the obvious nuclei or satellite cells. An area of
the field without fibers was also selected to measure the back-
ground fluorescence. Fiber fluorescence was obtained by sub-
tracting the background fluorescence from the fiber fluorescence.
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To minimize the photo-oxidation of CM-DCFH due to UV
exposure, preliminary experiments were undertaken to deter-
mine the maximum frequency for fluorescence measurements
and excitation intensity that would permit us to obtain a linear
increase in fluorescence with time (31). These data (not shown
in detail) indicated that fluorescence measurements at 15 min
intervals with 500 ms exposure provided an appropriate proto-
col. Measurements of fluorescence intensity (expressed in gray
scale values) from 7 individual quiescent fibers over 45 min are
shown in Fig. 3A and the mean data derived from these values
are presented in Fig. 3B. These data are recalculated to show
the net change in fluorescence values over each 15 min inter-
val (i.e., the rate of change) in Fig. 3C. Although all fibers
showed an approximately linear increase in fluorescence over
time, data from individual fibers varied in both the magnitude
of fluorescence recorded and in the rate of increase with time
(Fig. 3A) leading to a substantial variability in the group mean
data (Fig. 3B and C).
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FIG. 3. Optimization of measurements of CM-DCF fluorescence in single mature skeletal muscle fibers over a time

course.

Data from seven individual quiescent fibers are presented. (A) Individual CM-DCEF fluorescence values obtained from

each fiber over 45 min. (B) Mean CM-DCEF fluorescence values from the fibers at different time points (data are presented as
mean = SEM). (C) Rate of change in CM-DCF fluorescence each 15 min over the 45 min experiment (data are presented as
mean = SEM). (D) Fluorescence values relative to the initial fluorescence obtained for each fiber were calculated and these rel-
ative fluorescence values are presented for each fiber over the 45 min experimental period. (E) Mean relative fluorescence val-
ues from the group of fibers at different time points (data presented as mean = SEM). (F) Rate of change in relative fluorescence
each 15 min over the 45 min experiment (data presented as mean = SEM).
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Standardization of the CM-DCF fluorescence
to account for variability in loading
with CM-DCFH DA

It was argued that the main variable between fluorescence
values obtained from individual fibers reflected different lev-
els of loading of fibers with CM-DCFH DA and two approaches
to standardization were examined.

The data presented in Fig. 3A—C were recalculated and ex-
pressed relative to the initial fluorescence value obtained for
that fiber and these data are shown in Fig. 3D-F. The relative
fluorescence of a fiber at time point “a” (rF*) was calculated as
the fluorescence from the fiber (F*) minus the fluorescence of
the background at that time point (Fyack®) divided by the ini-

>
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tial fluorescence from the fiber (F°) minus the initial fluores-
cence of the background (Fbackgo).

Thus: [F? = [F* — Fbackga]/[F0 - Fbackgo]-

Standardization in this manner reduced the variability of the
data in comparison with raw fluorescence values (see Fig. 3E
in comparison with Fig. 3B). The rate of change in relative flu-
orescence over a 15 min period (A F2~Pl) was calculated as the
difference between the relative fluorescence at the end (,F®) and
that at the beginning (,F*) of the 15 min period.

Thus: A Fl2~bl = Fb — Fa,

Exposure to UV

Grey fluorescence units

FIG. 4. Assessment of CM-
DCFH loading and comparison
of methods to correct for dif-
ferences in loading of CM-
DCFH into single mature skele-
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Previous studies of myotubes have used a protocol to stan-
dardize fluorescence measurements as a proportion of the total
amount of DCFH available in the cell where this was calcu-
lated from the maximum fluorescence values obtained during
photo-oxidation of the fiber (31, 44), and standardization
against the initial value was compared with this approach.
Fibers were exposed to continuous UV illumination for 15 min
and during this period, images were obtained every 20 s. The
maximum fluorescence emission was measured and taken to
represent the total amount of CM-DCFH that was available in
the portion of the fiber under study (31). Figure 4A shows ex-
amples of data from two fibers during photo-oxidation of the
CM-DCFH. The maximum fluorescence emission was seen in
one fiber after 260 s of continuous UV illumination, with a max-
imum fluorescence value of 5097 gray units, while the second
fiber showed maximum fluorescence after 320 s with a value
of 3229 gray units. After the maximum fluorescence was ob-
tained, the values declined due to fluorophore photo-bleaching
(43). At the end of the photo-oxidation, one of the fibers showed
characteristic signs of damage induced by the high UV expo-
sure (Fig. 4A: inset image). The maximum CM-DCF fluores-
cence value obtained during the photo-oxidation was used as a
measure of the total CM-DCFH available in the fiber. The flu-
orescence data obtained from quiescent fibers during a 45 min
experiment were recalculated as a percentage of the total CM-
DCFH available and are shown in Fig. 4B in comparison with
the same raw fluorescence data recalculated and expressed rel-

A
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ative to the initial fluorescence value obtained for that fiber.
Figure 4B(i) shows the increase in fluorescence standardized
using both approaches, and Fig. 4B(ii) shows the rate of change
of CM-DCEF fluorescence. These data appear to show the same
pattern regardless of the standardization method used.

When expressed as the rate of change of relative fluores-
cence, temperature had no influence on the CM-DCFH oxida-
tion, although the absolute values for fluorescence were greater
at 37°C in comparison with 25°C. Thus at 37°C, raw fluores-
cence values were increased by >50% compared with 25°C
(52 = 6 cf. 32 = 6 gray scale units) but following calculation
of the relative rate of change, the values did not differ (37°C:
0.06 = 0.01%/15 min cf. 25°C: 0.10 = 0.02%/15 min.)

Exposure of single mature skeletal muscle fibers
to hydrogen peroxide

Figure 5 shows the CM-DCF fluorescence from fibers when hy-
drogen peroxide (H,O,) was added to the medium at a final con-
centration of 1 uM at 15 min. The fluorescence from these fibers
increased after HyO, addition and the fluorescence value at 45 min
was significantly higher than those from control fibers with no
H,0; addition at the same time points (Fig. SA). The rate of change
in CM-DCEF fluorescence from H,O,-treated fibers was increased
by a mean of 133% over the first 15 min following treatment and
a mean of 177% over the period 15-30 min following treatment
compared with control fibers over the same time periods (Fig. 5B).

40 - H,0,1 pM
4 *
8 30 -
FIG. 5. CM-DCEF fluorescence from single 3
mature skeletal muscle fibers following ex- 4 1
posure to H,O, with and without glu- S 20-
tathione loading. (A). The relative fluo- °
rescence from control fibers that were not '(% A
exposed to H,O, (@) compared with fibers E) 1.0 -
exposed to 1 uM H,O, at the 15 min time
point (H). (B). Rate of change of relative 1
DCF fluorescence in control fibers ([J),
fibers exposed to 1 uM H,O, for 30 min 0 T T J T
starting at the 15 min time point (H) and 0 15 ) ) 30 45
fibers pre -treated with 5 mM glutathione Time (min)
ethyl ester (GSHEE) for 2 h prior to CM- B
DCFH DA loading and exposure to 1 uM 2.0
H,0, for 30 min starting at the 15 min time
point (M). *Statistically significant compared 164
with control fibers during the same time pe- g
riod; #statistically significant compared with -:15) S
fibers exposed to H,O, during the same time g§ 1.2 4
period. Data were analyzed using a one-way 85 . *
ANOVA (p <0.05), post hoc LSD (p < 22
0.05) and are shown as mean = S EM, n = g_g 0.8 1
5-7 fibers in each group. = g . #
0.4
0
0-15 min. 15-30 min. 30—45 min.

Time
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Contractile activity in single mature skeletal
muscle fibers

Figure 6 shows the CM-DCF fluorescence from fibers that
were electrically stimulated to contract during the period 15-30
min and a control group of fibers which were not electrically
stimulated. Control fibers showed a linear increase in fluores-
cence values over the time course (Fig. 6A) with no change in
the rate of change of fluorescence during the experimental pe-
riod (Fig. 6B). Electrically stimulated fibers showed a greater
increase in fluorescence after contractile activity (Fig. 6A), and
the rate of change in fluorescence was ~58% higher and sta-
tistically different compared with the rate seen during the 15
min pre-stimulation period, and ~63% higher than the rate seen
from control nonstimulated fibers at the same time point (Fig.
6B). At 15 min post-stimulation, the rate of change in CM-DCF
fluorescence had declined to similar levels to those seen in the
control nonstimulated fibers (Fig. 6B).

Effect of prior glutathione loading of single
mature skeletal muscle fibers on the response
to hydrogen peroxide treatment and
electrical stimulation

Figure 5B shows the effect of treatment with H,O, (1 uM)
on CM-DCF fluorescence from control untreated fibers and

PALOMERO ET AL.

fibers treated with GSHEE (5 mM) for 2 h prior to loading with
CM-DCFH. The rate of change in fluorescence did not increase
after addition of hydrogen peroxide in fibers pre-treated with
GSHEE and was significantly lower at 30 and 45 min com-
pared with H,O,-treated fibers that had not been pre-treated
with GSHEE. Figure 6B shows the effect of 15 min electrical
stimulation of contractions on the fluorescence emission from
fibers pre-treated with GSHEE (5 mM) for 2 h prior to loading
with CM-DCFH compared with stimulated fibers without pre-
treatment and control nonstimulated fibers. Following electri-
cal stimulation for 15 min between 15-30 min, fibers treated
with GSHEE showed no increase in the rate of change in flu-
orescence in contrast to the increase seen in stimulated fibers
that had no pre-treatment

DISCUSSION

Isolation and culture of single mature skeletal
muscle fibers

The first objective of this study was to isolate single mature
muscle fibers from the FDB muscle and maintain them in cul-
ture with retention of appropriate morphological and physio-
logical properties to facilitate measurements of intracellular
ROS activity. Following digestion of muscle in collagenase so-

A Contractions
3.0
2.5
3 FIG. 6. CM-DCF fluorescence from single
§ 20 - mature skeletal muscle fibers subjected to
2 a period of electrically stimulated con-
§ 15 - tractile activity with and without prior
= glutathione loading. (A). The relative flu-
g orescence from control fibers () compared
g 1.0 with fibers that underwent contractile activ-
o ity induced by electrical stimulation over the
0.5 1 15-30 min period (H). (B). Rate of change
of relative DCF fluorescence in control fibers
0 T T T T (0), fibers subjected to contractile activity
0 15 30 45 induced by electrical stimulation over the
Time (min) 15-30 min period (M), and fibers pre -treated
B with 5 mM glutathione ethyl ester (GSHEE)
1.0 - for 2 h prior to CM-DCFH DA loading and
subjected to contractile activity induced by
electrical stimulation over the 15-30 min pe-
o 087 riod (M). *Statistically significant compared
c with control fibers during the same time pe-
g,§ 0.6 - * riod; #statistically significant compared with
SO fibers subjected to contractile activity in-
58S duced by electrical stimulation over 15-30
B0 04 - min period. Data were analyzed using a one-
%% # way ANOVA (p < 0.05), post hoc LSD (p <
o 0.05) and are shown as mean = S.EM, n =
0.2 1 7-13 fibers in each group.
0
0-15 min. 15-30 min. 30-45 min.

Time
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lution, the released fibers were plated onto Vitrogen collagen
and viable fibers remained attached to the collagen layer over
24 h at 37°C in 5% CO,. Isolated fibers showed an excellent
morphological appearance (i.e, long and straight with well-de-
fined striations and discrete nuclei; Fig. 1A and B) (10). Try-
pan blue staining revealed that the majority of the fibers ex-
cluded the dye although a small proportion of fibers were
stained, probably due to damage during the isolation process.

Cultured fibers remained viable for at least 6 days and re-
tained good morphological characteristics (Fig. 1D). By day 7,
most fibers in culture showed some morphological changes.
Several published studies have described the isolation of single
mature fibers from the FDB for different purposes including
studies of muscle contractility (9, 15, 17), muscle regeneration
(2, 48, 50), and muscle gene expression (27). To our knowl-
edge, this is the first study to use this model to detect and mea-
sure the intracellular ROS activity in situ by real-time fluores-
cence microscopy.

Optimization of measurements of
CM-DCF fluorescence

CM-DCEF fluorescence was found to be homogeneously dis-
tributed through the fiber (Fig. 2), and hence we quantified flu-
orescence from a wide area of the fiber excluding nuclei and
satellite cells. Several authors have developed different exper-
imental approaches in order to use DCFH to study ROS in skele-
tal muscle (7, 25, 31, 38, 42). Despite the excellent sensitivity
of DCFH and CM-DCFH as probes for ROS, this approach has
several drawbacks (1). In this study we examined different ap-
proaches to overcome the limitations and obtain a reliable
method to detect and quantify the generation of ROS in single
mature skeletal muscle fibers. DCFH and CM-DCFH are very
susceptible to photo-oxidation (5, 12, 16, 28, 33, 38). We per-
formed all experiments in a darkened laboratory to reduce in-
cident light, and the exposure time of fibers to UV light was
kept constant and the minimum necessary to record high qual-
ity images. This approach (a) helped maintain the viability of
the fibers during the experiment, (b) allowed us to obtain flu-
orescence images without overexposing the fiber to UV, and
(c) avoided excessive CM-DCFH photo-oxidation. In order to
allow for nonuniform loading of fibers with CM-DCFH, we re-
calculated each fluorescence value relative to the initial value
from that fiber. This approach allowed a reliable evaluation of
the data in comparison with the method previously reported by
McArdle et al. (31) in a study of myotubes, in which the fluo-
rescence values were presented as a proportion of the total
amount of DCFH available for oxidation in the myotube. The
data obtained using these two approaches were essentially iden-
tical (Fig. 4).

The low UV exposure used for repetitive measurements and
the normalization of data to correct for loading variability be-
tween fibers has allowed the development of a reliable method
to assess the rate of change in CM-DCF fluorescence in real
time from single fibers. Previous approaches have either in-
volved single measurements from homogenized muscle cells
(42), compared the relative values between untreated and
treated muscle preparations (5, 34), or have assumed that fluo-
rescence values are unchanged over time in untreated bundles
of muscle fibers (40). The limitations of each of these alterna-
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tive approaches can be seen in the variable data obtained from
individual fibers that are shown in Fig. 3A. The techniques de-
scribed here allow the effect of interventions to be studied in
real time from single fibers, providing a more robust and reli-
able approach.

This approach to standardize the handling of fluorescence
data provides differing results when compared with previous
data for the effect of temperature on ROS generation (5). Thus,
although absolute values of DCF fluorescence were greater at
37°C in comparison with 25°C, the rates of increase of the rel-
ative DCF fluorescence were unchanged, indicating a lack of
dependence of ROS generation on temperature over the range
studied.

Effect of exposure of single mature skeletal
muscle fibers to hydrogen peroxide

Hydrogen peroxide has been frequently used as a positive
control to examine the oxidation of DCFH and formation of
DCF in different systems. Concentrations of hydrogen perox-
ide in the 100 wM range or higher have been applied to induce
oxidation of DCFH after cellular disruption or tissue homoge-
nization (7, 20, 47). Arbogast and colleagues used 100 uM
H,O5 to treat bundles of fibers obtained from the diaphragm of
mouse and fluorescence measurements were obtained immedi-
ately after HyO, addition (5). In the present study, we under-
took titration experiments with H,O, in order to find optimal
H»O, concentrations in the medium that did not affect the via-
bility of single muscle fibers over the period for fluorescence
measurements (data not shown in detail). The optimal concen-
tration of H,O,, where viability was unaffected, was found to
be 1 uM, and the addition caused a progressive increase in CM-
DCEF fluorescence at 30 and 45 min (Fig. 5). H,O, is able to
diffuse across cellular membranes (11), although a recent re-
port suggests that specific transport mechanisms might be in-
volved in this process (8). Our data indicate that the model used
in the present study was suitable to detect very small changes
in intracellular H,O, and possibly other ROS in single mature
skeletal muscle fibers.

Effect of contractile activity in single mature
skeletal muscle fibers

Many studies have demonstrated an increase in end-point in-
dicators of the reactions of ROS in tissues during and follow-
ing exercise, and the increase in ROS activity appears to be in
major part due to generation by contracting skeletal muscle (21).
Fifteen minutes of contractile activity in single muscle fibers
produced a 58% mean increase in ROS activity compared with
the 15 min pre-stimulation period and a 63% mean increase in
ROS activity compared with nonstimulated fibers at the same
time point (Fig. 6B). Reid and co-workers reported a signifi-
cant 39% increase of intracellular DCFH oxidation in bundles
of fibers from mouse diaphragm after 1 h of contractile activ-
ity (38), while Silveira et al. (42) reported that a strong stimu-
lation protocol increased DCFH oxidation in both intracellular
(171%) and extracellular (105%) compartments in primary my-
otubes derived from rat muscle. In contrast, they found that a
moderate stimulation protocol did not induce any significant
changes in DCFH oxidation which they primarily attributed to
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oxidation by H>O, (42). Our group demonstrated that 10 min
of contractile activity induced by electrical stimulation in my-
otubes derived from the H-2k” muscle cell line produced an ap-
proximately fourfold increase in the rate of DCFH oxidation
(12), and we also reported an approximate doubling of DCFH
oxidation following electrically stimulated contractile activity
in mouse primary myotubes (44). Thus, all of these studies
found a relatively modest increase in DCFH oxidation during
contractile activity in muscle cells. Other workers have sug-
gested that the increase in ROS activity during contractions
should relate to the increase in oxygen consumption due to the
increased energy demand by the contracting muscle cells (23),
but this was clearly not seen. We hypothesize that the relatively
small increase in intracellular ROS activity induced by con-
tractile activity in our model of single muscle fibers compared
with the previous studies of myotubes is due to the difference
in maturity of the cells, with the mature muscle fibers having
an increased capacity to regulate intracellular ROS activities.
Silveira et al. (42) argued that muscle cells in culture rapidly
export ROS during contractile activity, but whether this pro-
cess varies between isolated fibers and myotubes is unclear.

CM-DCFH is a relatively nonspecific indicator in its ability
to react with a variety of ROS (H,O; and hydroxyl radical), ni-
tric oxide, and reactive nitrogen species (such as peroxynitrite)
(33), and hence cannot be used to monitor any specific ROS.
Nevertheless, it is relevant to compare the relative increase in
CM-DCEF oxidation observed following 15 min contractile ac-
tivity with that seen following exposure to 1 uM H,O,. This
specific ROS has been widely used as a positive control for
such experiments because of its relative stability in comparison
with other ROS. The protocol of contractions used here has
been shown to induce release of superoxide and nitric oxide
from muscle cells in culture and mice in vivo (13, 37), to lead
to a fall in muscle glutathione and protein thiol content (45),
and to induction of redox-regulated adaptive responses (30)
when applied to intact muscles in vivo, but the degree of in-
crease in intracellular CM-DCF fluorescence induced by the
contraction protocol was less that that seen following exposure
of the fibers to 1 uM H,0,. The extent to which extracellular
H,0, might influence intracellular levels has been examined by
Antunes and Cadenas (4) who calculated that, in Jurkat cells,
an extracellular:cytosolic gradient of ~7:1 would be rapidly es-
tablished following addition of external H,O,. Thus, if these
data are also applicable to skeletal muscle fibers, the likely
change in intracellular H,O; following addition of 1 uM H,0,
to the extracellular medium is ~0.1 uM H,0O, and the rise in
CM-DCFH oxidation seen following contractile activity was
lower than that induced by addition of 1 uM H,O, to the
medium. Thus, it can be inferred that the absolute level of cy-
tosolic ROS activity in muscle fibers that was achieved fol-
lowing contractile activity was small and equivalent to <1 uM
H,0,, potentially as low as 0.1 uM H,0O,. Many previous stud-
ies have used addition of H,O, to muscle fibers or isolated or-
ganelles in vitro as an approach to mimic the effects of en-
dogenous oxidants in tissues (for examples, see refs. 3, 19, 24,
32, 35, 40) and concentrations of H,O, ranging from 100 pM
to 10 mM have been used in previous studies of skeletal mus-
cle. The current data indicate that only the lower range of con-
centrations is likely to be physiologically relevant for skeletal
muscle.
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Effect of prior GSH loading on ROS activity of
single muscle fibers subjected to H,O, addition
or contractile activity

The ability of glutathione to reduce several ROS is well es-
tablished. Strenuous physical exercise can cause a disturbance
of GSH homeostasis with a decrease in tissue concentrations
(e.g., see ref. 45). This has been claimed to be (at least in part)
caused by oxidation by increased production of ROS. Thus, it
may be beneficial for the cell to increase GSH levels to protect
against ROS, but most tissues cannot synthesize GSH and im-
port it from the circulation (26). Treatment of myogenic cells
with glutathione ethyl ester (GSHEE) has been proposed as an
experimental approach to increase intracellular GSH (6).
GSHEE is able to cross the plasma membrane and inside the
cytosol is converted to GSH (29). An in vivo study demon-
strated that the supplementation of mice with GSHEE increased
the intracellular GSH content level, attenuated exercise-induced
stress, and improved endurance exercise performance (26).
Ardite and co-workers examined C2C12 myotubes in vitro and
increased intracellular GSH by treatment of cells with GSHEE
after the intracellular GSH had previously been depleted (6).
One of the objectives of our study was to determine whether
loading of fibers with GSH by GSHEE treatment influenced in-
tracellular ROS activity in isolated single muscle fibers. Data
indicate that pre-treatment of fibers with GSHEE prevented the
increase in CM-DCEF fluorescence induced by exposure of fibers
to 1 uM H,0, (Fig. 5B) or to contractile activity (Fig. 6B). The
mechanism of action of the GSHEE supplement is not entirely
clear, but an increased intracellular GSH might directly reduce
superoxide or peroxynitrite or provide additional substrate to
reduce H,O, through the action of glutathione peroxidase (18).
Silveira and co-workers previously reported that a protocol of
intense contractile activity in primary myotubes derived from
rat muscle increased intracellular DCFH oxidation, but this was
abolished if the cells had been previously incubated with GSH
(42).

A potential drawback of the model used here may be the ex-
posure of muscle fibers to nonphysiological levels of oxygen
in the cell culture media, although other researchers examining
DCEF fluorescence from muscle cells have not controlled for this
(e.g., refs. 5, 42). In previous studies of myotubes in culture,
we discussed the evidence that standard culture conditions
might not be optimal, leading to either excessive oxygen ex-
posure or hypoxia dependent upon the metabolic activity of the
muscle cells under study (31) and we standardized the volume
of cell culture media and well size to attempt to minimize po-
tential differences in the oxygen concentrations of the different
cultures; this procedure was again followed in the current work.

In summary, this study reports a new model to examine ROS
activity in skeletal muscle. It describes a method to isolate and
culture single mature skeletal muscle fibers and also an imag-
ing technique, based in CM-DCF fluorescence microscopy, to
measure the intracellular ROS activity of cells subjected to dif-
ferent experimental conditions. In addition, the study demon-
strates that contractile activity in skeletal muscle fibers gener-
ated only a small increase in intracellular ROS activity, which
was abolished when the intracellular glutathione was enhanced.
The method and experimental model are suitable for other spe-
cific fluorescence probes to facilitate the study of different ROS
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and reactive nitrogen species in the regulation of the redox sta-
tus of skeletal muscle fibers.
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CM-DCF, 5- (and 6-) chloromethyl-2',7’-dichlorofluorescin;
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dichlorodihydrofluorescein; D-MEM, Dulbecco’s modified Ea-
gle’s medium; D-PBS, Dulbecco’s phosphate buffered saline;
FBS, fetal bovine serum; FDB, flexor digitorum brevis; GSH,
glutathione; GSHEE, glutathione ethyl ester; MEM, minimum
essential medium Eagle; ROS, reactive oxygen species; UV, ul-
traviolet.
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