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Abstract
Laboratory rats are sedentary if housed in conditions where activity is limited. Changes in muscle characteristics with 
chronic inactivity were investigated by comparing sedentary rats with rats undertaking voluntary wheel running for either 6 
or 12 weeks. EDL (type II fibers) and soleus (SOL) muscles (predominantly type I fibers) were examined. When measured 
within 1–2 h post-running, calcium sensitivity of the contractile apparatus was increased, but only in type II fibers. This 
increase disappeared when fibers were treated with DTT, indicative of oxidative regulation of the contractile apparatus, and 
was absent in fibers from rats that had ceased running 24 h prior to experiments. Specific force production was ~ 10 to 25% 
lower in muscle fibers of sedentary compared to active rats, and excitability of skinned fibers was decreased. Muscle glyco-
gen content was ~ 30% lower and glycogen synthase content ~ 50% higher in SOL of sedentary rats, and in EDL glycogenin 
was 30% lower. Na+, K+-ATPase α1 subunit density was ~ 20% lower in both EDL and SOL in sedentary rats, and GAPDH 
content in SOL ~ 35% higher. There were no changes in content of the calcium handling proteins calsequestrin and SERCA, 
but the content of CSQ-like protein was increased in active rats (by ~ 20% in EDL and 60% in SOL). These findings show 
that voluntary exercise elicits an acute oxidation-induced increase in Ca2+ sensitivity in type II fibers, and also that there are 
substantial changes in skeletal muscle characteristics and biochemical processes in sedentary rats.

Keywords  Chronic inactivity · Voluntary wheel running · Single muscle fibers · Ca2+-sensitivity · Glutathionylation · 
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Introduction

The beneficial effects of exercise training on skeletal mus-
cle function are clearly established and well recognised, but 
the adverse effects of sedentary behaviour are less clear cut 
and are not necessarily simply the converse of undertaking 
specific exercise training. Most research on the effects of 
inactivity on muscle function has focussed on the results of 
models involving almost complete muscle disuse, such as 
with hind-limb suspension, immobilisation or spinal cord 
transection in rat and mouse (Steffen and Musacchia 1984; 
Fitts et al. 1986; Desplanches et al. 1987; Thomason et al. 

1987; Talmadge et al. 2002; Kim and Thompson 2013), or 
bedrest, unilateral limb suspension or cast immobilisation 
in humans (Larsson et al. 1996; Widrick et al. 2002; Adams 
et al. 2003; Trappe et al. 2004; Salanova et al. 2013; Brocca 
et al. 2015; Lamboley et al. 2016; Perry et al. 2016). How-
ever, the changes in muscle function occurring with such 
profound inactivity are likely greater and possibly different 
from those arising simply from sedentary behaviour.

The laboratory rat is a widely-used model for examining 
physiological function and biochemical processes in skel-
etal muscle. However, such rats are typically confined in 
small cages and display quite sedentary behaviour, and it 
is unknown whether the lack of normal activity adversely 
affects or otherwise modifies their skeletal muscle proper-
ties. This study compared the skeletal muscle properties of 
rats confined to normal cages with those of rats undertak-
ing voluntary wheel running of 1–4 km per night for 6 or 
12 weeks. Previous studies examining the effects of wheel 
running exercise on skeletal muscle function have exam-
ined changes in fiber cross-sectional area, fiber type and 
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membrane conductance but otherwise have been focussed 
primarily on changes at the whole muscle level (e.g. muscle 
mass and force) (Ishihara et al. 1998; Kariya et al. 2004; 
Gallo et al. 2006; Broch-Lips et al. 2011), and also on par-
ticular biochemical aspects, such as citrate synthase activ-
ity and GLUT4 levels (Rodnick et al. 1992; Henriksen and 
Halseth 1995; Kriketos et al. 1995; Rockl et al. 2007).

The current study used mechanically skinned muscle 
fibers to examine differences between sedentary and active 
rats in physiological performance at the single muscle fiber 
level, including calcium sensitivity of the contractile appa-
ratus, maximum Ca2+-activated specific force, and depolar-
isation-induced force responses. In addition, whole muscle 
homogenates, containing the total cellular constituents, were 
examined to determine a large range of parameters, includ-
ing myosin heavy chain composition, glycogen level, and the 
relative contents of a range of key proteins involved in cal-
cium handling, glycogen formation and breakdown, aerobic 
and glycolytic pathways, and sodium–potassium pumping. 
Together these findings identify a number of important acute 
and chronic alterations occurring in skeletal muscle fibers 
of active versus sedentary rats, highlighting the importance 
of adequate activity for normal muscle composition and 
function.

Materials and methods

General chemicals and solutions

All chemicals were from Sigma-Aldrich (St. Louis, MO, 
USA) unless otherwise stated. Two heavily Ca2+-buffered 
solutions were used for examining the properties of the con-
tractile apparatus; ‘relaxing solution’, containing (in mM): 
126 K+, 36 Na+, 1 free Mg2+ (10.3 total Mg2+), 90 HEPES, 
50 EGTA, 8 ATP, 10 creatine phosphate, pH 7.10, pCa 
(= − log10[Ca2+]) > 9, and an osmolality of 295 ± 10 mos-
mol/kg H2O, and ‘maximal Ca2+-activating solution’ which 
was very similar but with 50 mM CaEGTA (at pCa ~ 4.7) 
instead of EGTA, and with 8.1 total Mg2+ to keep the free 
[Mg2+] at 1 mM. For assessing fiber type, a strontium-
based solution at pSr 5.2 was made similarly to ‘maximal 
Ca2+-activating solution’ but with Sr2+ instead of Ca2+ and 
mixing this with ‘relaxing solution’ a ratio of 1:7. K-HDTA 
solution was used to examine excitation–contraction cou-
pling and SR properties; it was similar to relaxing solution 
but with HDTA replacing EGTA, and contained (in mM): 
126 K+, 36 Na+, 1 free Mg2+ (8.5 total Mg2+), 90 HEPES, 
50 HDTA, 0.05 EGTA, 8 ATP, 10 creatine phosphate, pH 
7.10, with the free [Ca2+] weakly buffered at pCa ~ 7.1, and 
an osmolality of 295 ± 10 mosmol/kg H2O. Additionally, a 
Na-HDTA solution was made similarly to the K-HDTA solu-
tion by substituting all K+ with Na+, which was achieved 

by adjusting pH with NaOH instead of KOH. Na-HDTA 
solution was used to depolarize the transverse-tubules in 
skinned muscle fibers.

Animals and the voluntary running protocol

Three groups of male Sprague–Dawley rats (nine in each, 
n = 4 SED and n = 5 RUN per group, see descriptions below, 
animals obtained from Monash University Animal Services, 
Clayton, Victoria) were used in this study, with the rats in 
each group being individually housed either in standard rat 
cages (sedentary, SED) or in cages with free access to a 
running wheel (Rebbeck et al. 2014) (Lafayette Instrument, 
Model 80859L, Lafayette, IN, USA), the latter resulting 
in rats voluntarily running 1–4 km per 24 h (running was 
observed to take place only at night). All rats were obtained 
at 12 weeks of age, and sacrificed by overdose of isoflurane 
at the same final age (24 week-old), with approval from the 
La Trobe University Ethics Committee. The five RUN rats 
in Group 1 performed voluntary wheel running for 6 weeks 
(from 18 to 24 weeks of age), whereas the five RUN rats 
in each of Groups 2 and 3 did wheel running for 12 weeks 
(from 12 to 24 weeks of age). The RUN rats in Groups 1 and 
2 were sacrificed within 1–2 h after their (nightly) running, 
whereas the RUN rats in Group 3 were ‘rested’ for 1 day 
after the 12 weeks running by transferring them back to a 
standard rat cage for 24 h before sacrifice. The four ran-
domly selected litter mates of each RUN group were kept in 
standard cages for the entire period (SED rats).

Physiological measurements were made in skinned mus-
cle fibers from the extensor digitorum longus (EDL) muscles 
of all three groups, but from the soleus (SOL) muscles only 
of Groups 1 and 2. Biochemical parameters were measured 
in muscles of all three groups; for most parameters the find-
ings were very similar for the muscles of both 12 week run-
ning groups (Groups 2 and 3, RUN and RUN-REST), and 
these are shown as pooled data in Table 1.

Single muscle fiber dissection and sample 
preparation

After rats were sacrificed, both EDL muscles and both SOL 
muscles were dissected from each animal and weighed, 
one being used for homogenate preparation and the other 
for obtaining single fiber segments. Muscle homogenates 
were prepared in relaxing solution to give a concentration 
of 50 µg wet weight tissue per µl solution. Where required, 
0.14 µg/µl amylase was added to degrade glycogen granules. 
In both cases homogenate samples were further diluted with 
relaxing solution to ~ 2.5 µg/µl wet weight muscle and then 
3 × SDS loading buffer was added (1:2 vol/vol) for west-
ern blotting, as described before (Xu et al. 2015). To obtain 
single muscle fiber segments, EDL or SOL muscles were 
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pinned at resting length in room temperature paraffin oil 
on a Sylgaard layer and kept cool on an ice pack (~ 10 °C). 
Single muscle fiber segments were dissected under a light 
microscope and the sarcolemma removed by mechanically 
skinning the fiber segment using fine forceps, as described 
previously (Murphy et al. 2009b). The fiber type of each 
skinned fiber was ascertained by exposing it to the solution 
at pSr 5.2; rat type II fibers produce very little force at pSr 
5.2, whereas type I fibers produce > 80% of the maximum 
force (Bortolotto et al. 2000; Murphy et al. 2009a).

Measurement of contractile apparatus parameters

Fiber cross-sectional area (in mm2) was calculated by meas-
uring the fiber diameter in three different places along the 
length of the fiber, as described previously (Xu et al. 2017), 
and specific force (in mN/mm2) calculated by normalising 
the maximum Ca2+-activated force of the fiber by its cross-
sectional area. The fiber segment was mounted onto a force 
transducer (AME801, SensoNor, Horten, Norway) at its 
resting length (i.e. length just less than that eliciting meas-
urable passive force), and the sarcomere length measured 
by laser diffraction in a subset of the fibers as described 
previously (Stephenson and Williams 1981). The resting 
sarcomere length was the same in SED and RUN rats for 
both type I and type II fibers (all ~ 2.57 ± 0.05, n = 20–21 
for each group).

The fiber was then stretched to 120% of its resting 
length and transferred into a Perspex bath containing 
2 ml of relaxing solution for 2 min, and then activated 
in a sequence of solutions with progressively higher lev-
els of free [Ca2+] (pCa ~ 9 to 4.7), with maximum force 
produced at pCa 4.7 (Trinh and Lamb 2006). Force was 
recorded with a Bioamp pod and Powerlab 4/20 series 
hardware (ADInstruments, Sydney, Australia). The fiber 
was then moved back into relaxing solution where it fully 
relaxed again. Such force–pCa staircases were repeated for 
2–3 times for each fiber. The fiber was then treated with 
10 mM DTT (in relaxing solution) for 10 min, and the cal-
cium sensitivity (force–pCa curve) tested again with two 
repetitions of the force–pCa staircase, and this was then 
repeated following a second DTT treatment. The force 

at each [Ca2+] within a given sequence was expressed as 
a percentage of the corresponding maximum force, and 
the data fitted with a Hill curve, using GraphPad Prism 6 
software, to ascertain values of pCa50 (pCa at half of the 
maximum force production) and the Hill coefficient (h). 
As reported previously (Posterino and Lamb 2003; Mol-
lica et al. 2012), there was a small reduction in maximum 
force and in Ca2+-sensitivity with each repetition of the 
force–pCa staircase. The magnitude of this small progres-
sive was ascertained in each fiber individually, and the 
progressive decline in pCa50 occurring with successive 
repetition (~ 0.002 pCa units per repetition) was removed 
from the data shown in Figs. 1D and 2D.

Muscle myosin heavy chain (MHC) composition 
assay

Myosin heavy chain (MHC) composition was determined by 
separating denatured muscle homogenates by SDS–PAGE so 
as to distinguish the four MHC isoforms, MHCIIa, MHCIIx, 
MHCIIb and MHCI (Xu et al. 2017). The separating gel 
consisted of 32% v/v glycerol, 8% w/v acrylamide with a 
50:1 ratio of acrylamide to N′-ethylenebisacrylamide (Wyck-
elsma et al.), 0.2 M Tris-HCl (pH 8.8), 0.1 M glycine, 0.4% 
w/v SDS, 0.1% w/v ammonium persulfate, and 0.05% v/v 
N,N,N′,N′-tetramethylethylenediamine (TEMED). The stack-
ing gel comprised 32% v/v glycerol, 4% w/v acrylamide, and 
Bis at the same ratio (50:1) to acrylamide, 70 mM Tris–HCl 
(pH 6.7), 4 mM EDTA, 0.4% w/v SDS, 0.1% w/v ammo-
nium persulfate, and 0.05% v/v TEMED. The gel was run 
using two different buffers, the lower running buffer consist-
ing of 0.05 M Tris (base), 75 mM glycine, and 0.05% w/v 
SDS, and the upper running buffer, which was at 6x the 
concentration of the lower running buffer and had β-ME 
added (final concentration: 0.12% v/v). The gel underwent 
electrophoresis at 150 V at 4 °C for 24 h, and immediately 
after running, Coomassie brilliant blue G250 was used to 
stain the gel and visualize the MHC bands. The images 
were collected by G:BOX Chemi (Syngene, USA) and the 
densitometry analysis was conducted using Quantity One 
(Bio-Rad, USA).

Table 1   Body and muscle mass data in sedentary and wheel running rats

Mean ± SD of body mass and masses of EDL and soleus (SOL) muscles, and muscle to body mass ratios, in rats after 12 weeks of wheel running 
(RUN, n = 10) compared to their sedentary litter mates at the same age (SED, n = 8). P value for significance of difference between RUN and 
SED

Body mass (g) EDL muscle (mg) EDL muscle/body (%) SOL muscle (mg) SOL muscle/body (%)

SED 616 ± 73 263 ± 21 0.043 ± 0.005 241 ± 23 0.039 ± 0.004
RUN 564 ± 29 276 ± 22 0.049 ± 0.004 256 ± 21 0.045 ± 0.004
P value 0.055 0.23 0.02 0.17 0.01
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Glycogen assay

After muscles were homogenized in relaxing solution to 
give a 50 µg/µl wet weight tissue as mentioned above, 4 M 
potassium hydroxide was added to 50 µl of each homogenate 
2:1 (vol/vol, KOH/homogenate), and samples were heated at 
70 °C for 30 min. After heating, the pH was brought to 4.5, 
which is the optimal pH for amyloglucosidase, using glacial 
acetic acid (Ajax Finechem, Sydney, NSW, Australia). Four 
units of amyloglucosidase (A1602, Sigma-Aldrich) were 

added, and samples incubated at 55 °C for 2 h. Then PGO 
enzyme (P7119, Sigma-Aldrich) was prepared by dissolving 
one capsule in 1 ml o-dianisidine/dihydrochloride (D3252, 
Sigma-Aldrich) and made to 50 ml volume with ddH2O 
as described before (Xu et al. 2016). 240 µl of prepared 
PGO enzyme was added into each sample tube and glucose 
standard solution (calibration range 7–500 µg/ml glucose) 
and a blank (ddH2O). Glucose standards were prepared by 
dissolving a powder stock of glucose (Ajax Finechem) in 
ddH2O. After 30 min, absorbance of samples and standards 

Fig. 1   Calcium sensitivity 
of type II muscle fibers of 
sedentary and active rats. a 
Force responses in skinned EDL 
fiber from sedentary rat (SED) 
to solutions of progressively 
higher free [Ca2+] (pCa > 9, 
6.4, 6.2, 6.0, 5.88, 5.7, 5.4, 4.7; 
arrows labelled 1–8, respec-
tively) before and after two 
treatments with reducing agent 
DTT (see “Materials and meth-
ods”; response in each condition 
examined twice successively, 
only one shown after each DTT 
treatment). b Force responses 
in EDL fiber from RUN rat. c 
force–pCa curves before and 
after DTT for fibers in a and b 
from SED (red) or RUN (blue) 
animals. d pCa50 values (i.e. 
pCa giving at half maximum 
force) for all type II fibers from 
SED (Redl et al. 2007), RUN 
(both 6 and 12 week running; 
blue) and RUN-REST rats 
(green), both before and after 
DTT treatment. Bars indicate 
mean ± SD. *Significant differ-
ence following DTT treatment 
(P < 0.05, paired t test). #pCa50 
value before DTT treatment 
in RUN rats is significantly 
different from other two groups 
(P < 0.05, One-way ANOVA). 
Number of fibers indicated, 
with number of rats shown in 
brackets. (Color figure online)
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on 96-well plate were read on a UV–VIS spectrophotom-
eter (SpectraMax M5, Molecular Devices, Broadmeadows, 
VIC, Australia) at 450 nm and the glucose content of sam-
ples determined relative to the glucose calibration curve. 
All samples were measured in triplicate on the spectropho-
tometer and each sample was prepared on 2–3 independent 
occasions.

Western blotting and antibody information

Proteins in denatured muscle samples were separated on 
4–15% Criterion Stain Free gels (Bio-Rad, Hercules, CA, 
USA) at 200 V for 1 h. On every gel a graded set of 4–5 
amounts of a standard muscle homogenate was run alongside 
the samples under investigation, so as to enable generation 
of a signal calibration curve for each protein of interest for 
that gel. The total protein in each lane on the gel was imaged 
after UV activation on a Stain Free imager (Bio-Rad). Pro-
teins on the gel were transferred to nitrocellulose membrane 
(100 V, 30 min). After transfer, the membrane was treated 
with Miser antibody extender solution NC (Thermo Scien-
tific) for 10 min and then washed and placed into blocking 
solution (5% skim milk powder diluted in tris-buffered saline 
with Tween; TBST). The membrane was then treated with 

the primary antibody (see below) and incubated overnight 
at 4 °C and a further 2–3 h at room temperature. The mem-
brane was then washed with blocking solution and exposed 
to the secondary antibody diluted in blocking solution. After 
the membrane was washed with TBST, the protein bands 
were visualised using West Femto chemiluminescent sub-
strate (Thermo Scientific). Images were collected, and den-
sitometry was performed using Chemidoc MP system and 
Image Lab version 5.2 (Bio-Rad) (Xu et al. 2015). Western 
blot signals of given proteins in a sample were expressed 
relative to their respective 4–5 point calibration curve and 
were then normalised to the total protein in that lane, also 
expressed relative to its calibration curve (Murphy et al. 
2012). All data were then expressed relative to the average 
of the SED samples on the given gel.

The following antibodies were used: polyclonal rabbit 
anti Cytochrome C oxidase IV (COXIV) (Cell Signalling 
#4844), monoclonal mouse anti GAPDH (Abcam, #ab8245), 
monoclonal mouse anti-calsequestrin1 (CSQ1) (Abcam, 
#ab2824), polyclonal rabbit anti- calsequestrin2 (CSQ2) 
(Abcam, #3516), monoclonal mouse anti-sarcoplasmic retic-
ulum calcium-ATPase1 (SERCA1) (Developmental Studies 
Hybridoma Bank (DSHB), #CaF2-5D2), polyclonal rabbit 
anti SERCA2 (Badrilla, #A010-20), rabbit monoclonal 

Fig. 2   Calcium sensitivity of 
type I soleus muscle fibers of 
sedentary and active rats. a 
Force responses in skinned fiber 
from RUN rat, presented as 
in Fig. 1. At the end, the fiber 
was exposed to a strontium-
containing solution (at pSr 5.2), 
eliciting a large force response, 
indicating the fiber was type I 
(see “Materials and methods”). 
b Force–pCa curves before 
and after DTT treatment for 
representative fibers from SED 
(red) and RUN (blue). c pCa50 
values for all type I fibers from 
SED and RUN. Number of 
fibers indicated, with number of 
rats shown in brackets. (Color 
figure online)
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anti-glycogen synthase (GS) (Epitpmics, #1720-1), anti-
glycogen branching enzyme (Heinemeier et  al. 2007), 
anti-glycogen debranching enzyme (GDE), anti-glycogen 
phosphorylase (GP), and anti-glycogenin, all raised in rab-
bit (Parker et al. 2007; Ryu et al. 2009), mouse monoclonal 
anti-glucose transporter 4 (GLUT4) (Cell Signaling, #2213). 
For Na+, K+-ATPase (NKA), there are two main subunits the 
catalytic subunit NKAα, and the regulatory subunit NKAβ, 
and two isoforms (α1/α2, β1/β2) for each of them. Anti-
body for NKAα1 was polyclonal from rabbit (Cell Signaling, 
#3010), whereas the NKAα2 antibody was rabbit polyclonal 
(Merck Millpore, #07-674). NKAβ1 antibody was mouse 
monoclonal (Santa Cruz, #C464.8) and NKAβ2 antibody 
was rabbit polyclonal (Merck Millpore, #06-171).

Statistical analysis

All results are presented as individual data points or as mean 
values ± standard deviation (SD), and the data in Table 1 is 
the mean ± standard error of mean (SEM). Data were ana-
lysed using paired or unpaired one- or two-sided t tests or by 
one-way ANOVA, as indicated. Statistical significance level 
was set at P < 0.05. All statistical analysis was undertaken 
by using Prism Version 6 (GraphPad, La Jolla, CA, USA).

Results

The body mass of rats after 12 weeks of wheel running was 
on average almost 10% lower than in their sedentary litter 
mates, though the difference did not reach the significance 
level (P = 0.055) (Table 1). Although the masses of the EDL 
and soleus muscles were not significantly different between 
the running and sedentary rats, the muscle to body mass 
ratio of both muscles was ~ 13% higher in the running rats 
(Table 1). The rats did virtually all of the wheel running at 
night but the activity was sporadic rather than continuous; 
the 12 weeks wheel running rats ran a total of ~ 1 to 4 km 
per 24 h (2.1 ±0.9 km) and those doing 6 weeks wheel run-
ning ran ~ 0.5 to 2 km per 24 h (1.2 ±0.6 km). The shorter 
running distance in the 6 week running group was likely 
because they were 18 weeks old rather than 12 weeks old 
when given access to the running wheel, given that previ-
ous research found that running distance was progressively 
reduced with increased age or age at onset of wheel running 
(Mondon et al. 1985; Kariya et al. 2004; Garvey et al. 2015). 
The total distances run by the rats in the present study would 
be classed as ‘low’ in comparison to previous studies with 
younger rats (see Rodnick et al. 1989, 1992; Broch-Lips 
et al. 2011), with the rats being active but not exercising 
intensively.

Effect of wheel running on Ca2+‑sensitivity 
of the contractile apparatus

The Ca2+-sensitivity of muscle fibers from SED and RUN 
rats was examined by activating each skinned fiber in a 
series of solutions with free [Ca2+] heavily-buffered at suc-
cessively higher levels (pCa ~ 9 to 4.7), eliciting progres-
sively greater levels of force (e.g. Fig. 1) (see “Materials 
and methods”). This force–pCa staircase was repeated twice 
in succession before and after each of two treatments with 
the reducing agent DTT. Force produced at each pCa was 
expressed relative to the maximum force for that staircase, 
and plotted against pCa to generate a force–pCa curve for 
each individual case (e.g. Figs. 1c, 2b). The Ca2+-sensitivity 
in type II fibers before any DTT treatment was significantly 
higher (by ~ 0.04 pCa units) in the exercising rats compared 
to the sedentary rats (compare pCa50 values (pCa eliciting 
50% maximum force) for RUN (blue squares) versus SED 
(red squares) in Fig. 1d); this increase was similar in rats 
performing either 6 or 12 weeks voluntary wheel running 
and those results are shown pooled together. The Hill coef-
ficient (steepness of force–pCa relationship) was not sig-
nificantly different between the active and sedentary fibers 
and was not affected by the DTT treatment. Importantly, 
the increase in Ca2+-sensitivity was completely reversed by 
the first DTT treatment of the fibers, such that the pCa50 in 
the RUN fibers decreased to a level similar to that in SED 
fibers after the DTT treatment (compare blue triangles with 
red triangles in Fig. 1d). Subjecting the fibers to a second 
DTT treatment had no further effect on Ca2+-sensitivity in 
either RUN or SED fibers (e.g. Fig. 1a, b), showing that 
the first treatment was sufficient for maximal effect. The 
reversing effect of the first DTT treatment demonstrated 
that the increase in Ca2+-sensitivity in the type II fibers in 
the wheel running rats was the result of a reversible oxi-
dation-related process. There was no correlation between 
the daily running distance of individual rats and the size 
of the oxidation-induced increase in Ca2+-sensitivity [linear 
regression results for 6 weeks running (R2 = 0.04), and 12 
weeks running (R2 = 0.004)]. Importantly, when wheel run-
ning rats were rested for one day before being sacrificed, the 
Ca2+-sensitivity in the type II fibers was not detectably dif-
ferent from that in the sedentary rats, and DTT treatment had 
no greater effect (compare data for RUN-REST rats, green 
squares and triangles, with that of the SED rats, red symbols, 
in Fig. 1d). This shows that the oxidation-induced increase 
in Ca2+-sensitivity in the type II fibers occurring in the exer-
cising rats completely reversed in-vivo with 24 h rest.

In contrast to the findings in the type II fibers, there was 
no significant difference between the exercising and seden-
tary rats in the Ca2+-sensitivity of type I fibers (Fig. 2c, blue 
squares versus red squares), and DTT treatment had little if 
any effect on Ca2+-sensitivity in either case (Fig. 2b, c). The 
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Hill coefficient of the force–pCa fits in the type I fibers also 
were no different between the exercising and sedentary rats 
and were unaltered by the DTT treatment (e.g. see steepness 
of curves in Fig. 2b).

Specific force and depolarisation‑induced force 
responses in fibers of RUN and SED rats

Specific force in each individual skinned fiber was assessed 
as the maximum Ca2+-activated force (to a solution at pCa 
4.7) normalised by the fiber cross-sectional area (see Mate-
rial and Methods). Figure 3 presents the specific force val-
ues measured in all type I (SOL) and type II (EDL) fibers 

from the rats that performed 6 or 12 weeks wheel running 
and from their sedentary litter mates. Relative to the sed-
entary rats, specific force in fibers of the active rats was 
on average ~ 8% higher in type II fibers (SED 230.8 ±24.4, 
RUN 248.5 ±31.2, Fig. 3a) and ~ 36% in type I fibres (SED 
176.2 ±30.8, RUN 239 ± 35.2, Fig. 3b). The results were 
similar regardless of whether the rats performed either 6 or 
12 weeks running or were rested for one day following the 
running before examining the fibers (Fig. 3).

Depolarisation-induced force responses were also exam-
ined in skinned fibers from the EDL and SOL muscles of the 
active and sedentary rats (e.g. Fig. 4). When a muscle fiber 
is mechanically skinned the transverse (t-) system seals off, 

Fig. 3   Specific force in type II (a) and type I (b) fibers from sed-
entary and active rats. Different symbols used for data from rats of 
three experimental groups (see “Materials and methods”) where RUN 
cohort did wheel running for 6  weeks (open symbols), 12  weeks 

(closed symbols) or 12 weeks with 1 day rest (open-cross symbols). 
*RUN significantly different from SED (P < 0.05, unpaired t test). 
Number of fibers shown, with number of animals in brackets

Fig. 4   Depolarisation-induced 
force responses (Depol) in 
skinned muscle fibers. Exam-
ples of force responses in type 
I soleus fiber from SED (a) and 
RUN (b). c Maximum size of 
depolarization-induced force 
response, expressed relative to 
maximum Ca2+-activated force 
in same fiber, for all SOL type 
I fibers examined [6 weeks run-
ning (open symbols), 12 weeks 
running (closed symbols)]. D 
Data for type II fibers from EDL 
muscle. *Significantly different 
from SED (P < 0.05, unpaired t 
test). Number of fibers shown, 
with number of animals in 
brackets
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and if the skinned fiber segment is placed in the standard 
potassium-based HDTA solution it can become polarised 
again, because the action of the Na–K pump in the t-sys-
tem membrane establishes a high sodium ion concentration 
and a low potassium ion concentration within the t-system. 
If the t-system is sufficiently well polarized, the voltage-
sensors (dihydropyridine receptors) in the t-system return 
to an activatable state (Chua and Dulhunty 1988), and if 
the skinned fiber is subsequently transferred into the zero 
potassium Na-HDTA solution, the t-system is rapidly depo-
larized, activating the voltage-sensors, which in turn trig-
ger Ca2+ release from the SR and a resultant force response 
(Lamb 2002). Thus, the magnitude of the depolarization-
induced response in a skinned fiber (relative to the maximum 
Ca2+-activated force in that fiber) can be used as a measure 
of the polarization of the t-system membrane and excitabil-
ity of that fiber. We have previously shown that maximal 
depolarization-induced responses can readily be elicited in 
skinned type II fibers from EDL muscle of sedentary rats, 
but that the responses in type I fibers from SOL muscle were 
much poorer [(Lamb and Stephenson 1994; Xu et al. 2017) 
for rats of 20 weeks and older]. It was found here that the 
depolarization-induced responses in the SOL type I fibers 
were considerably enhanced in the wheel running rats com-
pared to their sedentary litter mates (Fig. 4a–c), with the 
improvement being similar irrespective of whether the rats 
did 6 or 12 weeks of wheel running exercise (Fig. 4c). These 
data indicate that the resting polarization and excitability of 
the t-system in the type I skinned fibers was substantially 
increased in the wheel running rats. The responsiveness of 

the skinned type II (EDL) fibers was equally high for the fib-
ers of both sedentary and exercising rats (Fig. 4d), indicating 
that the t-system was well polarized in the skinned fibers in 
both groups of rats.

Myosin heavy chain composition and glycogen 
content of EDL and SOL muscles in sedentary 
and active rats

The MHC isoforms in the EDL and SOL muscles of the 
active and sedentary rats were separated by SDS–PAGE 
(Fig. 5). The predominant MHC isoforms in rat EDL mus-
cle are the fast isoforms, MHCIIa, MHCIIx and MHCIIb, 
whereas SOL muscle has predominantly the slow MHCI 
isoform and a small proportion of the fast MHCIIa isoform. 
It was found that there was an increase in the proportion of 
the MHCIIa isoform in the EDL muscle of the rats that did 
12 weeks of wheel running relative to that in their sedentary 
counterparts (~ 6% of total MHC in SED versus ~ 14% in 
RUN) (Fig. 5c), whereas the percentages of MHCIIa in SOL 
muscle was not significantly changed (Fig. 5d). The results 
are broadly similar to those of a previous study on wheel 
running rats, which found the MHCIIa proportion to be ~ 8 
and 11% in EDL muscle and ~ 14 and 17% in SOL muscle in 
sedentary and running rats respectively (Gallo et al. 2006).

Muscle glycogen content of SOL muscle was ~ 25% 
higher in the wheel running rats comparing to their seden-
tary litter mates (Fig. 6). This difference in SOL glycogen 
content between running and sedentary rats was similar in 
rats sacrificed 1–2 h after the exercise and those rested for 

Fig. 5   Myosin heavy chain (MHC) composition in muscles of SED 
and RUN rats. a Representative example of SDS–PAGE of MHC 
isoforms in EDL muscle from SED and RUN. b Representative gel 
images for SOL muscle. Percentage of MHC isoforms in EDL (c) and 
SOL muscles (d) for SED (grey bar) and RUN (black bar). Value for 

each individual muscle sample derived as average of measurements 
on 3–4 independent gels. *Significant difference from SED (P < 0.05, 
unpaired t test). n = 8 muscles for SED and n = 10 for RUN, with each 
muscle from different rat. Data for 12 weeks running rats
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24 h before sacrifice, and also in rats doing either 6 or 12 
weeks of wheel running. In contrast, glycogen content in 
EDL muscles was not significantly different between the 
active and sedentary rats (Fig. 6).

Relative amounts of key proteins in EDL and SOL 
muscles in active and sedentary rats

Whole muscle homogenates of the EDL and SOL muscle 
from all SED and RUN rats were analysed by western blot 
to determine the relative amount of specified proteins. The 
data obtained from rats performing 12 weeks running were 
similar irrespective of whether the muscles were examined 
soon after, or 24 h after, cessation of running (e.g. Figs. 7, 
8), and the data are shown pooled together in Table 2. Very 
similar trends were also seen in the muscle of the rats per-
forming 6 weeks running (not shown). The proteins are cat-
egorised into four different groups, those being metabolic 
enzymes, Ca2+-related proteins, glycogen-related enzymes, 
and Na+, K+-ATPase (NKA) proteins. It is important to note 
that the samples were not fractionated in any way, and that 
quantification of all western blot signals utilised calibration 
standards run on the same gel (see “Materials and meth-
ods”) so as to take account of the relevant signal detection 
limits and sensitivity for that protein on that gel, and all 
values were expressed relative to total protein measured in 
the given sample lane, not to some arbitrary protein assumed 
to be unchanged (see methodology review by Murphy and 
Lamb (Murphy and Lamb 2013)).

Metabolic enzymes

COXIV (~ 17 kDa) and GAPDH (~ 38 kDa) were exam-
ined as representative enzymes indicating the aerobic and 
glycolytic abilities, respectively, of the skeletal muscles, 

Fig. 6   Muscle glycogen content in sedentary and active rats. Glyco-
gen content in muscle homogenates of EDL and SOL muscle from 
12  week running (closed symbols) and 12  week running-1  day rest 
rats (open symbols). Each muscle sample examined 2–3 times 
and measured in triplicate. *Significant difference from SOL SED 
(P < 0.05, unpaired t test)

Fig. 7   GAPDH in EDL and SOL muscles of SED and RUN rats. 
Representative western blots of GAPDH (at ~ 38 kDa, upper row in 
each panel, with MHC band on Stain Free gel for that lane shown 
beneath each) in two EDL (a) and two SOL (b) muscles, with data 
values for all muscles shown beneath (see “Materials and methods”). 

Each data point is average for 3–4 repeats of given sample run on 
separate gels. *Significant difference from SED (P < 0.05, unpaired t 
test). n = 8 muscles for SED and n = 10 of RUN, each muscle from a 
different rat. Calibration samples run on each gel not shown
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and analysed with one-tailed t tests as they were predicted 
to increase and decrease, respectively in RUN compared 
with SED. The relative amount of COXIV increased in 
EDL (p = 0.035) but not SOL (Table 2), whereas GAPDH 
decreased in RUN versus SED in SOL (Fig. 6b), but not in 
EDL (Fig. 6a) (Table 2).

Ca2+‑related proteins

The relative amounts of the SR Ca2+ storage protein, 
calsequestrin (CSQ), and the sarcoplasmic reticulum cal-
cium-ATPase (SERCA), were also examined. There are 
two main isoforms of CSQ in rat skeletal muscle, CSQ1 
(~ 63 kDa) and CSQ2 (55 kDa), with CSQ1 being the 
sole or predominant isoform present in type II fibers and 
expressed at lower abundance in type I fibers, and CSQ2 
(~ 55 kDa) being predominantly expressed in type I fib-
ers with little or no expression in type II fibers (Murphy 

et al. 2009a). CSQ1 levels were not significantly different 
between SED and RUN in either EDL or SOL (Fig. 7a, 
b; Table 2), and likewise, the relative amount of CSQ2 
in SOL muscle was no different between SED and RUN 
(Table 2).

CSQ-like proteins are a series of higher molecular weight 
proteins at ~ 130 to 180 kDa detected by CSQ antibodies 
(Cala et al. 1990). The distribution of CSQ-like proteins in 
different muscle types is similar to the corresponding CSQ 
protein (Murphy et al. 2009a), but the function of these 
CSQ-like proteins are not understood. In both EDL and SOL 
muscles the amount of the CSQ-like proteins was found to 
be increased in RUN compared with SED rats (Fig. 8c, d; 
Table 2).

SERCA1 (~ 110 kDa) is the predominant or exclusive 
isoform SERCA present in rat type II fibers, and SERCA2 
(~ 100 kDa) is the predominant or exclusive SERCA iso-
form present in rat type I fibers (Murphy et al. 2009a). The 

Fig. 8   Calsequestrin and CSQ-
like proteins in EDL and SOL 
muscles of SED and RUN rats. 
Representative western blots for 
CSQ1 (at ~ 63 kDa) and CSQ-
like (~ 130 to 180 kDa) proteins 
in two examples of EDL and 
SOL muscles; lower panels 
present values found across all 
samples examined. Horizontal 
bars show mean value ± SD. 
Each data point is average for 
3–4 repeats of given sample run 
on separate gels. *Significant 
difference from SED (P < 0.05, 
unpaired t test). Calibration 
samples run on each gel not 
shown



11Journal of Muscle Research and Cell Motility (2018) 39:1–16	

1 3

amounts of SERCA1 in EDL and SERCA2 in SOL were 
not significantly different between SED and RUN (Table 2).

Glycogen metabolic enzymes

Glycogen-related proteins can be categorised into two 
groups, glycogen anabolic enzymes and catabolic enzymes, 
according to their functions. In terms of anabolic enzymes, 
there are two main enzymes, glycogen synthase (GS, 
~ 85 kDa) and glycogen branching enzyme (GBE, ~ 70 kDa). 
Similarly, for catabolic enzymes there are also two main 
enzymes involved, glycogen phosphorylase [GP, ~ 95 kDa, 
only EDL examined, as GP amount is very low in SOL mus-
cle (Murphy et al. 2012)] and glycogen debranching enzyme 
(GDE, ~ 165 kDa). In addition, glycogenin (~ 37 kDa), the 
core protein of glycogen granules, and glucose transporter 4 
(GLUT4, ~ 46 kDa), the predominant transporter of glucose 
into skeletal muscles, were also examined as critical proteins 

in glycogen metabolism. It was found that the relative 
amounts of both glycogen anabolic and catabolic enzymes 
in EDL and SOL muscles did not differ significantly between 
RUN and SED except for the amount of GS in SOL muscle, 
which was decreased ~ 34% in RUN compared to SED and 
glycogenin, which was increased ~ 35% in EDL muscles in 
RUN compared to SED (Table 2). GLUT4, analysed using 
a one-tailed t-test as an increase was predicted in the RUN 
group, increased in EDL (p = 0.04) but not SOL muscles 
(Table 2).

Na+, K+‑ATPase in EDL and SOL muscles of SED and RUN

The Na+, K+-ATPase (NKA) is present in the sarcolemma 
and the membrane of t-tubules in order to maintain the 
sodium and potassium ion gradients. The NKA complex 
is comprised of the catalytic subunit NKAα and the reg-
ulatory subunit NKAβ. There are two main isoforms of 

Table 2   Summary of protein 
changes in EDL and SOL 
muscles from SED and RUN 
rats

Mean content (± SEM) of indicated protein in whole muscle homogenates of EDL and SOL muscles from 
rats after 12 weeks running (Run, n = 10) expressed relative to that in muscle of sedentary litter mates 
(SED, n = 8). Values derived from average of 3–4 independent measurements of given muscle homogenate. 
N/A indicates ‘not applicable’, either because protein abundance was too low, or muscle does not express 
that protein
*Two-tailed and # one-tailed tests, indicating significant difference from SED (P < 0.05, unpaired t-test). 
All cells of this table with significant difference are highlighted in italics

Protein categories Protein isoforms Changes of protein contents

EDL SOL

RUN SED RUN SED

Metabolic enzymes
 Aerobic enzyme COXIV 1.29 ± 0.12 1 ± 0.08 0.99 ± 0.05 1 ± 0.07
 Glycolytic enzyme GAPDH 0.98 ± 0.08 1 ± 0.1 0.74 ± 0.03* 1 ± 0.12

Ca2+-related proteins
 Calsequestrin (CSQ) CSQ1 1.04 ± 0.07 1 ± 0.04 0.86 ± 0.09 1 ± 0.11

CSQ2 N/A N/A 0.98 ± 0.07 1 ± 0.05
CSQ1-like 1.18 ± 0.06* 1 ± 0.04 N/A N/A
CSQ2-like N/A N/A 1.61 ± 0.21* 1 ± 0.11

 Sarcoplasmic reticulum calcium 
ATPase (SERCA)

SERCA1 1.05 ± 0.11 1 ± 0.1 N/A N/A
SERCA2 N/A N/A 1.13 ± 0.14 1 ± 0.11

Glycogen metabolic enzymes
 Anabolic enzymes GS 0.92 ± 0.07 1 ± 0.08 0.66 ± 0.07* 1 ± 0.11

GBE 1.05 ± 0.1 1 ± 0.12 0.97 ± 0.22 1 ± 0.17
 Catabolic enzymes GDE 1.25 ± 0.08 1 ± 0.04 0.94 ± 0.15 1 ± 0.09

GP 1.16 ± 0.1 1 ± 0.11 N/A N/A
 Glycogenin 1.35 ± 0.12* 1 ± 0.08 0.83 ± 0.09 1 ± 0.1
 Glucose transporter 4 (GLUT4) 1.26 ± 0.14 1 ± 0.06 0.9 ± 0.1 1 ± 0.1

Sodium, potassium ATPase (NKA)
 α subunits NKAα1 1.21± 0.07* 1 ± 0.07 1.18 ± 0.06* 1 ± 0.03

NKAα2 1.08 ± 0.07 1 ± 0.08 1.12 ± 0.07 1 ± 0.05
 β subunits NKAβ1 N/A N/A 1.16 ± 0.34 1 ± 0.25

NKAβ2 1.0 ± 0.08 1.13 ± 0.06 N/A N/A
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NKAα in skeletal muscles, the ubiquitous isoform NKAα1 
(~ 100  kDa) and the skeletal muscle-specific isoform 
NKAα2 (~ 100 kDa), and also two main isoforms of NKAβ, 
with NKAβ1 being the predominant isoform in type I fibers 
and NKAβ2 in type II fibers (Wyckelsma et al. 2015). The 
amount of NKAα1 was ~ 21% higher in EDL and ~ 18% 
higher in SOL in RUN versus SED (Table 2), whereas the 
amount of NKAα2 was not significantly different in either 
muscle (Table 2). The amounts of NKAβ2 in EDL and 
NKAβ1 in SOL muscle also were not significantly different 
between SED and RUN (Table 2).

Discussion

Calcium sensitivity increase in type II fibers 
is an acute effect of wheel running

The Ca2+-sensitivity in the type II fibers was increased in 
rats examined within ~ 1 to 2 h after wheel running activity, 
and this effect was reversed by treatment with the reduc-
ing agent DTT (Fig. 1) demonstrating that it was due to an 
‘oxidation-related’ modification of the contractile appara-
tus. No such effect was seen in the type I fibers (Fig. 2). 
This increase in Ca2+-sensitivity was almost certainly due to 
S-glutathionylation of Cys134 on fast troponin I in the type 
II fibers (Mollica et al. 2012; Dutka et al. 2017), which has 
been shown to increase sensitivity in type II fibers only (type 
I fibers lack this cysteine residue) and to occur in exercising 
humans (Mollica et al. 2012) and in rat muscle stimulated 
intensively in-vitro (Watanabe et al. 2015). This increase in 
Ca2+-sensitivity would be expected to appreciably improve 
force production at submaximal cytosolic calcium levels (see 
force–pCa curves in Fig. 1c) and hence help counter to some 
extent the deleterious changes responsible for muscle fatigue 
(see Allen et al. 2008); the fact that this effect persists for at 
least 1–2 h after exercising suggests that it might also be fac-
tor in the beneficial effects of ‘warming-up’ exercise. S-glu-
tathionylation of cysteine residues can occur by interaction 
of reactive oxygen or nitrogen species with the glutathione 
present endogenously in muscle fibers. We recently showed 
that S-nitrosylation of the same cysteine residue (Cys134 
on troponin I) results in a decrease in Ca2+-sensitivity, in 
a competitive manner with S-glutationylation (Dutka et al. 
2017). Muscle activity can increase both reactive oxygen 
and reactive nitrogen species (Powers and Jackson 2008) and 
DTT reverses both types of modification. Consequently, it is 
uncertain whether the wheel running activity here resulted 
from both S-glutathionylation and S-nitrosylation modi-
fications or only S-glutathionylation, although it is clear 
that the net effect of all such modifications was an increase 
Ca2+-sensitivity. It was further found that the increase in 
Ca2+-sensitivity was lost if the rats stopped wheel running 

for 24 h (Fig. 1d), indicating that the oxidation-induced 
increase in sensitivity was an acute effect of the exercise 
that largely reversed under the reducing intracellular condi-
tions prevailing inside non-exercising muscle. DTT treat-
ment caused a small decrease in calcium sensitivity in the 
type II fibers even in the sedentary rats (~ 0.01 pCa units 
versus ~ 0.04 pCa units in RUN rats) (Fig. 1d). This is con-
sistent with the small level of Sglutathionylation of troponin 
Cys134 seen in the muscle of even non-exercising rats (e.g. 
see Figs. 4 and 9 in Mollica et al. 2012).

Specific force in single skeletal muscle fibers

Ca2+-activated specific force in single fibers in the wheel 
running rats was significantly greater than in the matching 
sedentary rats, the increase being ~ 36% in type I SOL fibers 
and ~ 8% in type II EDL fibers (Fig. 3). Changes in specific 
force at the single fiber level have not previously been exam-
ined in a comparable animal model. In studies on whole 
muscle properties, no significant change in soleus muscle 
tetanic force per gram weight was seen in wheel running rats 
compared to their sedentary counterparts (Gallo et al. 2006; 
Broch-Lips et al. 2011). The seeming difference from the 
present findings might be the result of the different measure 
of specific force (Ca2+-activated force per unit cross-sec-
tional area in individual fibers versus tetanic force per gram 
weight in whole muscle) or influenced by age and growth 
given that both the whole muscle studies examined rats that 
commenced running at only 3 to 4 weeks and examined the 
muscles at 12 to 16 weeks final age. A study examining 
tetanic force in single fibers from wheel running C57BL/10 
mice relative to sedentary counterparts at 20 weeks final age, 
found ~ 39% increase in SOL muscle fibers and little or no 
change in EDL fibers (Hayes and Williams 1996), which is 
broadly similar to the changes in specific force found here. 
The molecular basis of the increased specific force seen here 
is not known, but it might be due to an increase in myosin 
and/or actin density, given that studies on prolonged bed-
rest in humans found a 15–40% decrease in Ca2+-activated 
specific force at the single fiber level that was seemingly 
attributable to a ~ 30 to 40% decrease in myosin/myofibril-
lar protein content (Larsson et al. 1996; Brocca et al. 2015). 
Regardless of the exact molecular basis, the substantially 
lower specific force seen here in the sedentary rats indicates 
decreased muscle fiber quality, not just quantity, and this 
must be expected to adversely affect muscle performance 
in such animals.

Depolarization‑induced responses

Depolarization-induced responses in skinned fibers from 
SOL muscle were substantially improved in the wheel run-
ning rats (Fig. 4). Such force responses are highly dependent 
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on the t-system being properly polarized at rest in the 
skinned fibers, and are decreased if the resting t-system 
potential is less polarized than normal, as this causes inac-
tivation of the voltage-sensors in the t-system membrane 
(Chua and Dulhunty 1988; Lamb and Stephenson 1990; Ped-
ersen et al. 2004). The total Na+, K+ ATPase (NKA) activity 
in the t-system membrane is a key factor governing the rest-
ing polarization of the t-system. The density of NKAα2, the 
α subunit of the muscle-specific isoform of NKA, was not 
significantly changed in the wheel running rats, but the den-
sity of NKAα1, the ubiquitous isoform of NKA, was ~ 20% 
greater in both EDL and SOL (Table 2), and the overall 
increase in NKA density likely contributed to the improved 
responses in the SOL fibers. (Although the densities of the 
NKA β subunits were not significantly increased in the 
wheel running rats, the mean changes seen were broadly 
consistent, being intermediate between the changes in the 
two variants of the α subunit; see Table 2). This increase in 
NKA density is consistent with the increase in ouabain bind-
ing sites in soleus muscle reported previously in wheel run-
ning rats (Broch-Lips et al. 2011). That study also found that 
the membrane conductance of the soleus muscle fibers was 
decreased ~ 30% in the wheel running rats and an increased 
robustness of excitability in muscles from active rats, likely 
due to changes in membrane permeabilities to chloride and 
potassium, and such changes could also have altered the rest-
ing potential in the skinned SOL fibers examined here, lead-
ing to the improved responses to depolarization.

Metabolic enzymes

In SOL muscle, the amount of GAPDH decreased ~ 25% 
in RUN compared with SED rats (Table 2). GAPDH is a 
critical glycolytic enzyme that is widely considered as a 
‘house-keeping’ protein, because it is highly and ubiqui-
tously expressed (Tristan et al. 2011). The present results 
indicate that it is not appropriate to use GAPDH for nor-
malising protein amounts in western blotting, as it is sig-
nificantly affected by the level of muscle activity, and as 
we have also shown in humans, with age and muscle fiber 
type (Wyckelsma et al. 2016). This is in line with work sug-
gesting it is not a good housekeeping gene for mRNA work 
(Murphy et al. 2003). The decreased GAPDH in SOL mus-
cle in RUN suggests that the predominantly oxidative SOL 
muscle became less glycolytic with the increased activity, 
although this was not detected as any shift in MHC isoform. 
This was perhaps not surprising, as SOL muscle only con-
tained MHC I and MHC II isoforms, which are both oxida-
tive in nature and so they would rely less on flux through the 
glycolytic pathway as fuel is able to enter the Krebs cycle 
for oxidative phosphorylation and more efficient production 
of ATP. It was further found that the amount of the mito-
chondrial marker, COXIV, was increased in EDL muscles 

(Table 2), supporting the small shift seen to more oxidative 
MHC IIa containing fibres in that same muscle (Fig. 5). A 
previous study examining 2–4 weeks of wheel running in 
female Sprague–Dawley rats reported an ~ 50% increase in 
citrate synthase activity, an effective marker of mitochon-
drial capacity (Larsen et al. 2012) in the fast-twitch plantaris 
muscle (Henriksen and Halseth 1995). Overall, the findings 
support that the 12 weeks wheel running resulted in a meta-
bolic shift in the muscles.

Energy storage aspects and glycogen metabolism

Glycogen content in SOL muscle was increased ~ 25% in 
RUN rats, but unchanged in EDL muscle (Fig. 6). A previ-
ous study reported that 5-weeks of wheel running in young 
(100 g) rats did not alter glycogen levels in either SOL and 
fast-twitch epitrochlearis muscles (Rodnick et al. 1992). 
In older (16 month) rats, glycogen increased ~ 50% in the 
gastrocnemius muscle following 8 weeks of wheel running, 
albeit with an average of only ~ 83 m/day (Garvey et al. 
2015). The increased glycogen content in SOL muscle of 
RUN rats supports an increased capacity for endurance per-
formance, which is expected with the increased activity in 
the animals. A possible reason for glycogen being increased 
in SOL muscle but unchanged in EDL muscle in the exercis-
ing rats is that EDL muscle is a fast-twitch muscle, and its 
high bursting force and low endurance properties require 
fast access to glycogen rather than a necessarily high content 
glycogen. Indeed glycogen granules in EDL muscle fibers 
are likely less branched, due to a fourfold lower content of 
GBE that forms the 1,6-glycosidic bonds than in SOL mus-
cle, allowing faster utilisation (Murphy et al. 2012; Xu et al. 
2015). In order to examine the capacity for glycogen utilisa-
tion, we measured the various enzymes essential for glyco-
gen metabolism, the anabolic enzymes (GS and GBE) and 
catabolic enzymes (GDE and GP), as well as the core pro-
tein glycogenin and the muscle-specific glucose transporter 
GLUT4. Not surprisingly, the voluntary running did not 
affect the amount of glycogen catabolic enzymes in either 
EDL or SOL muscle (Table 2), as voluntary wheel running 
did not place a stress on the muscle to provide glycogen 
breakdown more quickly, but rather the muscles required a 
sustained ability to utilise glycogen, which likely could be 
accommodated for by the GP and GDE already present in 
the muscles. Whilst GBE was unchanged, the GS content in 
SOL muscle was decreased in RUN rats (Table 2). GBE is 
a cytosolic protein (Murphy et al. 2012) and seemingly able 
to move within the cytoplasm as required by the muscle. GS, 
on the other hand, is highly regulated through various phos-
phorylation states (Prats et al. 2009, 2011) and over half the 
pool is bound tightly within skeletal muscle (Murphy et al. 
2012). A combination of tight regulation and an increased 
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glycogen content might be responsible for the downregula-
tion of the GS protein in SOL from RUN rats.

GLUT4 protein was increased 26% in EDL from RUN 
rats (Table 2). It is clear that GLUT4 protein abundance 
and glucose uptake rates are highly dependent on exercise 
level (Ren et al. 1994; Christ-Roberts et al. 2004). In female 
Sprague–Dawley rats, 2–4 weeks of wheel running resulted 
in ~ 50% increase in GLUT4 in the fast-twitch plantaris mus-
cle (Henriksen and Halseth 1995). This robust adaptation 
was accompanied by an ~ 50% in citrate synthase activity, 
as discussed above. The core glycogen protein, glycogenin 
was increased 35% (Table 2). Together, these data suggest 
an increased capacity for glycogen synthesis in EDL muscle, 
but this was not observed. Given the abundance of the vari-
ous glycogen associated enzymes in SOL and EDL muscles 
from rats, we have previously hypothesised that glycogen 
granules in those muscles have different structures and over-
all granule size (Murphy et al. 2012; Xu et al. 2015). We fur-
ther suggest here, that the increased glycogenin abundance 
with unchanged glycogen content seen in RUN EDL mus-
cle indicates that the overall number of glycogen granules 
increased but not the overall size of the granules. This was 
not measured, and could be assessed using electron micros-
copy (Nielsen et al. 2011) but that was outside the scope 
of the current study. In contrast, the unchanged glycogenin 
amount with increased glycogen content seen in RUN SOL 
muscle suggests that the increased glycogen content with 
voluntary running was not newly generated granules but 
instead the result of more tiers being added to the existing 
granules.

Calcium storage and transporting proteins 
unchanged with chronic inactivity

Finally, it was found that CSQ and SERCA levels in EDL 
or SOL muscles did not differ between SED and RUN rats 
(Fig. 8; Table 2). These proteins are critical for maintain-
ing calcium homeostasis in, and overall function of skeletal 
muscle cells (Ebashi 1972). As such, perhaps it was not sur-
prisingly that voluntary wheel running had no effect on their 
overall abundances. In contrast, the amount of CSQ-like pro-
teins increased in both the EDL muscle (by ~ 18%) and SOL 
muscle (by ~ 61%) in the RUN rats (Fig. 8; Table 2). The 
specific function of these CSQ-like proteins is not known. 
CSQ-like protein levels were found to increase with age in 
both mice (Chevessier et al. 2004) and humans (Lamboley 
et al. 2015). It has been suggested that CSQ-like proteins are 
closely associated with calcium homeostasis in skeletal mus-
cle (Culligan et al. 2002), possibly being post translationally 
modified isoforms of CSQ (Cala et al. 1990; Murray et al. 
1998; Froemming et al. 2000; Froemming and Ohlendieck 
2001). However, it appears that the CSQ-like proteins do not 
bind appreciable amounts of calcium (Murphy et al. 2009a), 

arguing against them having a major direct effect on cal-
cium storage or cycling. Thus, it remains unclear whether 
the increase in amounts of CSQ-like proteins seen here is 
functionally important.

Conclusion

Overall, this study has provided a comprehensive assessment 
of both the physiological and biochemical characteristics 
of rat fast- and slow-twitch muscle in animals that were or 
were not provided free access to a running wheel. Some 
beneficial effects of oxidation were seen with exercise, as 
the increased calcium sensitivity of fast-twitch fibers meant 
that the fibers produced ~ 20 to 30% more force at the same 
cytosolic [Ca2+]. Given the similarities in mammalian con-
tractile apparatus properties, these findings could explain 
how warming-up prior to exercise in humans can actually 
improve performance in fast-twitch muscle fibers, which 
presumably could be very beneficial in some types of intense 
brief exercise, such as sprinting.

Other adaptations, including altered MHC composition, 
mitochondrial and glycolytic enzymes, glycogen content 
and associated proteins and the ubiquitous Na+-K+ATPase 
α1, all support robust muscle plasticity and even voluntary 
running over a 6–12 week period was sufficient to alter the 
biochemical profile of some muscles. These findings suggest 
that experimental data obtained from relatively sedentary 
animal models should be used with caution, because the sed-
entary behaviour appears to alter many of muscle parameters 
both physiologically and biochemically.
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