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It has been well established that high resistance exercise

leads to an adaptive response in mammalian skeletal

muscle which involves increases in myofibre size (hyper-

trophy) without increases in the number of fibres (hyper-

plasia; Booth & Thomason, 1991). However, there is still

very little understood about the molecular mechanisms

that mediate this adaptation. This is due, in part, to the fact

that each bout of muscle contractions results in a complex

series of both intra- and intercellular changes within

skeletal muscle. Major challenges in understanding the

molecular mechanisms underlying exercise-induced

muscle adaptations are the complexity of the stimulus

coupled with the diversity of phenotypic adaptations seen

in skeletal muscle. Expression profiling is an emerging type

of highly parallel ‘hypothesis-generating’ research, where

expression changes across the entire genome can be

assayed then fitted with existing knowledge of physiological

pathways. Expression profiling can serve to dramatically

expand existing models that have been developed using

candidate gene and/or protein studies and can also point

to novel physiological processes not previously identified.

Recently, studies of skeletal muscle hypertrophy have

begun to identify specific signalling pathways and factors

involved in the response to growth-inducing exercise

(Baar & Esser, 1999; Dunn et al. 1999; Bodine et al. 2001).

In particular, the prolonged activation of p70S6k is

associated with exercise-induced muscle hypertrophy.

One of the downstream functions of p70s6k has been shown

to be the regulation of translation of a subset of mRNAs.

These mRNAs contain a 5‚ polypyrimidine tract (referred

to as 5‚ TOP) and they are found in mRNAs encoding

translation factors (e.g. eEF1a) and ribosomal proteins

(e.g. S6) (Meyuhas & Hornstein, 2000). Thus, when p70S6k

is activated, 5‚ TOP mRNAs are more efficiently translated,

resulting in increased protein production without changes

in steady state mRNA levels.

There has been increased interest in the contribution of

post-transcriptional and/or translational regulation of gene

expression in recent years. Post-transcriptional mechanisms

have been shown to be important during development, in

response to extracellular stimuli (e.g. insulin) and following

viral infections. Most recently, it has been shown that
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approximately 20 % of the genes regulated following T-cell

activation are changed due to translational control

(Mathews et al. 2000; Pradet-Balade, 2001). Thus the

overall aim of this project was to identify transcriptionally

and translationally regulated genes in skeletal muscle

following high resistance exercise using oligonucleotide

gene array technology. The results from these series of

experiments were used to test the following hypotheses:

(1) Selective translation of subsets of mRNAs will

contribute significantly to changes in gene expression in

skeletal muscle following growth-inducing contractions.

(2) High resistance contractions will lead to expression of a

cluster of genes that are common to other cell types

exposed to a growth stimulus. (3) Information from the

expression profiling results will lead to the identification of

novel pathway(s) involved in the response of skeletal

muscle to contractile activity.

METHODS 
All procedures were approved by the Animal Care Committee of
the University of Illinois at Chicago and were in accordance with
the Guidelines for Care and Use of Laboratory Animals. Female
Wistar rats (Charles River Laboratories, Wilmington, MA, USA)
were maintained on a constant 12:12 h light–dark cycle. Upon
arrival animals were allowed to acclimatize for six days before any
intervention took place. Animals were age- (6–7 weeks) and
weight- (208 ± 16 g) matched in all experiments. Food and water
were available ad libitum. The surgical and electrical stimulation
interventions as well as the tissue collections were performed
under anaesthesia (sodium pentobarbital, 50 mg kg_1

I.P.) and
following tissue collection animals were killed by an intracardiac
injection of saturated KCl. After electrode implantation, animals
were housed individually and were allowed to recover for five days
prior to the experimental exercise bout.

High resistance exercise protocol
The model of resistance exercise used was chosen based on its
efficacy in inducing skeletal muscle hypertrophy (Baar & Esser,
1999). Multistrand electrodes (Medwire, Inc., Mount Vernon,
NY, USA) were implanted on both sides of the right sciatic nerve
above the anatomical branching point. Tetanic contractions were
delivered using a Grass S5 Stimulator (Grass Instruments, Quincy,
MA, USA) at a frequency of 100 Hz, 6–12 V, 1 ms duration, 9 ms
delay for 10 sets of six repetitions, each repetition lasting 3 s. A 10 s
recovery was given between repetitions and 1 min was allowed
between sets, with the stimulation protocol lasting a total time of
20 min. At 1 and 6 h following the acute bout of contractions,
experimental and contralateral control muscles were rapidly
removed, weighed, frozen in liquid nitrogen and stored at _80 °C
until processed.

Isolation of polysomal RNA and Northern blots
Polysome profiles were generated as described previously (Baar &
Esser, 1999). Homogenates from extensor digitorum longus
(EDL) and soleus muscles were loaded on a 0.5–1.2 M linear
sucrose gradient. The gradients were spun for 120 min at
250 000 g (40 000 r.p.m.) and 2 °C. Following ultracentrifugation,
the sample was pumped through a Spectra/Chrom flow-through
UV monitor (A254) and fractionated into six equal volumes using
a FRAC-100 fraction collector (Amersham Biosciences, Piscataway,

NJ, USA). The fractions were incubated with 100 mg ml_1

proteinase K in 100 mM Tris-HCl (pH 7.4), 50 mM EDTA and 5 %
SDS for 30 min at 37 °C with gentle agitation. RNA was isolated
from the fractions by standard procedures using phenol/
chloroform treatment followed by ethanol precipitation. The
RNA was resuspended in water for Northern analyses.

Standard Northern blotting procedures were performed. RNA
was run on a 1 % formaldehyde–agarose gel, transferred to
nitrocellulose using the Genie electrophoretic transfer system
(Idea Scientific, Minneapolis, MN, USA) and crosslinked using a
Stratalinker 1800 (Stratagene, La Jolla, CA, USA). Membranes
were then incubated overnight in 4 w standard sodium phosphate
EDTA buffer (SSPE; 3 M NaCl, 0.2 M sodium phosphate and
0.02 M EDTA), 5 w Denhardt’s solution, 1 % SDS and 0.5 mg ml_1

salmon sperm DNA. DNA probes were synthesized using the
StripEZ labelling kit (Ambion, Inc., Austin, TX, USA) and the
blots hybridized overnight at 65 °C. Following washing, the blots
were exposed to film and analysed using autoradiography
followed by densitometric scans (AlphaImager 2200; Alpha
Innotech Corp., CA, USA). The cDNA probes used were: 1.5 kb of
the a-skeletal actin gene (Stratagene, La Jolla, CA, USA), 1 kb of
the basic fibroblast growth factor (generously provided by Dr P.
Wagner, University of San Diego, CA, USA) and a 680 bp region
of the EF1a cDNA generated using RT-PCR with the primers
5‚ GCA TCA CCA TCG ACA TCT CC 3‚ and 5‚ TGC ATT TCC
ACA GAC TTC ACC 3‚. The specificity of the EF1a probe was
tested using mRNA from soleus, EDL, heart and liver (data not
shown).

RNA isolation for expression profiling
Each RNA sample for the expression profiling experiments
required pooling of muscle tissues from two animals because of
the limited RNA yield from polysomes. For this study, two
exercised tibialis anterior (TA) muscles were pooled and the
unexercised TA muscles from the same two animals were pooled
to generate the control/unexercised sample. The two muscles were
powdered together under liquid N2. For the isolation of total
RNA, 100–150 mg of the powdered muscle was used and total
RNA extracted using the TRIZOL reagent (Invitrogen Corp., CA,
USA). The remaining powdered muscle (~0.7 g) was homogenized
in three volumes of polysome buffer (25 mM Tris-HCl (pH 8.0),
250 mM KCl, 30 mM MgCl2, 1 mM DTT, with 1 mg ml_1

cycloheximide and 4 U ml_1 RNAsin) following the same protocol
described earlier (Baar & Esser, 1999) and the total polysomal
fraction was collected. This fraction was incubated with
100 mg ml_1 proteinase K in 100 mM Tris-HCl (pH 7.4), 50 mM

EDTA and 5 % SDS for 30 min at 37 °C with gentle agitation. RNA
was isolated from the polysome fraction by standard procedures
using the TRIZOL reagent.

Expression profiling
Expression profiling was done with Affymetrix Rat Genome U34A
GeneChips (48 chips for this study), containing ~7000 full-length
genes and ~1000 expressed sequence tags (ESTs). Polysomal RNA
and total RNA from unexercised TA muscles (control) and
exercised contralateral muscles at 1 h (n = 2 samples from muscles
from four rats, two muscles per sample) and 6 h (n = 3 samples
from six rats) after an acute bout of exercise were generated for
this analysis. Biotinylated cRNAs prepared from polysomal and
total RNAs were hybridized to U34A GeneChips in duplicate.
Procedures of cRNA preparation and microarray processing were
performed as previously described (Chen et al. 2000).

Y.-W. Chen and others28 J. Physiol. 545.1
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Data analysis
Absolute analysis of Affymetrix image data was done using
Affymetrix Microarray Suite 4.0 as previously described (Lockhart
et al. 1996). Briefly, each gene was queried with 16 ‘perfect match’
25 bp oligonucleotides (PM) and paired ‘mismatched’ oligo-
nucleotides (MM) designed with a single mismatch in the centre
position. Comparison of the hybridization signal from the PM
and MM probes allows for a specificity measure of signal intensity
and elimination of most non-specific cross-hybridization. Values
of intensity differences as well as ratios of each probe pair are used
for determination of whether a gene is called ‘present’ or ‘absent’.

The differentially expressed gene lists for each time point were
generated using GeneSpring software (Silicon Genetics, CA,
USA). In GeneSpring, those genes showing at least four
Affymetrix ‘present’ calls were selected prior to further data
processing. In other words, only genes that were detected as
‘present’ on at least four Affymetrix microarrays out of a total of
48 microarrays would be included for statistical analysis. This step
increases the stringency and quality control of the analysis by
taking advantage of the redundancy and bioinformatics inherent
to the Affymetrix GeneChips and associated software to ascertain
a ‘confidence level’ with regard to a gene’s expression above
background levels. Welch’s t test was performed to calculate the
probabilities of significant gene expression changes. Since the
probe sets were tested multiple times, we used a highly stringent
P value cut-off (P < 0.001) to reduce the number of false positives
to less than 1 in 1000.

The criteria for categorizing differentially expressed genes into
‘translationally’, ‘transcriptionally’ and ‘transcriptionally and trans-
lationally’ regulated categories are the following: Translationally
regulated genes are those in which the P value is less than 0.001 in
the polysomal pools but larger than 0.05 in the total RNA pools.
Transcriptionally regulated genes are those in which the P value is
less than 0.001 in the total RNA pools but larger than 0.05 in the
polysomal RNA pools. Transcriptionally and translationally
regulated genes are those in which the P value is less than 0.001 in
one of the two pools and less than 0.05 in the other.

Immunofluorescent staining
Immunofluorescent staining was performed on both control and
exercised muscles following high resistance contractions, as
described previously (Chen et al. 2000). Serial 4 mm-thick frozen
muscle sections were cut with an IEC Minotome cryostat
(Global Medical Instrumentation, Inc., MN, USA), mounted to
Superfrost Plus Slides (Fisher Scientific, PA, USA) and fixed in
cold anhydrous acetone. Sections were then blocked for 30 min in
1 w PBS containing 10 % horse serum and incubated with
anti-c-fos primary antibody (1:10 dilution; Oncogene Research
Products, MA, USA) for 3 h at room temperature. Washes were
done with 1 w PBS containing 10 % horse serum and sections then
incubated with secondary antibody for 1 h. Cy3-conjugated
donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories,
PA, USA) was diluted 1:500.

Western blot for p53
Skeletal muscle nuclear extracts were obtained as previously
described (Blough et al. 1999). Protein concentrations were
determined using the DC protein assay (Bio-Rad, Hercules, CA,
USA). Fifty micrograms of the nuclear extract were separated by
SDS-PAGE on a 12 % gel. After electrophoresis, the proteins were
transferred to a nitrocellulose membrane (Bio-Rad). The
membrane was blocked for 2 h at 4 °C with 5 % powdered milk in

TBST (Tris-buffered saline + 0.1 % Tween). The membrane was
then incubated overnight at 4 °C with anti-p53 primary antibody
at 1:1000 (Cell Signaling Technology, Inc., Beverly, MA, USA).
The membrane was then washed and incubated for 45 min at room
temperature with peroxidase-conjugated horse anti-rabbit IgG
secondary antibody at 1:5000 (Vector Laboratories, Burlingame,
CA, USA). Antibody binding was detected using an enhanced
chemiluminescence detection kit (Amersham Biociences). The
membrane was then visualized by Ponceau S stain to confirm equal
sample loading.

RESULTS
Translation regulation of mRNA subsets following
high resistance contractions
We have previously shown that p70S6k phosphorylation

levels are elevated at 6 h following an acute bout of high

resistance contractions (Baar & Esser, 1999). Since activation

of the p70S6k pathway has been shown to modulate

translational regulation of subsets of mRNAs in other cell

types, we evaluated the distribution of selected mRNAs in

the polysome pool in skeletal muscle following contractile

activity. Extracts from muscles were separated by sucrose

gradient ultracentrifugation and then fractionated into

six samples. The six fractions isolated corresponded

to: (1) untranslated mRNA and tRNAs; (2) preinitiation

mRNA; (3) monosomal mRNA; (4) light polysomal

mRNA; (5) middle polysomal mRNA; and (6) heavy poly-

somal mRNA. We used Northern blots to determine the

distribution of two candidate mRNAs that are regulated at

the level of translation initiation, bFGF and elongation

factor 1 alpha (EF1a) and one mRNA that is not trans-

lationally regulated, a-actin (Jefferies & Thomas, 1994;

Smith et al. 1999). To quantitatively assess specific mRNA

distribution across the fractions we set the strongest band

for each sample equal to 1 unit and normalized the signal

in the other fractions of the same sample relative to this

strongest signal. This analysis will not permit precise

quantitative comparison of mRNA levels between the

different Northern blots but it does provide a measure of

the relative distribution of each mRNA across the different

fractions within each sample.

As can be seen in Fig. 1A and B, the distributions of both

EF1a and bFGF mRNAs changed at 6 h following one bout

of contractions. For EF1a, very little change was seen in

mRNA quantity in the untranslated and preinitiation

pools (fractions 1 and 2). Levels of EF1a mRNA decreased

in the monosome pool (fraction 3) following exercise and

this was associated with a very large increase in the number

of ribosomes loaded on each EF1a mRNA (see change in

fraction 6). In contrast to the pattern for EF1a, the pattern

of bFGF mRNA distribution in the control muscle was

primarily associated with the monosome fraction, with

very little detected in the untranslated, preinitiation

and middle to heavy polysome pools. However, at 6 h

following high resistance exercise there was a significant

Gene profiling following resistance exerciseJ. Physiol. 545.1 29
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shift of bFGF mRNA from the monosome to the heavier

polysomal pools, which reflected a greater number of

ribosomes per mRNA. As a control for mRNA specificity,

we determined the polysomal distribution of a-skeletal

actin mRNA, which, based on 5‚ untranslated region

(UTR) sequence/structure, would not be differentially

regulated in the polysome pool. These results are shown in

Fig. 1C, with the distribution of actin mRNA not changing

in polysomal profiles with exercise. It is important to note

that we also determined the distribution of EF1a and

Y.-W. Chen and others30 J. Physiol. 545.1

Figure 1. mRNA distribution in polysomes following an acute bout of high resistance
contractions
Each fraction represents the untranslated RNAs (fractions 1–3) and the heavier, translated mRNAs (fractions
4–6). Representative Northern blots are provided in the top panels with control muscle on the left and
exercised muscle on the right. Results from the Northern blots were quantified using densitometry and the
relative proportion of mRNA in each fraction has been quantified and presented graphically (lower panel).
A, distribution of EF1a (elongation factor 1 a); B, distribution of basic fibroblast growth factor (bFGF);
C, distribution of a-skeletal actin mRNA. For each graph, continuous line represents control and dashed line
represents exercised.
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bFGF mRNA in the polysome fractions from control and

exercised soleus muscles at 6 h. Consistent with the

observation that p70S6k does not change in soleus muscles

following contractions (Baar & Esser, 1999), there was no

change in mRNA distribution with exercise (data not

shown).

Expression profiling of rat muscle following exercise
The highly redundant Affymetrix microarrays (Rat Genome

U34A array) were used for the gene profiling in this study.

By evaluating changes in total and polysomal RNA

expression we identified genes that are regulated at the

translational and/or transcriptional level following an

acute bout of growth-inducing exercise. Approximately

7000 known full-length genes and 1000 ESTs were

analysed, using 32 oligonucleotide probes (16 probe pairs)

for each gene. Duplicate chips were tested for each RNA

sample. Gene expression changes at 1 h and 6 h post-

exercise that were more than two-fold and statistically

significant (P < 0.001) are shown in Tables 1 and 2. The

images in Fig. 2 provide examples of genes that were either

translationally regulated or both transcriptionally and

translationally regulated. The complete results of the

profiling are available on our web site (http://microarray.

cnmcresearch.org/resources.htm) under ‘Muscle’ and

‘Rat’. We found approximately 57 % (4995 probe sets) of

all genes tested to be present in at least four chips.

Comparison of RNA profiles from exercised and non-

exercised muscle at 1 h after exercise identified 17 probe

sets representing 15 known genes and ESTs that changed.

(Table 1). Of the 15 genes that changed, 14 showed

increases while one unknown cDNA clone showed a

decrease in expression. As presented in Table 1, two

known genes and three unknown ESTs were differentially

expressed in the polysomal RNA pool. Four genes were

changed in the total RNA pool and five genes were

increased in both polysomal and total RNA pools. Sarcosin

and haem oxygenase 1 (HO-1) were the known genes that

changed levels only in the polysomal RNA pool indicating

that those gene products are induced through translational

mechanisms following exercise. Sarcosin is selectively

expressed in human sarcomeric muscle and has been found

up-regulated in human hypertrophic cardiomyopathy but

its function is, as yet, not known (Taylor et al. 1998; Lim et al.
2001). HO-1, also translationally regulated, is responsible

for the physiological breakdown of haem into equimolar

amounts of biliverdin, carbon monoxide and iron.

Increases in HO-1 mRNA levels have also been detected in

skeletal muscle after more endurance type exercise (Essig

et al. 1997; Pilegaard et al. 2000).

Several of the gene expression changes detected at 1 h were

also seen at 6 h however the changes were not statistically

significant (e.g. HO-1, ania-6, PAI-1, pJunB). This is due

primarily to greater variability in expression levels at 6 h. It

was interesting to note that three of the four genes that

were changed only in the total RNA pool at 1 h (neuron-

derived orphan receptor-2 (NOR-2), Egr2 (krox20) and

Gene profiling following resistance exerciseJ. Physiol. 545.1 31
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gene 33) were detected in the polysomal pool at 6 h. This is

consistent with a delay between transcript accumulation

and ribosomal association.

As presented in Table 2, we identified 81 probe sets

representing 70 known genes and ESTs that changed 6 h

after exercise. Among them, 10 ESTs did not share high

nucleotide sequence homology to any known gene by basic

local alignment search tool (BLAST) analysis. Of the 70

genes that changed, 60 showed increases while 10 of the

genes showed a decrease in expression. As presented in

Table 2, about 65 % of the genes that changed following

contractions were detected in both the total RNA and

polysomal mRNA pools. This suggests that, in general,

expression of these genes in skeletal muscle following an

acute bout of contractions is probably regulated by

changes in transcription and/or mRNA stability and these

transcripts are readily mobilized to the polysomal fraction.

There were, however, 25 genes that changed levels only in

the polysomal RNA pool, indicating that those gene

products are regulated through translational mechanisms

following exercise. These genes included several involved

in cell growth and/or differentiation (uPAR-1, MAP

Y.-W. Chen and others34 J. Physiol. 545.1

Figure 2. Examples of hybridization patterns for specific genes regulated in response to
acute muscle contractions
Each gene shown was queried with 16 ‘perfect match’ 25 bp oligonucleotides (top rows), with paired
‘mismatched’ oligonucleotides designed with a single mismatch in the centre (lower rows). Signal intensities
are represented by different colour codes: (from high to low) white, red, yellow, green, blue and black
A, hybridization of the Egr1 mRNA shows very low level in unexercised muscle. After a bout of exercise, Egr1
shows strong induction of expression, in both total RNA pools (transcriptional regulation) and polysomal
pools (translational regulation). Hybridization only to the perfect match probes is seen, with relatively
consistent hybridization signals to all 16 perfect match oligonucleotides. B, GADD45 shows strong
translational induction after exercise. The gene does not show significant changes in the total RNA pools.

Figure 3. Immunological confirmation of c-fos gene expression changes
Cold acetone-fixed cryosections of control and exercised muscle are shown, immunostained with c-fos (Cy3;
red signal) and Hoechst 358 (nuclear marker, blue signal).
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kinase phosphatase, Fra-1, PC4, neuron-derived orphan

receptor-2 (NOR-2) and HSPB2) and anti-proliferation

(GADD45, gene 33 and eukaryotic elongation factor 2

kinase (eEF2k)). It should be noted that we did not detect

either bFGF or EF1a as translationally regulated genes,

although the earlier experiments had shown that these two

genes did show preferential distribution to heavier

polysomal fractions by Northern blot analysis (Fig. 1,

Table 1). For the microarray experiments we collected the

total polysomal fraction and did not differentiate between

light and heavy fractions because of the quantity of RNA

required. Thus for translational regulation, the microarray

experiments would only detect those mRNAs that were

significantly re-distributed from the non-translated pools

to the translated pools. Those mRNAs, like EF1a and

bFGF, that demonstrate changes from the light polysomal

fraction to the heavy fraction will not be detected. In

addition, examination of the expression profiles for EF1a
and bFGF showed that these two genes were judged

‘absent’ on the GeneChips in both exercised and control

muscle; i.e. the hybridization pattern was not sufficiently

above background to accurately measure RNA levels,

making it more difficult to determine significant changes

in expression.

When considering the genes that were changed at both

transcriptional and translational levels, relatively few

muscle-specific genes were detected (myoD, myosin light

chain and sarcosin). Most of the genes that were up-

regulated are associated with cell proliferation, including

c-fos, c-jun, tumour-associated glycoprotein E4 (Tage4),

activating transcription factor 3 (Atf3), heparin-binding

EGF-like growth factor, Egr1, Egr2, antizyme inhibitor,

RGC-32 and c-myc. All these growth-related genes were

up-regulated as shown in Table 2. In addition, another up-

regulated gene, AA799330 EST, is highly homologous to

the Drosophila Pelota gene, which is implicated in mediating

required translational regulation for proper cell cycle

progression (Davis & Engebrecht, 1998). In contrast,  five

growth inhibition genes were also up-regulated (GADD45,

TRPM-2, CARP, PC3 and RIZ) at 6 h after exercise. Three of

these genes, GADD45, TRPM-2 and PC3, are commonly

up-regulated at times when p53 is active and all five of

these genes are believed to be important regulators of G1–S

phase progression of the cell cycle (Carrier et al. 1994;

Srivastava et al. 1998; Guardavaccaro et al. 2000).

The expression of five stress response genes was increased

at either 1 h or 6 h post-exercise. Three of the five, HSP70,

HSP 86 and HO-1, have previously been shown to be up-

regulated after exercise (Locke & Noble, 1995; Essig et al.
1997). The other known stress response gene, RDj1, is a

DnaJ-like protein, so is implicated in the hsc70-based

chaperone system (Terada & Mori, 2000); this is the first

report of its increase with contractile activity in skeletal

muscle.

Localization of c-fos following exercise
One of the differentially expressed gene products in

exercised and control muscle, c-fos, was localized using

immunohistochemistry (Fig. 3A and B). Cryosections of

the TA muscle following contractions were stained with

antibodies to c-fos along with a nuclear marker (Hoechst

358; Fig. 3). A subset of myonuclei in exercised muscle,

many of which are within the plasma membrane, were

seen to stain strongly with c-fos (Fig. 3A). In control

muscle, no nuclei were seen to stain positive for c-fos

(Fig. 3B). The number of myonuclei immunostaining

with c-fos following high resistance contractions varied

considerably from region to region and muscle to muscle.

The variability in c-fos localization within exercised muscle

(both within and between myofibres) has been reported

before and is an intriguing finding (Puntschart et al. 1998).

This suggests that there may be differential loading across

the myofibres resulting in a complex microenvironment

following contractile activity.

Changes in p53 protein levels following contractions
The up-regulation of three growth-inhibitory genes

associated with p53 in skeletal muscle at 6 h post-exercise

was intriguing. From these observations we determined

the levels of p53 protein in skeletal muscle following

contractile activity. As can be seen in Fig. 4 there was a

49 ± 9 % increase in p53 levels in the exercised muscles

(n = 3) compared to their contralateral controls (n = 3)

(P < 0.05). Consistent with the change at 6 h we also

detected a 57 ± 11 % increase in p53 levels in the nuclear

extracts from exercise vs. control muscles at 1 h (data not

shown).

DISCUSSION
Skeletal muscle phenotype has long been known to be

sensitive to changes in contractile activity patterns. From

expression profiling experiments on both total RNA and

translated polysomal RNA following one bout of high

resistance contractions, we present for discussion four

Gene profiling following resistance exerciseJ. Physiol. 545.1 35

Figure 4. Bar graph of means ± standard errors from
densitometric scans of p53 Western blots
# statistically significant at P < 0.05: one-tailed t test.



Jo
u

rn
al

 o
f P

hy
si

ol
og

y

points that we found particularly reflective of the exercise-

responsive gene expression clusters. The first point is the

significant contribution of translational regulation to gene

expression after contractions. Secondly, we have identified

a cluster of genes, both up- and down-regulated, that

contribute to net protein accumulation. Thirdly, the

response of skeletal muscle to a growth stimulus shares

common gene expression patterns with non-muscle cellular

growth. Finally, the response to eccentric contractile

activity includes the upregulation of genes likely to be

involved in regeneration and repair. To try to summarize

all the genes that change expression following contractile

activity in this study we provide  in Fig. 5 a potential

cascade of transcriptionally and translationally regulated

genes following a bout of eccentric contractile activity.

Previous work studying intracellular signalling pathways

following one acute bout of high resistance contractions

demonstrated that the p70S6k phosphorylation was

significantly up-regulated after contractions and this

elevation was maintained for up to 36 h after exercise

(Baar & Esser, 1999). The critical role that this pathway

plays in mediating skeletal muscle growth has more recently

been supported by the work of Bodine et al. (2001). One

aspect of gene expression that is linked to activation of the

p70S6kpathway is the selective translation of a subset of

Y.-W. Chen and others36 J. Physiol. 545.1
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mRNAs that contain terminal oligopyrimadine structures in

their 5‚UTRs (Meyuhas & Hornstein, 2000). Consistent with

the increased phosphorylation of p70S6kin muscles at 6 h,

approximately 25 genes were changed at the level of

translation at 6 h post-contractions. This accounts for 30 %

of the gene expression changes detected at this time point.

These findings highlight the significant contribution that

translational mechanisms make to the gene expression

changes seen following muscle contractile activity. The role

of translational regulation in skeletal muscle adaptation is

not surprising as there is growing evidence that translational

regulation is important for fundamental aspects of cell cycle

progression and in response to cellular stresses (Pyronnet &

Sonenberg, 2001).

One well established characteristic of the response of

skeletal muscle to resistance exercise is the robust increase

in protein synthesis for several hours after exercise. This

has been documented in all models of resistance exercise

across species ranging from mouse and chicken to human

(Goldberg, 1968; Laurent et al. 1978; Smith et al. 1983;

MacDougall et al. 1995). Consistent with the known

changes in protein synthesis, the results of this study

identified a significant cluster of gene expression changes

that are consistent with net protein accumulation with

increases in protein synthesis and decreases in protein

degradation.

Three genes that showed increased expression following

contractile activity are elongation factor 1a (EF1a),

ribosomal protein L12 and c-myc. EF1a is a polypeptide

elongation factor responsible for bringing the tRNAs to

the ribosome. Recent studies have linked loss of EF1a
protein with significant loss of skeletal muscle mass in the

wasted mouse (Khalyfa et al. 2001). Ribosomal protein

L12 is a component of the large 60S ribosomal subunit.

The increase in ribosomal L12 mRNA is found in the

polysomal pool at 6 h (it is not listed on Table 2 because

the increase was less then 2-fold but the change was

statistically significant: see web site listings). Recent

studies have indicated that ribosomal protein L12 uses a

distinct nuclear import pathway that may contribute to a

mechanism for regulating ribosome synthesis and/or

maturation (Plafker & Macara, 2002). Increases in both

those proteins would result in increased capacity of the

protein synthetic machinery in the cell. The increase in c-

myc will also act to enhance protein synthesis, as recent

studies have identified that c-myc acts to induce

transcription of many of the ribosomal protein mRNAs

(Kim et al. 2000; Neiman et al. 2001). Thus increases in

expression of these three genes will synergistically act to

increase many components of the ribosomal complex

leading to increased synthetic capacity. There were also

two genes that showed decreased expression in the poly-

some fraction following exercise. These are  elongation

factor 2 kinase and cathepsin C. Elongation factor 2 kinase

phosphorylates and inactivates eukaryotic elongation

factor 2, inhibiting protein synthesis (Wang et al. 2001). In

this study, levels of eEF2k decreased in the polysomal pool

following exercise, which would limit an inhibitor of

protein synthesis. Another gene that was downregulated in

the polysomal pool at 6 h was cathepsin C. Cathepsin C

is a lysosomal protease and is associated with protein

degradation. The changes determined for this group of five

genes will clearly lead to a more anabolic state in the

skeletal muscle following contractile activity.

The nuclei in mature mammalian skeletal muscle are post-

mitotic, which results in muscle growth occurring by

increasing fibre size and not increasing fibre or cell number.

Thus, one of the goals of this study was to evaluate the gene

expression changes determined during muscular hyper-

trophy and to compare them to known profiles from studies

of cellular growth and/or proliferation. Two expression-

profiling studies of the growth response of cultured

fibroblasts after serum stimulation have recently been

published (Iyer et al. 1999; Zong et al. 1999). It was

surprising to find that several of the genes up-regulated in

muscle following exercise were genes associated with cell

cycle progression and proliferative growth. For example,

Zong et al. (1999) analysed polysomal mRNAs following

serum stimulation of fibroblasts and some of the genes

increased in the polysomes from both studies included c-

fos, Egr1, bFGF and EF1a (Iyer et al. 1999; Zong et al.
1999). This is consistent with the well-established role for

selective translation of growth mRNAs in the regulation of

cell cycle control (Pyronnet & Sonenberg, 2001). Iyer et al.
(1999) studied gene expression profiles following serum

stimulation of fibroblasts, focusing on transcriptional

regulation (total RNA). The shared genes that were

transcriptionally up-regulated in our in vivo muscle

exercise study included c-myc, c-fos, Egr1 and antizyme

inhibitor. Thus, it appears that many of the genes up-

regulated following a resistance exercise stimulus can be

defined as a general ‘growth response cluster’. This cluster

is characterized by mRNAs that are induced after a growth

stimulus, would probably be shared by many cell types and

will be commonly associated with progression through the

cell cycle.

At this time it is unclear which cell type(s) are contributing

to the expression of the cell cycle progression genes. One

possibility is that the satellite cells, which are myogenic

cells lying outside the muscle membrane, are the cells

expressing the majority of the cell cycle genes as they are

induced to proliferate following the contractile activity.

These cells are known to be activated following eccentric

and concentric contractions and are implicated in skeletal

muscle growth during development and exercise (Schultz,

1989; Allen & Rankin, 1990; Putman et al. 2000; Hawke &

Gene profiling following resistance exerciseJ. Physiol. 545.1 37
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Garry, 2001). While this is a possibility, it should be noted

that the satellite cells contribute approximately 1.8 % of

the total nuclei within the TA muscle of rats in contrast to

~43 % of the nuclei from the muscle fibres (Schmalbruch

& Hellhammer, 1977; Hawke & Garry, 2001). In addition,

not all satellite cells are activated following eccentric

contractions. Therefore, if the cell cycle gene expression

changes in this study come from the subset of satellite cells

that are activated following contraction then those cells

must be expressing those genes very highly to be detectable

in a homogenate from whole TA muscle. Based on this

argument, we suggest that the gene expression changes

detected in this study at 1 and 6 h after contractions are

probably reflecting changes in gene expression in the

muscle fibre. Consistent with this argument, it is important

to note that the increased c-fos expression in this study was

detected in the nuclei within the muscle fibres and was not

detected in satellite cells or other non-muscle cells.

In contrast, the ‘growth’ profile following high resistance

contractions included a cluster of genes that can be

categorized as antigrowth and/or tumour suppressor genes.

This is very intriguing because muscle fibres are terminally

differentiated multinucleated cells and myonuclei are

mitotically inactive. Studies in vitro have demonstrated

that serum stimulation will result in a G0 to G1 transition

but these cells seem to be blocked prior to entering the S

phase (Tiainen et al. 1996). Thus, we suggest that the

expression of these antigrowth genes in skeletal muscle

may act to counter the proliferative function of genes

described above to maintain an inhibition of potential G1

to S phase transition.

The best-characterized antigrowth genes identified in this

study include PC3 and GADD45 (Bradbury et al. 1991;

Guardavaccaro et al. 2000; Sheikh et al. 2000). PC3 is a cell

cycle inhibitor that, when overexpressed, has been shown

to result in G1 arrest (Guardavaccaro et al. 2000). This gene

is transcriptionally induced during terminal differentiation

of pheochromocytoma (PC12) cells in response to nerve

growth factor (NGF). We found 5- to10-fold increase in

PC3 mRNA in polysomes (using two distinct probe sets),

as well as 3- to 6-fold increase in total RNA. This large

increase, especially in the translated polysomal pool, is

consistent with a role for this protein in preventing the

progression of myonuclei through the cell cycle. GADD45

(growth arrest DNA damage) is a well-characterized

protein involved in cell cycle arrest at G1/S and/or G2/M

through direct inhibition of cdc2a kinase (Agarwal et al.
1995; Jin et al. 2000; Taylor & Stark, 2001). We detected a

5-fold increase in GADD45 mRNA in the polysome

fraction (using two probe sets). An additional gene that

can be included in this ‘antigrowth’ category with PC3

and GADD45 is CARP, cardiac adriamycin responsive

protein/cardiac ankyrin repeat protein (Jeyaseelan et al.

1997; Zou et al. 1997). Induction of CARP has been shown

to be an early marker of cardiac and skeletal muscle

hypertrophy (Aihara et al. 2000; Johnatty et al. 2000;

Carson et al. 2002). Recent studies have shown that

overexpression of CARP acts to decrease proliferation in

smooth muscle vascular cells, suggesting it may function

to maintain the differentiated state in heart and skeletal

muscle during periods of growth (Kanai et al. 2001).

It was interesting to note that two antigrowth genes that

were induced, PC3 and GADD45, are known targets

for the stress responsive tumour suppressor gene, p53

(Carrier et al. 1994; Zhan et al. 1998; Guardavaccaro et al.
2000). Based on this observation we evaluated p53 protein

levels in nuclear extracts from exercised and control

muscles and found they were elevated by about 50 % at 1 h

and 6 h. There are very few studies of p53 in adult skeletal

muscle with the only induction seen in rat muscle

following 18 days of spaceflight (Ohnishi et al. 2000).

These findings are exciting because they illustrate the

ability to use expression profiling to identify a novel,

previously undefined pathway in skeletal muscle following

contractile activity. We hypothesize that activation of p53

in skeletal muscle after resistance exercise is potentially an

important mechanism by which the post-mitotic muscle

cells maintain and/or repair any DNA damage that can

occur in response to the expected oxidative, thermal and

mechanical stresses associated with exercise. Based on this

hypothesis we also suggest that the activation of p53 and

induction of subsequent antigrowth genes following

contractile activity would not be specific to high resistance

contractions but would also be elevated following lower

resistance endurance-type contractions.

One last exercise-related cluster we identified is likely to be

associated with the fact that the muscles in this study

underwent 60 eccentric or lengthening contractions and

this type of contraction is well known to be associated with

muscle damage. Cell damage typically induces thrombotic

cascades, but such events could exacerbate muscle damage

after acute exercise. We found two important proteins

involved in thrombosis regulated in a complex manner in

exercised muscle: plasminogen activator inhibitor (PAI-1)

and urokinase plasminogen activator receptor (uPAR-1).

We found the PAI-1 gene to be induced 2- to 4-fold in

exercised muscle at 1 h post-contractions. PAI-1 is a serine

protease inhibitor (SERPIN)-type inhibitor of tissue

plasminogen activator (TPA) and activates thrombotic

cascades through inhibiting the dissolution of small,

localized clots in tissues (fibrinolysis) (Andreasen et al.
2000). We hypothesize that PAI-1 gene induction is part of

a general cell damage cascade. In contrast to PAI-1,

uPAR-1 showed a 15-fold induction in polysomal fractions

but no significant increase in total RNA fractions at 6 h,

suggesting that uPAR-1 mRNA is quickly targeted for

Y.-W. Chen and others38 J. Physiol. 545.1
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translation after exercise. uPAR-1 is increasingly recognized

to play a critical role in both fibrinolysis (anti-thrombosis)

and in muscle regeneration (Fibbi et al. 2001; Lluis et al.
2001). Recent studies of murine knockouts for uPA have

shown a lack of muscle regeneration and accumulation of

fibrin in the degenerating muscle (Lluis et al. 2001).

Additional studies have demonstrated production of uPA

and uPAR-1 in muscle satellite cells, where the complex

appears critical for migration of these cells (Fibbi et al.
2001). We hypothesize that uPAR-1 and its ligand uPA

play a critical role in the response of muscle to acute

exercise, both as an anti-thrombotic complex and as

an extracellular proteolytic cascade critical for muscle

regeneration and/or repair. Consistent with this key role,

we hypothesize that uPAR-1 mRNA is kept pre-

synthesized in the muscle, then immediately sent to the

translational machinery after exercise.

In summary, we report expression profiling of an in vivo
contraction-induced growth model in skeletal muscle.

Results from this analysis suggest that translational

regulation is an important mechanism of cellular adaptation

to a complex physiological stimulus. In addition, the results

suggest that skeletal muscle growth shares a common gene

expression profile with other models of cellular growth.

The growth cluster identified is characterized by the

expression of genes that are commonly associated with

progression of the cell cycle. However, it was interesting to

detect an induction of a group of genes that are associated

with tumour suppression or antigrowth response. Many of

these antigrowth genes are likely to be induced by the rapid

increase in p53 protein levels detected early after contraction

and are probably not specific to high resistance contractions.

There was also induction of a cluster of genes that are

associated with repair and regeneration, which is an

important process for skeletal muscle in response to

eccentric contractions. We suggest that this balanced

expression of these previously characterized growth and

antigrowth genes with the repair and regeneration cluster

results in the increase in cell size without the increases in

cell number characteristic of normal skeletal muscle

growth.
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