Eur J Appl Physiol (2010) 108:771-778
DOI 10.1007/s00421-009-1279-z

ORIGINAL ARTICLE

Myogenic regulatory factor response to resistance exercise volume

in skeletal muscle

Micah J. Drummond - Robert K. Conlee -
Gary W. Mack - Sterling Sudweeks -
G. Bruce Schaalje - Allen C. Parcell

Accepted: 26 October 2009 / Published online: 17 November 2009
© Springer-Verlag 2009

Abstract This study examined the impact of resistance
exercise volume on myoD and myogenin in rodent quadri-
ceps muscle. Six-month-old male Sprague-Dawley rats
(316 £2 g) performed either low-volume (LV; 10
sets x 10 contractions) or high-volume (HV; 20 sets x 10
contractions) resistance exercise at 75% one-repetition
maximum. Muscles were analyzed for myogenin and myoD
mRNA and protein expression 6, 12, 24 and 48 h post-exer-
cise. In red quadriceps (RQ), myogenin mRNA was signifi-
cantly elevated at 6 h following LV and this response was
greater than HV at 6 h, while myogenin protein was signifi-
cantly increased at 6 and 12 h following LV but only at
12h following HV (P <0.05). MyoD mRNA was
increased at 6 and 12 h following LV and at 12 h following
HV, while myoD protein was slightly decreased (LV;
P <0.05) or unchanged over time (HV). No changes were
detected within the white quadriceps muscle. We conclude
that acute resistance exercise can activate myogenin and
myoD expression levels in RQ, but when exercise volume
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is doubled these myogenic responses are not proportional
but delayed and blunted possibly because of excessive
damage/injury. Further work is needed to determine the
consequences of these specific myogenic responses on
muscle hypertrophy following high-volume resistance
exercise training.
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Introduction

Adaptation of an organ system to exercise training is
dependent on the magnitude of the exercise stimulus. The
exercise stimulus is defined by the intensity of the exercise
and the volume of exercise performed. In resistance exer-
cise programs, exercise volume is characterized by a com-
bination of sets of repetitions performed at a given exercise
intensity. It has been suggested that exercise volume is
important in the design of any resistance exercise interven-
tions in order to optimize increased skeletal muscle size and
strength (Kraemer et al. 2002). For example, training pro-
grams involving high volume (multiple repetitions) are
known to increase strength and muscle size better than
lower volume (single set) resistance exercise (Kelly et al.
2007; Rhea et al. 2002). The adaptive response of skeletal
muscle to resistance exercise involves a series of molecular
signaling pathways that lead to increased expression of
contractile proteins (myosin and actin) and an eventual
increase in muscle size and strength.

While the exact mechanisms involved in the increased
expression of contractile proteins are unclear, certain regu-
latory factors are evidently associated with increased
expression of skeletal muscle contractile proteins. Myogenin
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and myoD, members of the myogenic regulatory factor
(MRF) family, are known to stimulate myogenesis (Perry
and Rudnick 2000) and increase transcription of contractile,
cytoskeletal and metabolic genes (Lassar et al. 1989; Li and
Capetanaki 1993; Moss et al. 1996; Wentworth et al. 1991;
Wheeler et al. 1999). Expression of myogenin and myoD is
increased following a single bout of resistance exercise in
humans and animals (Kim et al. 2005; Raue et al. 2006;
Tamaki et al. 2000; Willoughby and Nelson 2002; Yang
etal. 2005) supporting the hypothesis that MRF nuclear
transcription factors play some role in skeletal muscle plas-
ticity following resistance exercise.

Although data is lacking on the specific molecular path-
ways involved in the increased expression of contractile
proteins, we assume that myogenin and myoD expression
should respond to resistance exercise. Specifically, we
hypothesized that myogenin and myoD would respond in
proportion to exercise volume during resistance exercise.
To test this hypothesis we used a rodent resistance exercise
model (Krisan et al. 2004) and evaluated the impact of
exercise volume on myogenin and myoD mRNA and pro-
tein expression in the exercised skeletal muscle.

Methods
Animals

Seventy-two 6-month-old male Sprague-Dawley (316 =2 g;
Charles River, Boston MA) rats were used in this study.
They were housed in standard cages in a temperature-
controlled environment (21-22°C) with a 12-h dark—light
cycle. Rats were fed standard rat chow and water ad libitum.
All experiments were approved by the Institutional Animal
Care and Use Committee and strict adherence to animal
care standards was observed.

Experimental design

Rats were randomly assigned to one of three treatment
groups: non-exercised time-point control (CON; n = 24;
body weight (BW) =310 =+ 3 g), low-volume resistance
exercise (LV; n=24; BW =316 + 3 g) and high-volume
resistance exercise (HV; n=24; BW =320 + 4 g). Rats
from the LV and HV groups were killed 6, 12, 24 and 48 h
post-exercise (n = 6/time point). Rats in the CON group did
not exercise and were killed 6, 12, 24 and 48 h after being
harnessed in the resistance exercise apparatus. We chose
these post-exercise time points in order to capture peak
mRNA and protein expression for our dependent variables
(Haddad and Adams 2002; Peters et al. 2003). Myogenin,
myoD mRNA and their associated protein were measured
at the above mentioned post-exercise time points in the red
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(RQ) and white (WQ) quadriceps muscle of the right hind-
limb from each rat. Data from each group were collected in
a randomized order and at approximately the same time of
day.

Resistance exercise apparatus

All rats performed resistance exercise on a squat apparatus
as described by Krisan etal. (2004). Briefly, rats were
placed in a squat position on a steel plate and harnessed in a
vest attached to the squat apparatus. An electrode was
attached to the rat’s tail and an electrical stimulus (5 mA/
0.02 s/10 V) was used to motivate the rats to stand, thus
lifting the prescribed weight for each repetition. Rats
remained harnessed in the squat apparatus until completion
of the resistance exercise protocol.

One-repetition maximum

A one-repetition maximum (1RM) was determined 48—72 h
prior to the resistance exercise treatment as follows. Each rat
lifted a starting weight of 400 g for 10 repetitions. After a 90-s
rest, the weight was increased by 200 g and lifted for 5 rep-
etitions. Following the submaximal lifts, a IRM was deter-
mined by adjusting the weight with increments of 100, 50, 25
and/or 10 g. No more than three 1RM attempts were per-
formed for each rat within this study. Three minutes of rest
were given between maximal lifts. The highest weight lifted
from squat to standing position was considered the 1RM.

Submaximal resistance exercise

The resistance exercise protocol consisted of 10 sets of 10
repetitions (LV) or 20 sets of 10 repetitions (HV) at 75% of
the rodents’ predetermined 1RM. We chose 10 and 20 sets
for purposes of simulating high-intensity resistance exer-
cise and, therefore, generating an acute myogenic response
as measured by myogenin and myoD expression levels.
Training with lower volumes of resistance exercise (3 sets
of 10 repetitions at 75% IRM) did not produce muscle
hypertrophy using this same protocol (Krisan et al. 2004).
Ninety seconds of rest was given between sets and ~2 s
between repetitions. After exercise, the rats were placed
into their respective cages until the muscles were harvested
6, 12, 24 or 48 h later. The CON group rats were harnessed
in the squat apparatus for a length of time equivalent to that
of the HV group (~40 min) but did not receive electrical
stimulation or perform resistance exercise. We chose not to
use a control group that received neither electrical stimula-
tion nor exercise because previous research has indicated
that electrical stimulation alone does not influence muscle
hypertrophy (Barauna et al. 2005; Tamaki et al. 1992) nor
serum creatine kinase levels (Tamaki et al. 1992) in rats.
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Sacrifice and tissue harvesting procedure

At the specified time points and same time of day, rats were
anesthetized by a combination of ketamine (90 mg/kg body
weight) and xylazine (10 mg/kg body weight) via an intra-
peritoneal injection and samples of the RQ and WQ of the
right hindlimb were excised. Muscle samples were immedi-
ately frozen in liquid nitrogen. Rats were euthanized with
an overdose of sodium pentobarbital followed by opening
of the chest cavity. Frozen muscle samples were pulverized
with a mortar and pestle while on dry ice. The powdered
samples were stored at —80°C until immunoblot and
mRNA analysis.

Total protein analysis

Muscle tissue (30-50 mg) was homogenized (5 ml mg’l)
on ice for 30 s in a buffer containing 2% sodium dodecyl
polyacrylamide (SDS) in 10 mmol L™' Tris-HCL and
0.1 mmol L~! EDTA and a protease inhibitor cocktail (2X,
P8340, Sigma—Aldrich, St. Louis, MO). Samples were cen-
trifuged at 13,000 x g for 10 min at 4°C and the superna-
tant collected. Total protein analysis of the homogenate was
completed using a micro-bicinchoninic acid procedure
(BCA Protein Assay Kit, Pierce, Rockford, IL) according to
the manufacturers’ directions and absorbance measured on
a micro-plate reader (VICTOR3, PerkinElmer Life and
Analytical Sciences, Shelton, CT) at a wavelength of
560 nm.

Myosin heavy chain analysis

Myosin heavy chain (MHC) isoform composition was
determined in the RQ and WQ of ten randomly selected
rodents from the CON and deemed representative of all ani-
mals in used in the study. We followed procedures previ-
ously published by Reiser et al. (Reiser and Kline 1998).

Immunoblotting

For immunoblot analysis, 20 pg of total protein was loaded
onto a 10% (30% bisacrylamide, 1.5 M Tris—HCL pH 8.8,
10% SDS, 5.5 cm high) separating and 4% (30% bisacryla-
mide, 0.5 M Tris—-HCL pH 6.8, 10% SDS, 1.8 cm high)
stacking SDS mini gel. A representative sample for each
treatment and time point (see representative blot on Figs. 3, 4)
and a molecular weight ladder (Precision Plus Protein Stan-
dard, Bio-Rad Laboratories, Hercules, CA) were included
on each blot. The samples were run in an electrophoresis
unit (Mini Proteaan II; Bio-Rad Laboratories, Hercules, CA) at
constant 200 V for 40 min. Proteins were transferred to a
polyvinylidene difluoride membrane (Bio-Rad Laborato-
ries, Hercules, CA) for 50 min at 350 mA. Blots were

blocked in 5% milk dissolved in phosphate-buffered saline
with 0.05% Tween 20 (PBST) overnight (4°C; 16 h) and
then rinsed in PBST at room temperature (RT). Blots were
incubated with a rabbit polyclonal myoD (1:1,000; M-318,
Santa Cruz Biotechnology, Santa Cruz, CA) primary anti-
body and diluted in blocking solution (5% milk in PBST)
for 1 h at RT. The blots were then rinsed in PBST solution
three times for 10 min each, then incubated for 1 h in sec-
ondary antibody [goat anti-rabbit IgG (diluted 1:25,000);
Santa Cruz Biotechnology, Santa Cruz, CA] at RT. Blots
were rinsed again in PBST three times for 10 min each at
RT and chemiluminescent solution (ECL, Santa Cruz Bio-
technology, Santa Cruz, CA) was applied to each blot.
Blots were exposed to autoradiography film (Hyperfilm
ECL, Amersham BioSciences, Piscataway, NJ), and then
developed.

Following analysis, membranes were stripped of pri-
mary and secondary antibodies using two 15-min rinses of
a stripping buffer (25 mM glycine, pH 2.0 and 1% SDS)
followed by two 5-min rinses in PBST at RT. Membranes
were blocked in 5% milk in PBST for 1 h, rinsed in PBST,
probed with mouse monoclonal myogenin (1:250; F5D,
Santa Cruz Biotechnology, Santa Cruz, CA) primary
antibody for 2 h, rinsed again in PBST and incubated in
secondary antibody (1:25,000; bovine anti-mouse IgG,
Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at RT.
Following antibody incubation, myogenin probed membranes
were rinsed in PBST, prepared for film development and
then exposed in a dark room.

Protein bands were quantified with densitometry
(UN-SCAN-IT gel software, version 4.3, Silk Scientific,
Orem, UT). Bands were identified at molecular weights of 38
and 36 kDa, for myoD and myogenin, respectively, using a
purified protein for myoD [Santa Cruz Biotechnology
(sc-4080)] and a cell lysate for myogenin [Santa Cruz Biotech-
nology (sc-2287)]. In order to compare samples between
membranes, band intensity was normalized to the specific
time-point control for each protein on the same blot and a
percent change of CON (100%) was calculated. Each sam-
ple was run in triplicate on separate gels and an average of
the three values was taken.

Ribosomal S6 kinase 1 protein expression

S6K1 detection was determined using a phospho-specific
rabbit polyclonal antibody against the S6K1 Thr389 phos-
phorylation site using an antibody dilution of 1:1,000. After
band exposure and densitometry (Chemidoc, Bio-Rad),
membranes were stripped of primary and secondary anti-
bodies as described above then probed for S6K1 total pro-
tein (1:1,000). Phospho-specific and total antibodies were
purchased from Cell Signaling (Danvars, MA). Immuno-
blot data was expressed as a phospho/total protein ratio.
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RNA extraction

Total RNA was isolated by homogenizing ~30-40 mg
tissue using 1 ml of Tri-reagent and 4 pl of polyacryl car-
rier (Molecular Research Center, Inc, Cincinnati, Ohio).
The RNA was separated into an aqueous phase using
0.2 ml of chloroform and precipitated from the aqueous
phase using 0.5 ml of isopropanol. Extracted RNA was
washed with 1 ml of 75% ethanol, dried, and then sus-
pended in a known amount (1.5 pl mg™~! tissue) of nucle-
ase-free water. RNA was stored at 4°C overnight then
RNA was quantified spectrophotometrically (GENESYS
2, Thermospectronic, Rochester, New York) at a wave-
length of 260 nm. RNA concentration (ug mg~') was cal-
culated on the basis of total RNA yield. RNA integrity was
assessed by RNA agarose gel electrophoresis followed by
visualization of the 18S and 28S ribosomal RNA bands
under ultraviolet light.

cDNA synthesis

Total RNA was reverse transcribed into cDNA using a
reaction mix of Oligo dT, random primers and nuclease-
free water (Invitrogen, Carlsbad, CA). This mix was incu-
bated at 65°C for 5 min then chilled on ice for 1 min. Two
microliters of 0.1 M DDT and 4 pl of 5x first strand buffer
(250 mM Tris pH 8.3, 375 mM KCl, 15 mM MgCl,) were
added to the mixture. Samples were incubated at 42°C for
2 min. This was followed by the addition of 1 pl of reverse
transcriptase (Superscript 11, Invitrogen, Carlsbad, CA) cre-
ating a total reaction tube volume of 20 pl. Samples were
heated at 42°C for 50 min followed by termination by heat-
ing at 70°C for 15 min. All incubations were conducted
using a DNA engine, Peltier thermal cycler (PTC-200, MJ
Research, Waltham, MA).

cDNA quantification

cDNA content was quantified using the PicoGreen assay
(Invitrogen, Carlsbad, CA) modified to work with a 96-
well plate. Briefly, a standard curve was created using a
DNA standard from 500 to 0 ng mg~' on a black 96-well
plate. Ninty-nine microliters of 1x TE (10 mM Tris—
HCI, 1 mM EDTA, pH 7.5) was added to each well. This
was followed by the addition of 1 pl of cDNA into each
sample well. Finally, 100 pl of PicoGreen reagent was
added to each well creating a total volume of 200 pl.
Samples and standards were briefly shaken, covered
with foil and incubated for 3 min. The measurements
were conducted on a micro-plate reader (VICTOR3,
PerkinElmer Life and Analytical Sciences, Shelton, CT)
and read at 480 nm for excitation and 520 nm for
emission.
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Quantitative real-time RT-PCR

Determination of relative mRNA expression was per-
formed by real-time RT-PCR using a MyiQ Single-Color
Real-Time PCR Detection System (Bio-Rad, Hercules,
CA). GAPDH, myogenin and myoD primers sequences
were custom designed to span two exons and to avoid sec-
ondary structures (NCBI website). Primers were created
using OligoPerfect Designer (Invitrogen, Carlsbad, CA)
then purchased from Invitrogen. Myogenin and GAPDH
primer sequences have been published previously (Drum-
mond et al. 2008). The forward (F) and reverse (R) primer
sequences for myoD were the following: myoD (M84176)-
F: CCTACTACAGTGAGGCGTCCCA, R: GCTCCAC
TATGCTGCAGAGG. MyoD primers were tested for opti-
mal efficiency (85-100%) then run out on an agarose gel
to determine if the appropriate size DNA product was
produced.

Ten nanograms of cDNA were analyzed using SYBR
Green fluorescence (SuperArray Biosciences Corp., Freder-
ick, MD). The reaction vessel contained 12.5 pl iQ SYBR
Green Supermix [100 mM KCL, 40 mM Tris-HCI, pH 8.4,
0.4 mM of each dNTP (dATP, dCTP, dGTP, dTTP), 1 pul
iTaq DNA polymerase, 50 units/ml, 0.2x SYBR Green I,
6 mM MgCl,, 20 nM fluorescein, and stabilizers], a known
amount of forward and reverse primers and nuclease-free
water and 2.0 pl cDNA template. The total volume of the
reaction tube was 25 pl. All samples were run in triplicate.
An initial cycle for 10 min at 95°C was used to denature the
cDNA. This was followed with 40 PCR cycles consisting
of a denaturing step at 95°C for 15 s, primer annealing at
60°C for 20 s, and 30 s at 72°C for mRNA extension and
elongation. Cycle threshold was determined by calculating
the second derivative from the fluorescence curves using
the Graph Pad Prism software (Version 4.0, San Diego,
CA). Relative fold changes in mRNA were determined by
the delta—delta cycle threshold method as described by
Livak and Schmittgen (2001) after normalizing to the inter-
nal control gene.

GAPDH was used as a control to normalize the mRNA
content of the target genes in each sample. GAPDH has
been shown to be a reliable internal control within rodent
skeletal muscle (Drummond et al. 2008). GAPDH mRNA
expression was similar for all tissues, treatment groups, and
time points in this study (data not shown).

Statistical analysis

Mean differences due to treatments and times for each mus-
cle type (RQ and WQ) were analyzed using a mixed linear
model with 2-fixed factors, treatments (CON, LV and HV)
and times (6, 12, 24 and 48 h post-exercise). Both of the
fixed factors were between-subject factors. The model was
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fitted to the data using the Mixed procedure of SAS (SAS
Institute Inc., Cary, NC). Main effects and the interaction of
the 2-factors were examined. S6K1 protein expression anal-
ysis was determined using a 2-way repeated measure
ANOVA (SigmaStat, version 3.5). Results were presented
as mean £ SE. The significance level for hypothesis tests
was set at alpha = 0.05.

Results

The average IRM for all the experimental rats was
1,292 £21 g (Con, 1,241 £35¢g; LV, 1,313 £ 36 g; HV,
1,317 + 35 g). During the exercise session, rats lifted an
average of 74.8+£0.04% (LV, 74.8+0.05%; HV,
74.8 £ 0.04%) of their IRM which was 983 £ 19 g (LV,
980 + 28 g; HV, 985 + 27 g). Animal body weights imme-
diately before muscle harvesting were Con, 330 =3 g; LV,
334 £ 4 g and HV, 332 + 4 g. There were no significant
differences between treatment groups for 1RM, average
lifted weight (%) or body weight before harvesting.

Myosin heavy chain composition

Figure 1 illustrates the MHC composition of RQ and WQ
muscle homogenates. Red quadriceps skeletal muscle was
composed of 10+ 1% MHC I, 224+ 1% MHC Ila,
38 £2% MHC IIb and 29 + 1% MHC IIx. White quadri-
ceps skeletal muscle was composed of 69 + 1% MHC IIb
and 31 + 1% MHC IIx.

S6K1 protein expression

S6K1 has been previously used as a marker of muscle
hypertrophy (Baar and Esser 1999) and is rapidly phos-
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Fig. 1 Representative image for MHC composition in RQ and WQ.
Two selected rodent whole muscle homogenates were chosen to repre-
sent each muscle type

phorylated following muscle contraction (Bolster et al.
2003). Therefore, to determine an indirect assessment of
muscle activation, S6K1 phosphorylation was measured at
6, 12 and 24 h post-exercise in RQ and WQ muscles of 8
rats. Low-volume (n=4) and HV (n=4) groups within
each muscle type were combined in order to increase statis-
tical power. We found that S6K1 phosphorylation (Thr389)
in RQ tended to be elevated at 6 h (P = 0.064) and was sig-
nificantly elevated by ~threefold at 12 h compared to CON
(Fig. 2; P <0.05). Phosphorylation of S6K1 at 6 and 12 h
in RQ were significantly greater than WQ at the same time
points (P < 0.05). There were no significant changes in
S6K1 phosphorylation in the WQ across time.

Red quadriceps skeletal muscle

Both LV and HV resistance exercise increased myogenin
mRNA expression (P < 0.05) in RQ at 6 h post-exercise by
443 £ 87 and 289 + 67%, respectively (Fig.3a). The
increase in myogenin mRNA expression at 6 h post-exer-
cise was larger for LV than HV exercise (P < 0.05). At 12 h
post-exercise, myogenin mRNA expression returned to
control levels in LV but remained elevated by 254 4+ 67%
(P <0.05) in HV. From 24 to 48 h post-exercise, myogenin
mRNA expression was similar to control levels for both LV
and HV. Myogenin protein expression increased
268 £ 53% (P < 0.05) 6 h post-exercise in LV but was not
increased at this time point following HV (Fig. 3b). By 12 h
post-exercise myogenin protein expression was elevated in
LV (268 £ 68%) and HV (282 £ 95%) similarly (P < 0.05).
Myogenin protein levels returned to control levels by 24 h
in both LV and HV and remained at this level through 48 h
post-exercise.

Low-volume resistance exercise significantly increased
RQ skeletal muscle myoD mRNA expression 296 + 53%
(P<0.05) by 6h post-exercise, while myoD mRNA
expression remained at control levels 6 h following HV
(Fig. 4a). At 12h post-LV, myoD mRNA expression
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CON 6 12 24
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Fig. 2 Data represents ribosomal S6 kinase 1 (S6K1) phosphorylation
at Thr389 in RQ (n = 8) and WQ (n = 8) muscle types. *Significantly
different than CON (P < 0.05). #Significantly different than WQ at cor-
responding time point (P < 0.05)
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Fig. 3 Myogenin a mRNA and b protein expression in RQ muscle
between LV and HV at 6, 12, 24 and 48 h post-exercise. Values are
percent of CON and are expressed as mean + SE. Representative
immunoblots for myogenin protein expression in RQ for CON and
after LV and HV resistance exercise are also included. The order of the
blots from left to right are CON 6-48 h, LV 6-48 h and HV 6-48 h.
*Significantly different from CON (P < 0.05). #Significantly different
between treatments at corresponding time point (P < 0.05)

remained elevated by 288 &= 71% (P < 0.05), while at this
same time point, HV increased myoD mRNA expression
by 412 + 105% (P < 0.05). The increase in myoD mRNA
expression at 12 h post-exercise was similar for LV and HV
exercise. By 24 h post-exercise, myoD mRNA expression
returned to control levels for LV and HV and remained at
these levels through 48 h post-exercise. MyoD protein
expression was unchanged post-HV (Fig. 4b). In contrast,
MyoD protein expression was slightly reduced compared to
control levels (P < 0.05) at 6-24 h post-LV. MyoD protein
expression was not significantly different at each time point
for LV and HV.

White quadriceps skeletal muscle
Myogenin and myoD mRNA and protein expression in WQ

skeletal muscle was similar to the control throughout the
648 h post-exercise period for LV or HV (data not shown).
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Fig. 4 MyoD a mRNA and b protein expression in RQ muscle
between LV and HV at 6, 12, 24 and 48 h post-exercise. Values are
percent of CON and are expressed as mean £ SE. Representative
immunoblots for myoD protein expression in RQ for CON and after
LV and HV resistance exercise are also included. The order of the
blots from left to right are CON 648 h, LV 6-48 h and HV 6-48 h.
*Significantly different from CON (P < 0.05)

Discussion

The rodent model of resistance exercise used in this study
increased myogenin and myoD mRNA and myogenin
protein expression in active skeletal muscle within 6-12 h
post-exercise. The important novel observations of this
study were that the MRF response to resistance exercise,
characterized by myogenin and myoD expression, was
limited to the RQ muscle group and was not proportional
to the volume of resistance exercise. In fact, HV resis-
tance exercise appeared to blunt and delay myogenin
mRNA and protein expression in the RQ muscle. A simi-
lar delay in myoD mRNA expression was seen with HV
resistance exercise in RQ muscle. The MRF response fol-
lowing LV resistance exercise indicates muscle remodel-
ing occurred after a single bout of resistance exercise.
However, when the exercise volume is doubled (HV), we
show a delayed and blunted myoD and myogenin
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response that may be reflective of excessive damage/
injury.

This unique rodent resistance exercise model elicited a
MREF response in RQ but not WQ. It is possible that the
lack of MRF response in WQ following resistance exercise
was due to insufficient activation of this muscle group. As
indicated in Fig. 1, there are clear differences in contractile
protein composition between the two muscle types with
WQ muscle expressing primarily MHC IIb isoforms.
Krisan et al. (2004) trained rats for 12 weeks at 75% 1RM
(3 sets x 10 repetitions per session, 3 times a week) using a
similar rodent resistance exercise model and reported that
the majority of the metabolic adaptations occurred in the
RQ rather than the WQ muscle. Additionally, the experi-
mental rats in this study may not have attained a “true”
IRM and, therefore, performed resistance exercise less than
75% 1RM. This would explain the ability of the animals to
successfully complete 20 repetitions at 75% 1RM in the
HV treatment group which from a human perspective is
difficult, if not impossible, to undergo. This remains a pos-
sibility since the above mentioned study (Krisan et al.
2004) did not identify muscular hypertrophy in the quadri-
ceps muscles following training. To indirectly assess
whether the RQ was recruited to a higher degree than the
WQ following our exercise model, we measured ribosomal
S6 kinase 1 (S6K1) phosphorylation (Thr389) which has
been reported to be a key marker of skeletal muscle growth
(Baar and Esser 1999). We report that S6K1 phosphoryla-
tion (Thr389) was significantly elevated in the RQ but not
in the WQ (Fig. 2; P < 0.05) thus supporting that our exer-
cise model primarily targets the RQ and not the WQ.
Perhaps, the frequency of resistance exercise sessions may
need to be ‘stacked’ (separated by 3 h) in order to activate
the WQ as demonstrated in rats by Coffey et al. (2007). In
that study, S6K1 phosphorylation was increased in the WQ
following three ‘stacked’ exercise sessions. Nonetheless,
we suspect that the overload used in our study imposed by
the rodent resistance exercise model recruits primarily the
red aspect of the quadriceps group.

The increased exercise volume associated with HV
appears to blunt and delay the MRF response. Although not
measured in the current study, it is a reasonable assumption
that the novel squat exercise resulted in some damage in the
hind limb muscles of the exercised rodents as well as an
associated inflammatory response. Exercise-induced mus-
cle damage is a powerful stimulator of myoD and myoge-
nin mRNA and protein expression in human (Bamman
et al. 2004; McKay et al. 2008; Yang et al. 2005) and rat
(Hentzen et al. 2006; Okada et al. 2008; Peters et al. 2003)
skeletal muscle; however, we propose that “excessive”
muscle damage and the resultant inflammatory response
may acutely impact muscle MRF gene and protein expres-
sion patterns. For instance, in C2C12 cells, Chandran et al.

(2007) observed that stretch caused attenuation in the acute
MREF response and was associated with an increase in
tumor necrosis factor alpha. In another study, chemotoxic
injury to rodent skeletal muscle (Sakuma etal. 2005)
resulted in a reduction in myogenin and myoD protein lev-
els 1-6 days after the injection. Therefore, the observed
MREF response following resistance exercise in HV may
reflect the competing input from a stimulatory exercise
stimulus and an inhibiting stress response associated with
muscle damage or injury. It is unclear if the blunted/
delayed myogenic response in HV is simply an acute
response to unaccustomed exercise or an early sign of
“overtraining”. Thus, it remains to be determined if
repeated bout of exercise using HV resistance exercise
would minimize the inhibitory stresses and restore the myo-
genic response to that of LV or further exasperate the posi-
tive muscle growth signals.

Following resistance exercise, myoD protein expression
has been reported to be unchanged (Tamaki et al. 2000) in
rats and unchanged (Bamman etal. 2004) or increased
(Willoughby and Nelson 2002) in humans. In our study
myoD protein expression was decreased slightly (LV) or
remained unchanged (HV) within 48 h after resistance
exercise. Whether the decline (~20%) in myoD protein
expression is a physiological adaptation to this exercise
volume is uncertain. A point of interest is that myoD pro-
tein did not increase following an apparently robust mRNA
response (~300-400%). This may be because modulations
of myoD protein expression occurred outside of our sam-
pling times since we are essentially evaluating “snapshots”
of protein expression. However, as mentioned previously,
the current exercise model may not have been a suitable
load to recruit the WQ muscle. From a metabolic stand-
point, 100 (LV) or even 200 (HV) contractions may mimic
endurance exercise rather than resistance exercise. This is
supported by Kadi et al. in which a single bout of endur-
ance exercise in humans elevated myogenin, but not myoD,
protein expression in myonuclei (Kadi et al. 2004). Thus,
the exercise intensity may not have been sufficient to ele-
vate myoD mRNA to the appropriate threshold that would
impact protein expression levels in the RQ. It is unknown if
myoD mRNA and protein expression patterns in a fast-
twitch muscle type such as the WQ behave similarly.

In conclusion, we report that a single bout of resistance
exercise has the ability to activate myogenin and myoD
exclusively in RQ muscle. However, the MRF response
was not proportional to the exercise volume. Indeed, HV
resistance exercise appeared to blunt and delay the MRF
response. We suggest that the attenuated response in HV
represents an interaction between the adaptive response to
exercise and the cellular responses to muscle damage asso-
ciated with high-tension, high-volume contraction stimuli.
These data indicate that with chronic exercise training the
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MREF response should have a more positive influence on the
muscle adaptation to resistance exercise and that higher
volumes of this type of exercise will diminish the myogenic
response.
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