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Oxidative stress was proposed as a trigger of muscle impairment in various muscle diseases. The
hindlimb-unloaded (HU) rodent is a model of disuse inducing atrophy and slow-to-fast transition of
postural muscles. Here, mice unloaded for 14 days were chronically treated with the selective antiox-
idant trolox. After HU, atrophy was more pronounced in the slow-twitch soleus muscle (Sol) than in
the fast-twitch gastrocnemius and tibialis anterior muscles, and was absent in extensor digitorum longus
muscle. In accord with the phenotype transition, HU Sol showed a reduced expression of myosin heavy
chain type 2A (MHC-2A) and increase in MHC-2X and MHC-2B isoforms. In parallel, HU Sol displayed
an increased sarcolemma chloride conductance related to an increased expression of CIC-1 channels,
changes in excitability parameters, a positive shift of the mechanical threshold, and a decrease of the
resting cytosolic calcium concentration. Moreover, the level of lipoperoxidation increased proportion-
ally to the degree of atrophy of each muscle type. As expected, trolox treatment fully prevented oxidative
stress in HU mice. Atrophy was not prevented but the drug significantly attenuated Sol phenotypic tran-
sition and excitability changes. Trolox treatment had no effect on control mice. These results suggest
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possible benefits of antioxidants in protecting muscle against disuse.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Adult skeletal muscles contain slow- and fast-twitch fibers
according to their speed of contraction. Slow-twitch myofibers
express the slow type-1 isoform of myosin heavy chain (MHC-
1), whereas fast-twitch myofibers may express three types of
fast MHC (MHC-2A, 2B or 2X) [1]. Differential expression of MHC
isoforms affects specific force and is a major determinant of
the maximal velocity of shortening of individual muscle fiber.
Noteworthy, adult muscle fibers can adapt their phenotype to
modified functional requests by expressing different levels or
forms of proteins involved in the control of muscle excitability,

Abbreviations: HU, hindlimb unloading; Sol, soleus muscle; Gas, gastrocne-
mius muscle; EDL, extensor digitorum longus muscle; TA, tibialis anterior muscle;
MHC, myosin heavy chain; MDA, malondialdehyde; gCl, chloride conductance of
sarcolemma at rest; gK, potassium conductance of sarcolemma at rest; restCa, rest-
ing cytosolic calcium concentration; MT, mechanical threshold; CSA, cross-sectional
area.
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excitation-contraction coupling, energy metabolism, and contrac-
tile function. For instance a slow-to-fast phenotype transition is a
hallmark of muscle adaptation to reduced neuromuscular activ-
ity [1]. A slow-to-fast transition was also observed in hindlimb
muscles of rats treated with a [32-adrenoceptor agonist, and was
associated with muscle function impairment [2]. Thus such phe-
notypic functional changes likely contribute to disuse-induced
muscle impairment, and consequently represent a target for pre-
vention. Importantly, the promotion of slow, oxidative fibers has
been shown to mitigate the progression of muscular dystrophy
and proposed as a possible countermeasure to overcome muscle
dysfunction associated with insulin-resistant states [3].

In the hindlimb-unloaded (HU) rat, a model for muscle dis-
use that mimics the effects of microgravity, a partial slow-to-fast
fiber type transition occurs in the postural, slow-twitch soleus
(Sol) muscle. After 14 days of HU, the proportion of fast MHC-
positive fibers may reach ~40% in the Sol muscle compared to
<15% in control rats [4]. These effects are slowly reversed after sev-
eral weeks of reloading [5]. Little is known about the triggers and
molecular mechanisms responsible for disuse-induced fiber type
transition. We previously described the effects of HU on ion chan-
nels that are critical for phenotype-specific sarcolemma excitability
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and contractile function, and may contribute to modulation of gene
transcription [4,6-9]. For example, the macroscopic chloride con-
ductance (gCl), which is by far the largest component conductance
of adult muscle at resting potential and consequently a key deter-
minant of muscle excitability, is higher in fast-twitch compared
to slow-twitch muscle fibers. In accord with fiber type transition,
the gCl increases in HU Sol muscle toward a value more similar
to that measured in fast-twitch muscles [4]. Such an effect alters
sarcolemma excitability in Sol muscle fibers and may contribute to
impair resistance to fatigue and to trigger fiber type transition [8].

Besides phenotype transition, HU Sol muscles undergo a sig-
nificant atrophy due mainly to an increased protein degradation.
Muscle atrophy is a severe clinical symptom encountered in various
diseases, which has thus deserved much more attention than fiber
type transition. Oxidative stress has been observed in many of these
diseases and has been recently pinpointed as a possible causative
factor for muscle atrophy [10,11]. Whether oxidative stress may
influence fiber type transition is however completely unknown.

In the present study, we studied the effects of 14 days HU on
hindlimb muscles of 6-month-old mice as well as the effects of
concomitant treatment with the potent and selective antioxidant
trolox. Muscle atrophy, phenotype, and function were assessed
in Sol and gastrocnemius (Gas) muscles using multidisciplinary
approaches. Some parameters were also measured in the extensor
digitorum longus (EDL) and tibialis anterior (TA) muscles. By mea-
suring lipoperoxidation, we also verified whether oxidative stress
occurs in HU mouse muscles and whether it is prevented by trolox
treatment. Indeed administration of trolox was previously shown
to attenuate diaphragm muscle atrophy induced by mechanical
ventilation in rats [12].

The mainresults showed that the degree of atrophy in each mus-
cle was parallel to the level of oxidative stress, but no beneficial
effect of trolox treatment was found on muscle atrophy. Never-
theless trolox, which neutralized oxidative stress in all muscles,
balanced the phenotype transition. These results suggest the pos-
sibility to use antioxidants to ameliorate phenotype-dependent,
disuse-induced muscle functional impairment.

2. Material and methods

2.1. Animal care and hindlimb unloading

Experiments were approved by the Italian Health Department
and complied to the Italian guidelines for the use of laboratory
animals, which conform with the European Community Directive
published in 1986 (86/609/ECC). Six-month-old male C57BL mice
weighting 27-32 g (Charles River Laboratories, Calco, Italy) were
randomly assigned to CTRL (control mice), HU (hindlimb-unloaded
for 14 days), TRO (treated with trolox for 3 weeks) and HUTRO
(treated with trolox for 3 weeks and hindlimb unloaded for the
last two 14 days) groups. The CTRL mice were maintained free
in single cages for 14 days. To induce muscle unloading, the ani-
mals of HU group were suspended individually in special cages for
2 weeks using a method similar to that used previously for HU
rats [8]. A thin string was linked at one extremity to the tail by
sticking plaster and at the other extremity to the top of the cage.
The length of the string was adjusted to allow the animals moving
freely on the forelimbs, while the body was inclined at 30-40° from
the horizontal plane. All mice had water ad libitum and received
8 g a day of standard rodent chow. The food remaining on the
day after was weighted to calculate daily food consumption. The
TRO and HUTRO mice received daily, 6 days a week, an intraperi-
tonealinjection of 0.25 ml ofa 1 M NaHCOj3 solution containing 5 g/L
trolox, corresponding to ~45 mg/kg/day dose (The dose was dou-
ble on the sixth day to maintain drug level along the seventh day).
Trolox [(+)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic

acid, Sigma, Milan, Italy] is a water-soluble vitamin E analogue
that freely crosses cell membranes [13]. The drug displays a very
high antioxidant capacity and may lack antioxidant-unrelated side
effects, so that it is widely used as a standard compound in antiox-
idant capacity assays. Accordingly, such a treatment was able to
prevent lipid perodixation (see results). At the end of suspension,
the mice were unfastened from the string and deeply anesthetized
by intraperitoneal injection of urethane (1.2 g/kg body weight) to
allow removing of soleus (Sol), gastrocnemius (Gas), tibialis ante-
rior (TA), and extensor digitorum longus (EDL) muscles. Muscles
were used immediately for the electrophysiological experiments
or frozen in liquid nitrogen and stored at —80°C for other studies.
After surgery, animals were euthanized by an overdose of urethane.
For measuring the markers of oxidative stress, the mice were sac-
rificed by cervical dislocation and the muscles removed and frozen
promptly.

2.2. Exvivo electrophysiological studies

Soleus, EDL, or Gas muscles were fixed by tendons to a glass
rod immersed in normal (NP) or chloride-free physiological solu-
tion maintained at 30°C and perfused with 95% 0,/5% CO, [4].
The NP solution contained (in mM): NaCl 148, KCl 4.5, CaCl, 2.0,
MgCl, 1.0, NaHCO3; 12.0, NaH,PO4 0.44, glucose 5.5, and pH 7.2.
The chloride-free solution was prepared by equimolar substitution
of methylsulfate salts for NaCl and KCl and nitrate salts for CaCl,
and MgCl,. The cable parameters of myofiber sarcolemma were
determined from the electrotonic potentials elicited by square-
wave hyperpolarizing current pulse of 100-ms duration, using two
intracellular microelectrodes in current-clamp mode, as previously
described [14]. The membrane conductance is calculated from the
values of input resistance, space constants and time constant and
assuming a myoplasmic resistivity of 125 €2 cm. The mean chloride
conductance (gCl) is calculated as the mean total membrane con-
ductance (gm) measured in NP solution minus the mean potassium
conductance gK measured in chloride-free solution.

Sarcolemma excitability parameters were determined by
applying 100 ms-long depolarizing current pulses of increasing
amplitude to elicit first a single action potential (AP) then a train
with the maximal number of APs. The membrane potential was held
at —80 mV between test pulses. The excitability parameters, deter-
mined off-line on digital AP recordings, were the current threshold
to elicit the first AP (or Rheobase current, Iy;,), the latency of the
AP (Lat), the AP amplitude (APA), the maximal number of elicitable
AP (N spikes), and the ratio between I}, and the current threshold
needed to elicit more than one AP (I, /I ). The Lat is inversely corre-
lated to the gCl, whereas the other parameters depend on various
ion channels/carriers.

The mechanical threshold (MT) for contraction was determined
using a two-microelectrode point voltage clamp method in the
presence of 3 uM tetrodotoxin, as described previously [4]. The
holding potential was set to —90 mV. Depolarizing current pulses
of various durations (5-500ms) were applied at a frequency of
0.3 Hz, while the impaled fiber was continuously inspected with a
stereomicroscope. The command voltage was increased until con-
traction was visible and the threshold membrane voltage was read
at this time from a digital sample-and-hold voltmeter. The mean
threshold voltage V (mV) £ S.E.M. (n fibers) was plotted as a func-
tion of the pulse duration t (ms), and the relationship was fit using
a nonlinear least squares algorithm with the equation,

[~90 — R- exp (~t/tz)]
V t = ’
= i —exp (/)]
where R(mV) is the Rheobase voltage and tg (ms) the time constant

to reach R. The MT values were expressed as the calculated R value
along with the standard error of the fit.

(1)
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2.3. Quantitative real time PCR

For each Sol and EDL muscle sample, the total RNA was isolated
by using RNeasy Fibrous Tissue Mini Kit (QIAGEN). RNA was quan-
tified by using a spectrophotometer (ND-1000 NanoDrop, Thermo
Scientific), and 400 ng were used for reverse transcription. Synthe-
sis of cDNA was performed by using random hexamers (annealed
10min, 25°C) and Superscript Il reverse transcriptase (Invitrogen,
Life Technologies) incubated at 42°C for 50 min. We identified
the available mouse sequence for CIC-1 (NM_013491) and B-actin
(NM_007393). Fluorescently labelled TagMan MGB probes (Applied
Biosystems) for CIC-1 and [3-actin were designed by using Primer
Express (Applied Biosystems) to amplify respectively 59-and 71-bp
products encompassing each probe annealing site. To achieve a high
level of specificity and to avoid detection of genomic DNA, the probe
was designed to span exon-exon junctions for each gene. Specific
primer and probe sequences for each gene are available on request.
The (-actin gene was tested as internal control, together with
the commercial housekeeping genes hypoxanthine guanine phos-
phoribosyl transferase 1 (HPRT1) and [32-microglobulin (Applied
Biosystem). Triplicate reactions were carried out in parallel for each
individual muscle sample, and the results were compared with a
gene-specific standard curve. The HPRT1 gene was individuated as
the more suitable housekeeping gene by using GeNorm 3.4 soft-
ware, and was used for normalization of CIC-1 signal. Qualitatively
similar results were obtained using [3-actin (not shown).

2.4. Determination of the cytosolic calcium concentration at rest
(restCa)

The resting cytosolic Ca2* concentration (restCa) was deter-
mined in freshly, mechanically dissected muscle fibers using a
QuantiCell 900 fluorescence imaging system (Visitech Interna-
tional, Sunderland, UK), as previously described [7]. Briefly, small
bundles of 5-10 fibers were dissected tendon to tendon from Sol,
Gas, and EDL muscles. The bundles were incubated for 60-90 min
at30°Cin NP solution (in mM, 148 NaCl, 4.5 KCl, 2.5 CaCl,, 1 MgCls,
12 NaHCO3, 0.44 NaH; POy, 5.5 glucose, and pH 7.3), supplemented
with 5 M of acetoxymethyl ester of Fura-2 mixed to 10% (v/v)
pluronic F-127 (Molecular Probes, Leiden, The Netherlands). After
incubation, the cells were washed with NP solution and mounted
in a modified RC-27NE recording chamber (Warner Instruments,
Hamden, CT). Tendons of the bundles were attached by hair loops,
one extremity to a fixed tube, the other to a mobile one. The cham-
ber was accommodated on the stage of an inverted Eclipse TE300
microscope equipped with a x40 pan-fluor objective (Nikon, Tokyo,
Japan). The recording chamber was continuously perfused with NP
solution at a constant rate of ~4 ml/min.

Fiber integrity was verified by assessing contractile activity
under x400 magnification in response to a depolarizing solu-
tion containing 100 mM K*. Then the mean sarcomere length was
adjusted to ~2.5 pm. The mean resting background-corrected ratio
(340nm/380nm) values were determined for each fiber of the
bundle by manually demarcating fiber boundaries using QC2000
software. This fluorescence ratio was converted off-line to restCa
by using the calibration parameters determined in each muscle,
using the equation restCa= (R — Ry, )/(Rmax — R)-Kp-B, where R is
the 340 to 380 nm fluorescence ratio; Kp is the affinity constant of
Fura-2 for Ca* given by the manufacturer, i.e. 145 nM (Molecular
Probes), and f3, Riin, and Rmax are calibration parameters deter-
mined in ionomycin-permeabilized fibers bathed in NP solution for
the calculation of Rmax or in Ca2*-free solution for the calculation
of Riin [15]- The B value was calculated as the ratio of fluorescence
intensities emitted by the fibers excited at 380 nm in CaZ*-free and
NP solutions. The calibration parameters were measured for every
muscle types in each experimental condition, because they may

be different between muscle types and may change critically as a
function of muscle state [7,16].

2.5. Gas muscle CSA analysis

The cross-sectional area (CSA) of individual muscle fibers was
determined on serial transverse sections of Gas muscle samples
collected from 3 mice in each experimental condition. The mus-
cles were included in OCT embedding medium and frozen in liquid
nitrogen. Serial transverse sections (10 wm thick) were cut using
a Leica CM 1850 cryostat, and stained for haematoxylin-eosin.
Images of the stained sections were captured from a light micro-
scope (Leica DMLS) and transferred to a personal computer using
a video camera (Leica DFC 280). Cross-sectional areas of fibers was
measured with Scion Image Analysis Software (NIH, Bethesda, MD,
USA) and expressed in wm?2.

2.6. Analysis of MHC isoform content

The MHC isoform composition of each muscle sample was deter-
mined on 8% polyacrylamide slab gels after denaturation in SDS
(SDS-PAGE) with a procedure derived from that described by Tal-
madge and Roy [17]. Muscle samples were dissolved in lysis buffer
(Tris 62.5mM, pH 6.8, SDS 2.3%, glycerol 10%, 2-mercaptoethanol
5%)[18]; and the protein concentration was determined with a pro-
tein assay kit (RC DC Protein Assay, Biorad) based on the Lowry
protocol [19]. About 6 p.g of each muscle sample were loaded onto
the gels. Electrophoresis was run for 2 hat 200V and then for 24 h at
250V. Gels were stained with Coomassie blue for identification of
protein bands. Four bands were separated in the region of 200 kDa,
corresponding, in order of migration from the fastest to the slow-
est, to MHC-1 or slow, MHC-2B, MHC-2X and MHC-2A. The MHC
isoforms bands have been previously identified on the base of West-
ern blot analysis using anti-MHC monoclonal antibodies [20]. The
relative proportion of the MHC isoforms was determined by densit-
ometric analysis of the bands. An example of SDS-PAGE separation
of MHC isoforms is shown in Fig. 3.

To assess the percent of hybrid fibers, which is believed to
increase following disuse, individual muscle fibers were dissected
from soleus muscles and characterized on the basis of their MHC
isoform content using the same SDS-PAGE protocol employed to
study MHC isoforms distribution in whole muscle samples. One
hundred muscle fibers were studied from both CTRL and HU Sol
muscles. No such analysis was performed in EDL, TA and Gas as
they almost solely express MHC-B.

2.7. Measurement of malondialdehyde (MDA) levels

We determined the levels of malondialdehyde (MDA), as an indi-
cator of oxidative stress, in Sol, Gas, TA, and EDL muscles of CTRL,
HU, and HUTRO mice. The mice were killed by cervical dislocation.
Very quickly, the muscles were dissected, weighted, and frozen
in liquid nitrogen. The whole muscles were homogenized in 3 ml
(Gas muscle), 1ml (TA), or 0.8 ml (Sol and EDL) ice-cold Tris—HCI
(20 mM) solution. The homogenate was centrifuged at 4000 rpm at
4°C for 10 min, and the supernatant was collected and frozen at
—20°C until the day of assays. The MDA level, which reflects the
level of lipid peroxidation, was measured by fluorescence assay of
thiobarbituric acid reactive substance (TBARS) formation follow-
ing the indications of a commercial kit (OXItek, ZeptoMetrix Corp.,
Buffalo, NY). Fluorescence measurements were performed in trip-
licate using a 96-wells plate reader (Victor3V multilabel counter,
PerkinElmer). The measured MDA levels were normalized with
respect to homogenization volume and muscle weight.
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Fig. 1. Effects of HU and trolox treatment on muscle-to-body weight ratio. Each bar represents the mean + SEM of the muscle-to-body weight ratio calculated from the
number of mice indicated within brackets. Statistical analysis was performed for each muscle type using ANOVA followed by Bonferroni’s t-test. Significant difference ((*) at

least P<0.02) was found versus CTRL and TRO.

2.8. Statistical analysis

Data were expressed as mean & S.E.M. The number of mice in
each group can vary substantially (e.g. Fig. 1), because not all the
parameters were determined in each group, muscle type, or mouse.
For instance, the number of TRO mice was lower than the number
of mice used for other conditions because trolox treatment was
used only to verify whether the drug may affect parameters that
were also targets of HU, such as muscle weight, MHC expression,
and gCl, especially in Sol and Gas muscles. Statistical significance
of the differences between means of two groups was assessed by
Student’s t-test. For comparison between more than two groups,
ANOVA followed by Bonferroni’s t-test was used. A probability of
less than 5% was considered significant (P<0.05).

3. Results
3.1. Effects of HU and trolox on mouse health and behavior

Our ~2-years experience with HU mice, which were used for
the present study and other unpublished studies, indicates that
HU produced significant stress in 4 out of 64 mice (6.3%), as
evidenced by mouse refusal to eat during the first 2 days of sus-
pension. The four stressed animals were unfastened on the second
day and discarded from the study. The remaining HU mice were
examined daily over the entire HU period for behavior, cleanli-
ness, aspect of hairs and eyes, and food and water consumption.
No sign of stress was evidenced. Daily food consumption over
14 days did not differ significantly between 15 CTRL and 15 HU
mice (4.47 +0.14 g/day versus 4.68 +0.15 g/day, respectively). The
control 6-month-old mice showed no variation in body weight
over 14 days (-0.30+0.23 g, n=31), whereas age-matched mice
showed a little but significant weight loss during 14 days of HU

(=1.07 £ 0.23 g, n =54, P<0.03 versus CTRL with unpaired Student’s
t-test). The ground-based (TRO) or hindlimb-unloaded (HUTRO)
mice receiving trolox injection daily showed no difference with
CTRL and HU non-treated animals, respectively. Two out of 28
HUTRO mice were discarded from the study because they refused
to eat during suspension. Daily food consumption over 14 days
was 4.5440.24g/day (n=6) for TRO mice and 4.70+0.15 g/day
(n=26) for HUTRO mice. Body weight variation over 14 days was
—0.49+0.47¢g (n=7) for TRO mice and —0.95+0.30g (n=26) for
HUTRO mice.

3.2. Effects of HU and trolox on mouse hindlimb muscle weight
and phenotype

We collected muscle weight data from a large number of mice,
as an index of muscle atrophy [21]. The Sol, Gas, and TA muscles
showed significant atrophy after 14 days of HU, as evidenced by the
reduction of both the muscle weight (not shown) and the muscle-
to-body weight ratio (Fig. 1). Atrophy was more pronounced in Sol
(—24.4%) compared to Gas (—11.9%) and to TA (—9.5%). In contrast,
no significant change in the EDL muscle weight and EDL muscle-
to-body weight ratio was observed, confirming lack of atrophy in
this muscle, as in the rat [4]. Compared to non-treated mice, trolox
treatment had no effect on muscle-to-body weight ratio either in
CTRL or HU mice (Fig. 1). Analysis of cross-sectional area of indi-
vidual muscle fibers of Gas muscles collected from CTRL, HU, and
HUTRO mice confirms HU-induced myofiber atrophy and the lack of
trolox treatment benefitin contrasting HU-induced atrophy (Fig. 2).

It is widely recognized that Sol muscles of HU rats also undergo
a partial slow-to-fast shift of MHC expression [4,5]. Thus we deter-
mined the MHC isoform content in the Sol muscle of CTRL and HU
mice by electrophoretic SDS-PAGE separation of MHC isoforms and
subsequent densitometric analysis of myosin heavy chain bands
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HUTRO

CTRL HU

Fig. 2. Effects of HU and trolox treatment on cross-sectional area of Gas muscle fibers. Pictures show representative examples of haematoxylin-eosin stained sections of Gas
muscles from CTRL, HU, and HUTRO mice. Each bar represents the mean + SEM of cross-sectional area determined in 911 (CTRL), 652 (HU), and 550 (HUTRO) Gas muscle
fibers. Statistical analysis was performed using ANOVA followed by Bonferroni’s t-test. The fiber CSA of HU and HUTRO mice were significantly reduced with respect to CTRL

mice (P<0.001).

(Fig. 3). Compared to CTRL rats that express ~90% of the slow MHC-
1 isoform and only 10-15% of the fast MHC-2A isoform [4], the Sol
muscle of mice appears as a mixed muscle with only ~39% of the
slow MHC-1 isoform, ~50% of the fast MHC-2A isoform, and ~11%
of the fast MHC-2X isoform (Fig. 3). After 14 days of HU, there was
no change in MHC-1 content, whereas the proportion of MHC-2A
decreased to 32% of the total MHC content, the MHC-2X content
increased to 25%, and a little proportion of MHC-2B could be mea-
sured. Thus, on the basis of MHC isoform content, the Sol muscle of
mice became faster after HU. In contrast, little or no effect of HU was
found on MHC content in the fast-twitch TA, EDL, and Gas muscles.
Since it has been shown that the percent of hybrid fibers increases
in disused rat soleus muscle [5], such parameter was determined
in HU Sol muscles of mice by studying the MHC isoform content of
individual myofibers by SDS-PAGE. The percentage of hybrid fibers
was found to be higher in HU (50.6% pure fibers, 49.4% hybrid fibers,
n=100 fibers) than CTRL mice (80.7% pure fibers, 19.3% hybrid
fibers, n=100 fibers). No such analysis was performed on Gas, TA
and EDL muscles due to their almost homogeneous MHC-2B con-
tent. Chronic treatment of control mice with trolox had no effect on
MHC expression in either Sol or Gas muscles (Fig. 3). In contrast, the
re-distribution of MHC isoforms was significantly less pronounced
in Sol muscles of HUTRO mice compared to HU mice. This result
suggests that trolox was able to partially prevent the shift of Sol
muscle phenotype induced by HU.

3.3. Effects of HU and trolox on the resting conductances, chloride
channel CIC-1 mRNA expression, and excitability of sarcolemma

We have previously observed, using rats, that the resting chlo-
ride conductance (gCl) is about 1.8 times higher in the fast-twitch
EDL muscle with respect to the slow-twitch Sol muscle [4]. After
14 days of HU, the gCl increased by 30-40% in Sol muscle fibers of
rats in accordance with the partial slow-to-fast transition of muscle
phenotype [5,8]. In contrast, no effect of HU was observed on the
resting potassium conductance (gK) in rat muscles.

In CTRL mice, the gCl was 1344 +44 pS/cm? in Sol muscle
fibers (N mice/n fibers=8/80) and 2423 + 96 p.S/cm? in EDL mus-
cle fibers (4/27). In the Gas muscle fibers of CTRL mice, the gCl
was 2477 + 65 pS/cm? (3/28). Chronic treatment of control mice
with trolox had no effect on the gCl of Sol and Gas muscle fibers.
After 14 days of HU, the gCl increased significantly by 36 +5% in
Sol muscle fibers and by 12 + 3% in Gas muscle fibers (Fig. 4). No
significant change was found in the EDL muscle fibers after HU.
Trolox treatment of control mice had no effect on the gCl of Sol
muscle fibers. Remarkably, HUTRO mice did not show any change
of the gCl in both Sol and Gas muscle fibers with respect to CTRL
mice, indicating that trolox treatment was able to fully prevent the
disuse-associated change in gCl.

In CTRL mice, the sarcolemma potassium conductance at
rest was significantly (at least P<0.05 with ANOVA followed by
Bonferroni’s t-test) higher in the Sol muscle (48529 uS/cm?,
N=6/n=44) compared to EDL (378 +£27 uS/cm?, N=3/n=21) and
Gas muscles (328 +23 wS/cm?, N=3/n=21). Neither HU nor trolox
treatment showed significant effect on the gK in Sol, EDL, and Gas
muscle fibers (not shown).

Using Northern blot analysis, we previously showed that the
increased gCl in rat Sol muscle fibers after 7 or 21 days of HU is
related to an increased expression of the CLCN1 gene encoding the
voltage-gated chloride channel CIC-1 [4]. In the present study, we
determined CIC-1 channel mRNA levels in Sol and EDL muscles
of CTRL, HU, and HUTRO mice using quantitative real time PCR.
Similar to other studies that used Northern blot analysis [22], the
Sol muscle express about one-third of CIC-1 mRNA compared to
EDL muscle in CTRL mice (Fig. 4b). After 14 days HU, CIC-1 mRNA
expression significantly increased by 37.5% in Sol muscle in accord
with the increased gCl. The treatment with trolox fully prevented
the increase of CIC-1 expression in Sol muscle in HUTRO mice. No
significant effect of HU and trolox was found in EDL muscle.

We also tested the acute effects of ex vivo application of trolox
(300 M) to Sol muscle fibers of HU mice. In these conditions,
the total sarcolemma conductance (gm) was 2406 + 170 p.S/cm?
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(n=11)and 2259 + 177 pS/cm? (n = 14) before and 20-60 min after
trolox application, respectively. Thus trolox showed no significant
acute effect on the gCl. Nevertheless, we cannot definitely exclude
that trolox may exert indirectly an acute action on the gCl in vivo,
which could not be reproduced ex vivo.

The gClis acritical determinant of sarcolemma excitability [8]. In
control mice, phenotypic differences between Sol and EDL muscles
include a smaller rheobase current (I}, ), a longer latency, which is
notably inversely proportioned to the gCl, and lower AP amplitude
in the slow-twitch muscle fibers (Table 1). Thus many of the pheno-
typic differences observed in the rat are also present in the mouse,
although less accentuated as expected from the mixed nature of the
mouse Sol muscle. In the mouse, no difference was found between
Sol and EDL muscles in the maximum number of elicitable action
potentials (N spikes) or in the I /I, ratio. A smaller rheobase cur-
rent in the Sol muscle may allow this muscle to be tonically active
to bear normal gravity loading.

After 14 days of HU, the Sol muscle fibers showed a shorter
latency, as expected from the greater gCl, an increased APA, a
reduced Iy, /I, ratio, which is suggestive of a reduced excitability of
HU Sol muscle with respect to control Sol. Importantly, the treat-
ment with trolox prevented the change in latency, in accord with
the prevention of gCl change, as well as in APA and I /I, ratio in
HU Sol muscle.

3.4. Effects of HU and trolox on the mechanical threshold

The MT, that is the smallest voltage able to elicit a contraction,
is an integrative measure of the excitation-contraction coupling
mechanism (Fig. 5). The MT was determined at different current
pulse durations in order to obtain a threshold-duration relation-

Table 1
Effects of disuse on excitability parameters in EDL and Sol muscles of control mice
and Sol muscles of HU and HUTRO mice.

Muscle Itn (NA) Lat (ms) APA (mV) Iy /2 N spikes
EDL 102+11 53+0.5 92.8+3.6 0.76 +£0.07 41+04
(N=2) (n=12) (n=12) (n=12) (n=6) (n=9)
Sol 63.3+6.22 7.04+£06% 729+3.3* 0.75+0.03 38+1.0
(N=2) (n=10) (n=10) (n=10) (n=8) (n=10)
HU 58.4+55" 59+03> 88.0+28" 054+0.04*> 33+04
(N=4) (n=25) (n=25) (n=25) (n=20) (n=22)
HUTRO 59.7+5.0%° 6.7+06° 784+34* 0.66+0.08 34+07
(N=3) (n=15) (n=15) (n=15) (n=6) (n=14)

Excitability parameters were measured with intracellular microelectrodes in n fibers
from N mice (in brackets). The parameters were the rheobase current (Iy,), the
latency of first action potential (Lat), the amplitude of first action potential (APA),
the ratio between Iy, and the current threshold for eliciting more than two action
potentials (I>), the maximum number of elicitable action potentials (N spikes). Sta-
tistical analysis was performed with unpaired Student’s t-test versus control EDL
((a) indicates at least P<0.05) and Sol muscle ((b) for at least P<0.05).
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Fig. 4. Effects of HU and trolox treatment on the sarcolemma chloride conductance
atrest (gCl) and chloride CIC-1 channel mRNA levels in mouse Sol, Gas, and EDL mus-
cles. (a) Each bar represents the mean value + SEM of gCl measured in at least 27
fibers from at least 3 control (CTRL), trolox-treated mice (TRO), hindlimb-unloaded
(HU), or trolox-treated HU (HUTRO) mice. For Sol and Gas muscles, statistical
analysis was performed using ANOVA followed by Bonferroni’s t-test. Significant
difference (atleast P<0.005) was found only between HU and each of the three other
conditions. Regarding EDL muscle, effect of trolox treatment on gCl was not deter-
mined, because no significant difference was found between CTRL and HU using
unpaired Student’s t-test. (b) Levels of CLCNT mRNA, which encodes the chloride CIC-
1 channel, were determined using quantitative real time PCR. Each bar represents
the mean value & SEM of CIC-1 mRNA normalized with respect of the housekeeping
HPRT1 gene measured in Sol and EDL muscles of 4 CTRL, 3 HU, and 3 HUTRO mice.
Statistical analysis was performed using ANOVA followed by Bonferroni’s t-test. Sig-
nificant difference (P<0.05) was found only in Sol muscle between HU and each of
the two other conditions.

ship, the fit of which allows the calculation of the Rheobase R and
of the time constant ti to reach R (Table 2). As in the rat, Sol mus-
cle fibers needed significantly less depolarization to contract with
respect to the fast-twitch EDL muscle fibers. Little or no difference
was found in the MT between fibers of the fast-twitch Gas and EDL
muscle fibers. After 14 days of HU, there was no change in the MT
of both fast-twitch muscles. In contrast, the Sol muscle MT was
shifted toward less negative voltages after HU, in accordance with
the shift of Sol muscle toward a faster phenotype. Trolox treatment
of HU mice had little effect on the MT of Sol muscle, which remained
significantly less negative with respect to CTRL Sol muscle.

3.5. Effects of HU and trolox on the resting cytosolic calcium
concentration (restCa)

In rats, the cytosolic calcium concentration at rest depends on
the muscle phenotype, being about two-fold in the slow-twitch Sol
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Fig. 5. Effects of HU and trolox treatment on the mechanical threshold (MT) in
mouse Sol, Gas, and EDL muscles. The threshold voltage/duration relationships
were obtained by plotting the values of threshold potentials (V) needed to obtain
myofiber contraction as a function of the voltage pulse duration (t). Each point
represents the mean value +S.E.M. of 5-29 fibers from 2 to 4 mice. In (a) are
shown the relationships for Sol, EDL, and Gas muscle fibers from CTRL mice. In
(b) are shown the relationships for Sol muscle fibers from CTRL, HU, and HUTRO
mice. The curves fitting the experimental points were obtained using the equation
V(t)=[-90 — R -exp(—t/tg)]/[1 — exp(—t/Tr)], where R is the Rheobase (mV) and ty is
the time constant (ms) needed to reach R. Fit values for R and 7y are given in Table 1
along with the mean standard error of the fit. The relationships obtained in EDL
and Gas muscle fibers of HU mice are not shown because there was no significant
difference with CTRL mice (see Table 1).

muscle compared to the fast-twitch EDL muscle [7]. A similar dif-
ference was also found in mice between Sol muscle fibers and fibers
from the fast-twitch flexor digitorum brevis (FDB) or TA muscle fibers
[16,23]. Our results confirm such a difference (Fig. 6). In CTRL mice,
the restCa values of soleus muscle fibers was ~2-fold that mea-
sured in EDL and Gas muscle fibers. After HU, no change in restCa
was observed in the fast-twitch muscles, whereas the restCa of Sol
muscle fibers was significantly reduced by ~25%, thereby reaching
an intermediate value between those of CTRL Sol muscle fibers and
fast-twitch muscle fibers. With respect to HU mice, the treatment
with trolox produced a trend toward a reduction of restCa in all the
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Table 2
Effects of hindlimb unloading (HU) and concomitant trolox treatment (HUTRO) on
the mechanical threshold (MT) parameters.

Muscle  Condition  d/N Rheobase (R, mV)  Time constant (tg, mV)
Sol CTRL 123/3 -73340.5 -78+04
HU 89/3 —69.94+0.5* -6.6+04
HUTRO 137/4  -70.9+0.6* —6.9+0.5
Gas CTRL 78/2 —68.0+0.7"f1 -7.3+0.5
HU 104/3 —67.1+0.9"1 -7.3+0.2
EDL CTRL 68/3  —68.9+0.1%f ~6.9+0.2
HU 54/3 —68.4+0.4"1 -6.9+0.2

Values of Rheobase and time constant are given as means=+S.E.M. of the fit of
the voltage threshold-duration relationship shown in Fig. 4. The d value indicates
the number of voltage threshold determinations performed in N animals/muscles.
Statistical analysis was performed using ANOVA followed by Bonferroni’s t-test. Sig-
nificant differences (at least P<0.05) are indicated by (*) versus control Sol, (1) versus
HU Sol, and (}) versus HUTRO Sol.

three muscles, although statistical significance was reached only
for Gas muscle fibers.

3.6. Effects of HU and trolox on muscle lipid peroxidation

Oxidative stress has been shown to occur in Sol muscles of
HU rats and mice [24-26]. We verified that this also occurred in
mice after 14 days of HU, by measuring an indicator of oxidative
stress, that is the malondialdehyde (MDA), in Sol muscles. We also
extended the study to three other hindlimb muscles with various
degrees of HU-induced atrophy (Gas, TA, and EDL). The results are
shown in Fig. 7. In CTRL mice, the MDA levels were higher in Sol
muscle compared to the three fast-twitch muscles, which may be
related to the oxidative metabolism of the slow muscle compared
to the metabolism mainly glycolytic of the fast muscles. Compared
to CTRL mice, the MDA level was significantly higher in Sol mus-
cle after HU. A trend toward an increase in MDA levels was also
observed in the other three muscles, being more pronounced in
Gas, then in TA, and finally in EDL. Interestingly, although the dif-
ferences in MDA levels with respect to CTRL muscles did not reach
statistical significance for Gas, TA and EDL, a statistically signifi-
cant linear correlation was found between the percent decrease
in muscle-to-body weight ratio and the percent increase in MDA
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Fig. 6. Effects of HU and trolox treatment on the resting cytosolic calcium concen-
tration (restCa) in mouse Sol, Gas, and EDL muscles. The restCa was determined
by Fura-2 fluorescence imaging in single myofibers mechanically dissociated from
Sol, Gas, and EDL muscles of CTRL, HU, and HUTRO mice. Each bar represents the
mean £ S.E.M. from 9 to 76 fibers of 2-9 mice. Statistical analysis was performed
using ANOVA followed by Bonferroni’s t-test to compare experimental conditions
within each muscle type [at least P<0.01 versus CTRL (*) or versus HU ()] or muscle
types for each experimental condition [at least P<0.05 versus Sol (a) or versus Gas

(b)].

levels (Fig. 7d). Importantly, the MDA levels remained similar to
control level in HU mice receiving trolox, confirming that the drug
exerted the expected antioxidant effect.

4. Discussion

Muscle fibers respond to a reduced activity by a partial slow-
to-fast transition of their phenotypic properties, which may in
turn contribute to functional impairment, as it occurs after (32-
adrenoceptor stimulation [2]. Oxidative stress has been measured
in various models of muscle disuse [10,11]. Antioxidant therapy
has been tested as a possible countermeasure, with more or less
success [12,26-30]. Most of these studies focalized more on the
disuse-associated atrophic process than on the disuse-associated
phenotypic transition. In the present study, we found that a strong
antioxidant molecule, trolox, was unable to protect disused mus-
cle from atrophy in the HU mouse, but partially prevented fiber
type transition and changes in phenotype-dependent functional
parameters.

The hindlimb-unloading model has long been used to study the
effects of inactivity on skeletal muscles, especially using rats [31].
The hallmarks of this model are the atrophy and the phenotypic
transition of postural muscles such as the slow-twitch soleus mus-
cle. Using the HU rat, we also found profound changes inion channel
expression/function and Ca2* homeostasis, which likely contribute
to functional alteration as well as in modulation of gene transcrip-
tion [4,6-8]. In the present study, 14 days of HU induced a dramatic
atrophy of Sol muscles of mice with a ~25% reduction of the muscle-
to-body weight ratio, which is quite similar to that observed in the
HU rat. The EDL muscle, which had an almost homogenous MHC-2B
content, showed no atrophy in the HU mouse, in accord with find-
ings in HU rats. However, significant atrophy of Gas and TA muscles,
which also are quite homogeneous for MHC-2B, was observed in
the HU mouse. This observation suggests that differential atrophy
of Sol, Gas, TA and EDL muscles may arise more from their specific
role in postural maintenance than from their phenotype.

Effects of HU on MHC distribution in mouse Sol muscle con-
sisted in a reduction of MHC-2A and an increase in MHC-2X and
MHC-2B, with no change in MHC-1. Thus, in the mouse, the fast-to-
slow ratio of MHC isoforms did not change, but a transition within
the fast fiber population occurred in the direction 2A > 2X > 2B. This
is lightly different from the HU rat, where expression of MHC-2A
increased with MHC-2X, while little or no MHC-2B were detected
[4,32,33]. Such a difference may rely on the different basal condi-
tions in rats and mice; in the rat, the Sol muscle expresses mainly
the slow MHC-1 isoform to support body weight upon 1G gravity.
Comparatively, in similar conditions, the mouse Sol muscle already
expressed a significant proportion of fast MHC isoforms, probably
in relation to the smaller body size and higher level of activity of
the small rodent. After unloading, the Sol muscles of both species
adapt by shifting MHC isoform expression toward a faster pheno-
type, but starting from this different basal condition (Fig. 8). In the
Sol muscle of HU rats, we previously measured changes in func-
tional parameters such as the gCl, the MT, and the restCa, which
we interpreted as a consequence of the slow-to-fast gene pro-
gram transition [4,7]. In CTRL mice, the gCl is ~45% lower, the MT
rheobase ~5 mV more negative, and the restCa ~25% higher, in the
Sol muscle compared to the EDL or Gas muscles. Thus, although
the Sol muscle of CTRL mice contains 60% of fast MHC isoforms,
the muscle type-dependent differences in gCl, MT rheobase, and
restCa, recapitulated those observed in the HU rat. Compared to
control mice, the gCl increased by ~50%, the Rheobase became
less negative, and the restCa decreased in the Sol muscle of HU
mice, in accord with the shift toward a faster phenotype and the
tonic-to-phasic shift of Sol muscle activity [34].
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Fig. 8. Schematic diagram of HU-induced MHC transition in rat and mouse. In Sol
muscles of CTRL rats, the myosin heavy chain isoform composition consists of 90%
slow MHC-1 isoform and 10% of fast MHC-2a isoform. After HU, a slow-to-fast tran-
sition takes place, with a decrease of MHC-1 proportion (downward arrow), an
increase of MHC-2a content (upward arrow) and appearance of MHC-2x isoform
(upward arrow) [4]. Some studies also reported appearance of MHC-2b isoform
(Stevensetal.[32,33]).In CTRL mice, the Sol muscle is a mixed muscle containing 40%
MHC-1, 50% MHC-2a, and 10% MHC-2x. As in the rat, a phenotype transition occurs
after HU with a decrease of MHC-2a (downward arrow), an increase in MHC-2x and
MHC-2b isoform (upward arrow) (current study).

In agreement with previous studies performed in rats [25,26],
we found that HU induces oxidative stress in mouse Sol muscle,
as indicated by the enhanced lipoperoxidation. We found also evi-
dences for oxidative stress occurring in the Gas muscle of HU mice,
in accord with recent observations in the HU rat [35]. However,
to our knowledge, this is the first study that compares signs of
oxidative stress in various slow and fast-twitch muscles of HU
rodents. The good correlation between the percentage of decrease
in muscle-to-body weight ratio and the percentage of increase in
MDA levels (Fig. 7d) suggests a possible relationship between atro-
phy and oxidative stress. However, trolox treatment was unable to
prevent the drop of muscle-to-body weight ratio induced by HU
although it fully prevented lipid peroxidation, thereby suggesting
that, in the HU mouse, oxidative stress is unlikely to play major role
in triggering muscle atrophy.

Two antioxidants, vitamin E and Bowman-Birk inhibitor con-
centrate, have been previously shown to blunt atrophy in HU
rodents [24,26]. It was however proposed that these compounds
may have exerted some anti-atrophic effects independently of their
antioxidant capacity [26]. Indeed, in accord with our results, two
other studies have found no beneficial effect of antioxidant reg-
imens against HU-induced atrophy [28,30]. Because antioxidant
regimens, including trolox, have been shown to counteract, at
least partially, muscle wasting in other models of reduced activity,
such as limb immobilization or controlled mechanical ventilation
[12,27,29], this suggests that not all the models of muscle wast-
ing may present the same molecular mechanisms responsible for
atrophy. Since in vitro studies clearly indicate that oxidative stress
can trigger atrophy [36,37], our results suggest that the level of
oxidative stress occurring during HU may not be sufficient to con-
tribute significantly to atrophy in this specific model. It appears
more probable that oxidative stress is a product of the atrophic
process or that both atrophy and oxidative stress may be induced
quite independently by HU. For instance, increased production of
NO through dislocation of neuronal NOS was recently shown to
occur during HU, being involved in the regulation of Foxo tran-
scription factors that are central players in atrophy [38]. It is
however noteworthy that, besides its various physiological func-
tions, NO may also constitute an important source of oxidative
stress.

Besides the lack of effect of trolox on muscle atrophy, one major
result of this study is the partial inhibition of MHC isoforms re-
distribution in Sol muscle as well as the prevention of gCl increase
in Sol and Gas muscles by trolox treatment. This suggests that,
as in the rat, the phenotypic transition and the gCl increase after
HU may be closely related. Remarkably, the reduction of the gCl

in fast-twitch muscles of transgenic mice or after pharmacologic
block induces a fast-to-slow transition of the phenotype [39,40].
We can hypothesize that oxidative stress produced by HU would
contribute to increase the gCl, which in turn would stimulate the
slow-to-fast shift in muscle phenotype. Thus a possible molecular
mechanism for the increased gCl by oxidative stress may be the
loss of nucleotide-mediated inhibition of the oxidized CIC-1 chan-
nel [41]. Real time PCR experiments however suggest that oxidative
stress may also modulate transcription of CIC-1 channels. Impor-
tantly, the increase of gCl in HU mouse Sol muscle was associated
with alteration of muscle excitability, as in the HU rat [8]. The con-
trol of gCl by trolox thus prevented such functional alteration. It is
also worth noting that long exposure to oxidants can impair muscle
contractile performance and that, although the antioxidant allop-
urinol did not prevent Sol muscle atrophy in HU mice, the drug
was able to mitigate muscle contractile dysfunction [30,42]. On an
other hand, the lack of prevention by trolox not only of muscle atro-
phy, but also of the MT rheobase shift and the restCa drop in HU
Sol muscle indicates that trolox treatment is not sufficient to fully
counteract muscle dysfunction and questions the relation between
modulation of MHC expression and the restCa [7].

The data presented here strongly suggest that atrophy and mus-
cle phenotype transition are two independent processes occurring
during disuse. The prevention or correction of atrophy is required to
maintain normal muscle mass, allowing muscles to develop enough
force upon return to normal use. On the other hand, the phenotype
allows each individual muscle to respond adequately to specific
demands, in term of excitability, contraction kinetics, and resis-
tance to fatigue. Thus muscle phenotype maintenance is necessary
as well. Both atrophy and phenotype transition are very slowly and
probably not completely reversible, and no efficient countermea-
sure is available today. Our study suggests that antioxidants may
be important to prevent phenotype transition, while other studies
are needed to individuate useful anti-atrophic drugs.

In conclusion, HU induces atrophy and a shift toward faster/
glycolytic phenotype of mouse Sol muscle. The different degrees
of atrophy found in fast-twitch muscles of HU mice likely reflect
the specific role of each muscle in supporting loading. Oxidative
stress was increased during HU in parallel to muscle wasting, but
antioxidant treatment was not able to prevent atrophy. In contrast,
trolox was able to prevent partially the phenotypic change of Sol
muscle. A number of experimental data suggest that forced fast-
to-slow conversion may be considered as a therapeutic strategy
to protect muscle in various physiopathological conditions [3,43].
Thus the attenuation of Sol muscle phenotypic transition by trolox
calls attention on the possible benefits of antioxidant countermea-
sure in protecting muscle function. A promising approach might be
to develop a combined therapy associating antioxidants to reduce
phenotype transition with other drugs able to limit atrophy.
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