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In response to changes in contractile activity, skeletal

muscle is extremely plastic (Booth & Baldwin, 1996), for

example half its mass may be lost in 1 month when

immobilized in a shortened position (Booth, 1977). The

clinical outcome of atrophy is a weaker muscle that

requires rehabilitation to regain mass and strength (Paulos

et al. 1991). Adherence to physical activity interventions is

low (van der Bij et al. 2002), which is particularly harmful

in older populations where sarcopenic (age-induced

wasting) muscles may set up a negative cycle of weakness

causing loss of function and inactivity, which results in

additional atrophy and weakness (Buchner & Wagner,

1992; Walston & Fried, 1999). Although the skeletal

muscles of young and old rats show a comparable

magnitude of atrophy (27–37 %) when limbs are

immobilized, muscles from older animal limbs fail to

regrow in conditions of normal cage activity, suggesting

that differences in gene expression exist between the young

and old, even though their losses in mass from

immobilization do not (Chakravarthy et al. 2000;

Zarzhevsky et al. 2001). One set of mRNAs expected to

change with immobilization were myosin heavy chains

(MHCs) IIb and IIx. MHC IIb and IIx mRNAs were

previously shown to increase 2.6- and 24-fold,

respectively, in the soleus muscle of 11-week-old rats after

1 week of hindlimb immobilization (Jänkälä et al. 1997),

and thus could serve as positive controls for

immobilization-induced changes in gene expression. The

hypothesis of the current study was that multiple mRNAs

would be expressed differentially between young and old

rats after 10 days of immobilization-induced muscle

atrophy, where mRNAs with age–atrophy interactions

would reveal candidates that induce loss of function

responses in aged animals.

To test the hypothesis, RGU34 A-C Affymetrix

microarrays, containing ~ 24 000 genes and expressed

sequence tags (ESTs), were employed, which allowed a

global, unbiased determination of mRNA expression in
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the soleus muscle of hindlimb-immobilized rats. Two

previous reports used arrays to determine gene expression

during the soleus muscle atrophy produced by 21 and

35 days of rat hindlimb suspension, respectively (Stein et
al. 2002; Wittwer et al. 2002). However, fewer genes (8000

(Stein et al. 2002) and 1200 (Wittwer et al. 2002)) were

assayed in the suspension experiments. In addition, the

paper by Stein et al. (2002) failed to adjust P-values for

multiple t tests so that an undefined number of false

positives may be included in their list of significant

differences. Finally, while hindlimb suspension and

immobilization both remove mechanical loading, only

immobilization removes isotonic contractions. For

example, the EMG activity of the suspended and

immobilized soleus muscles are reduced by 19 % (Alford et
al. 1987) and 85–90 % (Fischback & Robbins, 1969; Hnik

et al. 1985), respectively, indicating that differences in

muscle activity exist between the two models of unloading.

Thus, differential responses of some genes between the

suspension and immobilization models of unloading

atrophy are likely to differ. Knowledge of novel differences

in muscle mRNA expression during limb immobilization

with age would allow the development of more novel,

scientifically based therapies to prevent immobilization-

induced atrophy in the muscle of older individuals.

METHODS
Animals
Fischer 344x Brown Norway Fl male rats were obtained from the
National Institute of Aging (Harlan Labs, Indianapolis, IN, USA).
Rats were sacrificed at the ages of 3–4 months (young, n = 10) and
30–31 months (old, n = 10). The rats were fed regular rat chow
and water ad libitum, were housed 2–3 per cage, in filter-topped
guinea-pig cages with rubber mat bottoms, and maintained on a
12:12 h light:dark cycle. While the atrophy data being presented
have not been published previously, the data from the control
soleus muscles described here were incorporated as part of a larger
aging experiment in a previous publication (Pattison et al. 2003),
which found 682 differentially expressed probe sets between
young and old rats. The data was split into multiple publications
due to its large size and the multiple interactions being studied.

Hindlimb immobilization
Prior to casting, animals were anaesthetized with an
intraperitoneal injection of a cocktail containing ketamine
(49 mg ml_1), xylazine (6.2 mg ml_1) and acepromazine
(2.0 mg ml_1) at a concentration of 0.10 ml (100 mg body
weight)_1. Once anaesthetized, both hindlimbs were fixed from
the waist down in the plantar-flexed position with wire-mesh-
reinforced plaster casts. Animals were maintained in the
immobilized condition for 10 days. Four experimental groups
were formed (young control, young immobilized, old control and
old immobilized; the effects of aging between young and old
controls have been presented in a previous publication; Pattison et
al. 2003). Following 10 days of immobilization, rats were
anaesthetized with 0.123 ml (100 mg body weight)_1 of
ketamine/xylazine/acepromazine cocktail prior to muscle excision
and exsanguination to produce death.

Sample processing
Soleus muscles were extracted, weighed, snap-frozen in liquid
nitrogen and then powdered using a mortar and pestle cooled by
liquid nitrogen. Both soleus muscles from a single rat formed a
single observation, where soleus muscle RNA from a single rat was
applied to an individual array. Total RNA was extracted from an
aliquot of muscle powder put directly into a TRIzol solution
(Invitrogen, Carlsbad, CA, USA) and homogenized on ice using a
Polytron homogenizer (Kinematica, Lucerne, Switzerland) on
setting 7 for three pulses, 15 s per pulse. Total RNA was purified
using RNeasy columns (Qiagen, Valencia, CA, USA). Methods for
sample preparation are described in detail in the Affymetrix
Expression Analysis Technical Manual (Affymetrix, Santa Clara,
CA, USA) and are described only briefly here. Synthesis of cDNA
was carried out using 10 mg of purified total RNA with a T7-(dT)24

primer (100 pmol ml_1), using components of the Superscript
Choice kit (Invitrogen). All incubations were performed in a
Mastercycler Gradient thermocycler (Eppendorf, Westbury, NY,
USA). The resulting double-stranded cDNA was quantified using
a PicoGreen kit (Molecular Probes, Eugene, OR, USA). A 2 mg
aliquot of cDNA was used in the in vitro transcription reaction,
utilizing biotinylated nucleotides from bioarray high-yield RNA
transcript labelling kits (Enzo Diagnostics, Farmingdale, NY,
USA). The resulting cRNA was further purified using RNeasy
columns (Qiagen). The purified biotinylated cRNA was then
fragmented and hybridized to Affymetrix rat genome U34A, B
and C arrays and analysed with fluorescence intensity scanning
according to Affymetrix protocols (Affymetrix Expression
Analysis Technical Manual). All hybridization and scanning of the
arrays was performed in the University of Missouri DNA Core
Facility (Columbia, MO, USA).

GeneChip analysis
The rat genome U34 array set, which assays the relative abundance
of ~24 000 genes and EST clusters (based on UniGene Build 34),
contained 26 388 probe sets. Each probe set consisted of 16
perfectly matched (complementary) 25-mers, corresponding to
different regions along the length of an mRNA. Similarly, 16
mismatched pairs (containing a single mutated base) that do not
perfectly complement a transcript’s sequence were used as a
measure of non-specific background binding. Microarray Suite
5.0 software (Affymetrix) was employed to determine significant
differences between the perfectly matched and mismatched probe
pairs, based on their fluorescence intensity. The software utilized a
one-sided Wilcoxon’s signed-rank test to calculate a P value
reflecting the significance of differences between pairs. The
resulting P-values were used as a qualitative measure of the ability
to detect a given transcript, where values of P < 0.04 were called
‘Present’, those between 0.04 and 0.06 were called ‘Marginal’ and
those of P > 0.06 were called ‘Absent’. Only those probe sets that
were ‘Present’ or ‘Marginal’ in ≥ 60 % of the samples for an
experimental group were carried on for statistical analyses: 12 485
probe sets were sufficiently detected in at least one of the
experimental groups (i.e. young control, young immobilized, old
control or old immobilized soleus muscles). Microarray Suite 5.0
software (Affymetrix) uses statistically based algorithms to
determine transcript abundance based on the mean fluorescence
intensity across the probe set (termed ‘Signal’). The Signal for each
probe set was calculated as the one-step biweight estimate of the
combined differences of all of the probe pairs in the probe set. The
Signal value was used for all subsequent statistical analyses. Fold
changes were calculated as the result of the mean immobilized
Signal intensity/mean control Signal intensity (fold increase in
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atrophy) or mean control Signal intensity/mean immobilized
Signal intensity (fold decrease with atrophy). Microarray analyses
have been criticized as being ‘quite elusive about measurement
reproducibility’ (Claverie, 1999). However, Bakay et al. (2002)
have reported that experimental error among Affymetrix
microarrays is not a significant source of unwanted variability in
expression profiling experiments (R2 = 0.979). In the current
experiment, duplicate arrays were also found to have small,
unwanted inter-chip variability (R2 = 0.981). In addition, a recent
publication concerning a single human patient, in which RNA was
prepared from two distinct breast tumours and placed on
duplicate U95A GeneChips (four chips in total), found a very low
degree of experimental variability between microarrays
(R2 = 0.995), and between the two tumours (R2 = 0.987; Unger et
al. 2001).

Real-time PCR
Total RNA samples were DNase-treated with an RNase-free
DNAse kit (Qiagen). The samples were then purified with an
RNeasy column (Qiagen). The lack of DNA contamination was
validated by PCR and real-time PCR. Samples were analysed in an
ABI 7000 (Applied Biosystems, ABI) after a two-step real-time-
PCR reaction. Total RNA was reverse transcribed by two different
methods. First, 2 mg of total RNA was reverse transcribed using
random hexamers for single-stranded cDNA synthesis (ABI).
Alternatively, total RNA was reverse transcribed in double-
stranded cDNA during previous cDNA synthesis for array sample
processing with a T7-oligo(dT)24 primer. The resulting double-
stranded cDNA was quantified using a PicoGreen kit (Molecular
Probes). Complementary DNA from both preparations was then
amplified by PCR in a reaction consisting of: 25 ng of each cDNA
sample (run in duplicate) in a mix of 900 nM primers, 250 nM

minor groove binder probe and Taqman Universal PCR Master
Mix (ABI). Any samples that contained a range of > 0.2 cycle time
(CT), were re-assayed. The primer/probe sequences are shown in
Table 1 in Supplementary Material 1, available online at:

DOI: 10.1113/jphysiol.2003.047233.

Only data from the oligo(dT)-primed cDNA are presented.

Data were analysed for relative changes in expression using the DDCT

method, according to User Bulletin no. 2 ABI PRISM 7700 Sequence
Detection System. Relative efficiency plots were run to validate the
use of the DDCT method, where all slopes were < 0.1. All targets were
normalized to p38. The p38 mRNA had an overall P value of 0.152.
Finding an endogenous control gene to which to normalize targets
required an exhaustive search of commonly used genes for
normalization, as well as a couple taken from the microarray data
itself. Microarray analyses showed that the most commonly used
housekeeping genes changed significantly with age, atrophy and/or
had an age–atrophy interaction, including: GAPDH, b-actin,b-glucuronidase, b-2-microglobulin, hypoxanthine guanine
phosphoribosyltransferase1, phosphoglycerate kinase and
transferrin receptor. Microarray data also suggested that b-tubulin
(P = 0.064 age main effect) and cyclophilin A (P = 0.08 age main
effect) were not ideal mRNAs to normalize to, although they were
statistically non-significant for either an atrophy or an age effect.
Furthermore, real-time PCR analysis performed on randomly
primed total RNA showed that 18S and 28S changed significantly
with atrophy (data not shown). In search of a potential
normalization mRNA, we chose p38 because of its ability to be
detected and failure to change in the microarray analyses. p38
mRNA, while not significantly different with microarray analysis for
any of the treatments applied, surprisingly showed a significant

change from real-time PCR analyses derived from randomly primed
total RNA (data not shown). In response to the above findings, the
hypothesis was tested that for the same RNA sample there might
exist a difference between populations of reverse-transcribed cDNA
with random priming (total RNA) and T7-oligo(dT)24-primer-
amplified (polyA mRNA) RNA. The hypothesis was confirmed
when p38 was found not to differ significantly (overall P = 0.152)
when amplified from cDNA derived from an mRNA population
with a T7-oligo(dT)24 primer. Thus, all real-time PCR data were
obtained from cDNA amplified with a T7-oligo(dT)24 primer and
normalized to p38 expression.

The differences in DCT values were analysed with a two-way
ANOVA with P < 0.05 set as significant. Data are expressed as the
calculated fold differences between different experimental groups
(young control, young immobilized, old control and old
immobilized).

Statistical methods
A 2 w 2 ANOVA (a = 0.05) was employed to compare the Signal
values. The two factors were age (with levels of young and old) and
atrophy (with levels of control and immobilized atrophy).
Furthermore, a Bonferroni adjustment was used to determine
statistical significance in order to correct for the multiple
ANOVAs performed on the 12 485 probe sets that had been
detected as Present (i.e. having sufficient hybridization as
identified by the Affymetrix Microarray Suite 5.0 software). The
microarray statistical analysis proceeded in two stages. In the first
stage of analysis we looked at an overall model test to determine
whether any of the factors had a significant effect. Genes for which
the overall test was significant at a false discovery rate of < 0.001
were then considered at the second stage of analysis. At that point,
the P-values for the main factor effects and interactions were
examined. Those cases with a Bonferroni-adjusted P value of
< 4.0 w 10_6 were considered significant. The Bonferroni
adjustment minimizes the occurrence of false positives (Pattison et
al. 2003). A 2 w 2 ANOVA was also employed to statistically
compare differences in soleus mass with age and immobilization,
where P < 0.05 was considered significant. For real-time PCR
analysis, the DCT values were analysed with a 2 w 2 ANOVA with
P < 0.05 set as significant for individual comparisons between
different experimental groups (young control, young
immobilized, old control and old immobilized).

Hierarchical clustering
Age–atrophy interactions were clustered hierarchically based on
their relative Signal values. Prior to clustering, the Signal data were
normalized for differences in abundance by setting the highest
Signal intensity value in the four groups (young control, young
atrophy, old control and old atrophy) to 100 %, the remaining
groups were then set as a percentage of that figure. This
normalization allowed similar graphical phenotypes to be
clustered together. SAS version 8 (SAS Institute, Cary, NC, USA)
software executed the clustering function on the normalized
Signal values of all probe sets with significant age–atrophy
interactions. One limitation of data clustering methods is that the
clusters are based on sample data and, just like any statistical
procedure, somewhat different values for mean responses and
hence somewhat different clusters might be obtained if the whole
experiment was to be repeated a second time. Also, clustering
serves to model the sample data, where each clustering model will
include some false positives (i.e. there will be some genes
inappropriately clustered together due to the constraints of the
model with true positives when they don’t belong).

Gene expression changes in atrophied soleus muscleJ Physiol 553.2 359
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Database searching
The target sequences for the significantly different probe sets were
analysed with nucleotide basic local alignment search tool
(BLAST) analysis to identify known genes and to determine
significant gene homologies with other species
(http://www.ncbi.nlm.nih.gov/BLAST/). The target sequence is
the region of a given gene or EST that was probed by the RG U34
arrays. Further information about a given sequence and its
homologues/orthologues was obtained from the Locuslink,
Homologene, OMIM, mouse genome, rat genome, NetAffx and
Proteome databases (http://www.ncbi.nlm.nih.gov/LocusLink/,
http://www.ncbi.nlm.nih.gov/HomoloGene/, http://www.ncbi.nlm.
nih.gov/entrez/, http://www.informatics.jax.org/, http://rgd.mcw.
edu/, https://www.affymetrix.com/analysis/query/interactive-query
and https://www.incyte.com/proteome/databases, respectively). A
gene’s biological processes and molecular functions were
determined based on the defined gene ontologies given in the
aforementioned databases.

RESULTS
A 10 day period of hindlimb immobilization decreased the

wet weight of the soleus muscle by 37 % in young rats

(mean ± S.E.M. 0.136 ± 0.004 g in control and

0.085 ± 0.003 g in immobilized; P < 0.001) and 28 % in

old rats (0.174 ± 0.005 g in control and 0.125 ± 0.007 g in

immobilized; P < 0.001). A two-way ANOVA on the

soleus muscle mass data showed an age and an atrophy

main effect, but no age–atrophy interaction (P = 0.86),

indicating that young and old animals show comparable

losses in muscle mass with 10 days of hindlimb

immobilization-induced atrophy. Over the 10 days of

immobilization, the young and old rats both experienced a

reduction in body mass of 14 %, where young rats weighed

285.5 ± 5.8 g prior to casting and 244.9 ± 7.1 g following

immobilization; while old rats weighed 531.1 ± 8.8 g

before casting and 455.5 ± 14.1 g after immobilization.

Use of a two-way ANOVA on the Signal values of

detectable probe sets yielded two sets of data. First, a set of

mRNAs that had an immobilization-induced atrophy

main effect that was similar regardless of age. A total of 385

probe sets were found to have been affected by atrophy;

203 increases and 182 decreases (Table 1; Supplementary

Table 2). The second set of results was mRNAs whose

expression showed an age–atrophy interaction, where the

atrophy effect differed in magnitude or direction between

young and old. A total of 354 probe sets demonstrated an

age–atrophy interaction, where 159 increased and 215

decreased with atrophy in one or in both age groups, but at

different magnitudes (Supplementary Table 3).

In order to detect similar patterns of gene expression for

age–atrophy interactions, the data were clustered

hierarchically (Supplementary Fig. 1). The four major

age–atrophy interaction expression patterns are illustrated

in Supplementary Fig. 1. Of the 354 probe sets with

significant age–atrophy interactions, 185 showed a pattern

where the absolute decrease with atrophy was greater in

the soleus muscle of the young than in the old rats

(Supplementary Fig. 2A). Conversely, only 21 probe sets

showed a greater absolute decrease in the soleus muscle of

old than young (Supplementary Fig. 2B). Thus, nine times

as many probe sets decreased in the young compared to the

old atrophy group. For those probe sets with significant

age–atrophy interactions that increased with atrophy: 110

J. S. Pattison and others360 J Physiol 553.2

Figure 1. Failure of MHC IIb and IIx mRNAs to increase in
the soleus muscle of old rats after 10 days of hindlimb
immobilization
Failure of MHC IIb (A) and IIx (B) mRNAs to increase in the
soleus muscle of old rats after 10 days of hindlimb immobilization
(OI) when analysed by microarray analysis. Fold changes are
shown above immobilized groups as the difference from the
respective age-matched control. Values are the means ± S.E.M. of
n = 5 per group. OI, old immobilized; OC, old control; YI, young
immobilized; YC, young control. *Significant at P < 4.0 w 10_6.

Figure 2. An example of homer2 mRNA expression
This example was selected from the five different probe sets for
homer2 as detected from microarray analysis because this
particular set was used for the design of primers and probes utilized
in real-time PCR. The fold change is shown above the immobilized
groups as the difference from respective age-matched controls.
Values are the means ± S.E.M. of n = 5 per group. *Significant at
P < 4.0 w 10_6.
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probe sets increased more in the soleus muscle of young

than of old rats (Supplementary Fig. 2C), but only 20

increased more in old than young (Supplementary Fig. 2D
and Tables 2 and 3). Thus, five times as many probe sets

increased more in the young than in the old. The

significance of the age differential response remains to be

elucidated. A total of 18 probe sets exhibited patterns that

did not conform to one of these classifications.

Microarray analysis showed that MHC IIb and IIx

transcripts were significantly increased by 25- and 16-fold,

respectively, in the soleus muscle from immobilized limbs

of young, but not old, rats (Fig. 1). The differential MHC

IIb and IIx mRNA changes between young and old were

confirmed by real-time PCR (Table 1). Real-time PCR

analysis showed that MHC IIb transcripts were

significantly increased 61- and sixfold in the soleus muscle

from the immobilized young and old rats, respectively, as

compared to their age-matched controls (Fig. 1A). With

real-time analysis, MHC IIx transcripts were significantly

increased by 68- and fivefold in the soleus muscle from the

immobilized young and old rats, respectively, as compared

to their age-matched controls (Fig. 1B). It should be noted

that control values found for MHC IIx in real-time

analysis were 5.14-fold higher in the old than in the

young), which factors into the amplitude of the fold

changes listed above (Supplementary Fig. 3). Although the

control levels of MHC IIb and IIx mRNA increased with

aging, as assessed with real-time PCR, the differences in

Gene expression changes in atrophied soleus muscleJ Physiol 553.2 361

Figure 3. Hierarchical clustering and probe-set expression patterns
A, a cluster is shown that is composed predominantly of extracellular matrix genes obtained with hierarchical
clustering analysis of expression profiles for age–atrophy interactions. B, representative examples of probe-
set expression patterns from the shown hierarchical cluster of age–atrophy interactions.



Jo
u

rn
al

 o
f P

hy
si

ol
og

y
J. S. Pattison and others362 J Physiol 553.2



Jo
u

rn
al

 o
f P

hy
si

ol
og

y

MHC IIb and IIx mRNA with atrophy still showed that the

amplitude of change in old was < 10 % of that of the young

(Supplementary Fig. 3).

Microarray analysis revealed that in soleus muscles from

immobilized limbs, homer2 mRNA decreased in the range

_3.9- to _7.2-fold (for five different probe sets) in the

young and in the range _1.73- to _2.52-fold in the old rats

as compared to age-matched controls (Table 2, illustrated

in Fig. 2). The real-time PCR data showed a _9.5- and a

_2-fold decrease for homer2 mRNA in the immobilized

soleus muscles of young and old rats, respectively, relative

to their age-matched controls.

A large number of probe sets exhibited similar directional

changes by functional category in the atrophied soleus

muscle of both young and old rats, examples of which are:

decreases (10 probe sets whose proteins function as

chaperones, nine in the tricarboxylic (TCA) cycle and nine

associated with the Z-disc) and increases in expression

(eight were glutathione-S-transferases and 11 with protein

degradative functions; Table 1). Some of the functional

families that showed age–atrophy interactions included

amino acid metabolism (six probe sets increasing with

atrophy in the young, but not in the old), cell cycle (four

increasing with atrophy only in the young; another five

showed an atrophy main effect by increasing in both ages),

Gene expression changes in atrophied soleus muscleJ Physiol 553.2 363
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protein degradation (four increased only in young

atrophy) and the TCA cycle (four decreased only in the

young). The two largest functional families with

age–atrophy interactions were electron transport (23

decreasing with atrophy only in the young; six decreased in

both ages) and the extracellular matrix (15 only decreasing

with atrophy in the young towards the already lower

control values found in the old; Supplementary Tables 1

and 2). Probe sets for both the extracellular matrix and

electron transport decreased to a greater degree in young

than in old soleus muscle after 10 days of hindlimb

immobilization. The preponderance of extracellular

matrix probe sets decreasing in the young soleus muscle

were for collagen isoforms.

In order to obtain further information from the

age–atrophy interaction data, the data were clustered

hierarchically according to their normalized signal

intensities. This style of mathematical clustering grouped

together probe sets that had similar graphical expression

patterns. Interestingly, probe sets that were clustered

together with similar patterns of expression often had

similar biological functions (Supplementary Fig. 1).

Figure 3 shows an example cluster where most of the probe

sets clustered together by their relative expression pattern

were involved in common biological roles in the

extracellular matrix. Interestingly, the extracellular matrix

probe sets revealed a trend where young muscle atrophy

decreased extracellular matrix (ECM) mRNA levels to that

of old control muscle, but atrophy had no further

decrement in ECM mRNA levels in old muscle (Fig. 3).

DISCUSSION
Losses in muscle strength with age are associated with

increased mortality (Metter et al. 2002). The decrement in

strength is partially attributable to reduced muscle mass

and physical activity. Loss of muscle mass by limb

immobilization is a model that mimics rapid losses of

muscle strength in humans (Cartee, 1995). As the rate of

muscle atrophy affects mortality in men after the age of

60 years more than the loss of absolute mass (Metter et al.
2002), it is important to consider both atrophy and

age–atrophy interactions to better understand the

biological mechanisms by which physical inactivity leads

to muscle wasting. The hypothesis of the study was that

multiple mRNAs would be expressed differentially

between young and old rats after 10 days of

immobilization-induced muscle atrophy. After a two-

factor ANOVA and Bonferroni adjustment for multiple

testing, 730 significant probe sets were identified that had

either an atrophy main effect (385 probe sets) or an

age–atrophy interaction (345 probe sets). These

significant probe sets were then analysed using three

approaches: (1) by individual probe set functions, (2) by

the categorization of probe sets into functional groups

based on their designated ontologies and (3) by

hierarchically clustering together probe sets of similar

expression patterns, with the aid of SAS statistical

programs. Some of the identified differential responses

with potentially important functions in immobilization-

induced atrophy will be discussed.

As expected, the microarray results showed a 16-fold

increase in MHC IIb mRNA on the 10th day of hindlimb-

immobilization-induced atrophy of the soleus muscle in

young rats (Fig. 1A). In contrast, and unexpectedly,

microarray data for the old rats exhibited no increase in

MHC IIb mRNA in the immobilized soleus muscle. A

similar differential trend occurred for MHC IIx mRNA in

the soleus muscle, increasing 25-fold in array data in

young rats, while no significant change was observed in the

old muscle following 10 days of immobilization (Fig. 1B).

The failure of MHC IIb and IIx mRNAs to increase with

immobilization in the old as they did in the young soleus

muscle is striking because it is well established that the

J. S. Pattison and others364 J Physiol 553.2
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mechanical unloading of young soleus muscles induces

multi-fold increases in MHC IIx and IIb mRNAs (Haddad

et al. 1998; Stevens et al. 1999a, b; Baldwin & Haddad,

2001; Cros et al. 2001; St-Amand et al. 2001). The

dysregulation of MHCs IIb and IIx mRNA levels was

validated by real-time PCR analysis (see Table 2 for

comparisons). Real-time PCR analysis showed larger-

amplitude fold increases for MHC IIb and IIx mRNAs (61-

and 68-fold increases, respectively) with young atrophy

than were observed from microarray analyses. We

speculate that the differences between the microarray and

real-time analyses are probably the result of the greater

sensitivity of real-time PCR to detect even lower levels of

the MHC IIb and IIx mRNA levels in controls than are

possible with microarray analysis, resulting in larger fold

differences. Supporting our speculation is that the real-

time PCR analysis showed six- and five-fold significant

increases between old controls and old immobilized

groups for MHC IIb and IIx mRNAs, respectively, which

were not significantly detected in microarray analyses.

Nonetheless, the upregulation of MHC IIb and IIx mRNA

levels seen in the atrophying soleus muscle of young rats

was markedly suppressed in the aged animals, which

permits the postulation that a shift in the pre-translational

control of MHC IIb and IIx has occurred.

The aging defect in MHC IIx mRNA expression extends

the observation of its failure to upregulate when older

humans undergo skeletal muscle hypertrophy.

Three months of resistance exercise training increased the

transcript levels of skeletal muscle MHC I by 85 %, but

decreased the transcript levels of MHC IIa and MHC IIx in

both middle-aged (47–60 years) and old human subjects

(> 65 years; Balagopal et al. 1997). Balagopal et al. (1997)

concluded that ‘a decline in the synthesis rate of MHC

implies a decreased ability to remodel this important

muscle contractile protein and likely contributes to the

declining muscle mass and contractile function in the

elderly’. We speculate that the failure of MHC IIb and IIx

mRNAs to upregulate in the old atrophied soleus muscle

from a model that successfully forced a greater increase of

their expression in younger muscles has uncovered a

potential defect in type IIb and IIx MHC gene expression

in old muscles. Although we do not have the data to

support the following speculation, if MHC IIb and IIx

mRNAs also failed to upregulate with age in faster

phenotype muscles, the dysregulation of fast MHC

expression could underlie why type IIb fibres are

preferentially lost in the muscles of old rodents

(Kugelberg, 1976). Another important mechanism for the

loss of type II fibres in the aged is the loss of a motor nerves

(Ansved & Larsson, 1990).

The striking inability of the aged animals to upregulate the

mRNA expression of MHC IIx and IIb when compared to

young animals, suggests that the aged animals lack the

ability to activate the necessary molecular signalling

mechanism(s) to increase the mRNA expression of MHC

IIx or IIb in atrophied soleus muscle. Typically, the soleus

muscle expresses both type I and type IIa MHC mRNA with

more than 75 % of total MHC mRNA being accounted for

by type I MHC, and no IIb MHC mRNA and only a

marginal amount of type IIx MHC mRNA, accounting for

less than 3 % of total MHC mRNA (Huey et al. 2001).

During stimuli that induce atrophy of the soleus muscle

there is typically a large upregulation of the IIx and IIb

mRNA (Huey et al. 2001). The increase in MHC IIb mRNA

has been termed in the past as de novo synthesis (di Maso et
al. 2000; Huey et al. 2001). If the large increase in MHC IIb

mRNA in atrophied muscle is mostly due to de novo
synthesis, then the failure to increase MHC IIb mRNA in

the old animals could be interpreted as a failure to increase

the transcriptional activation of the endogenous MHC IIb

and IIx promoters. Recently, Wheeler et al. (1999) and

Allen et al. (2001) reported that MyoD binding to a

proximal E-box regulated the activation of the MHC IIb

promoter in C2C12 myotubes. Thus, one could expect that

the failed increase in MHC IIb mRNA with age might be

due to a failure of MyoD to be activated or to bind to the IIb

promoter. However, MyoD and myogenin mRNA levels

were unchanged in the array analyses. Finding a

dysfunctional signalling pathway with age for MHC IIb and

IIx is intriguing because other muscle-specific genes may

also be regulated by similar defective mechanisms, which

might explain why other muscle properties are altered

during the aging/atrophy processes.

Proteins of the Homer family bind to ryanodine receptors

(RyR1; Xiao et al. 2000) and dramatically enhance the Ca2+

responsiveness of RyR1 at the level of the single channel in

skeletal muscle (Feng et al. 2002). The mRNA of another

member of the homer family, homer 2a, decreased 2.5-fold

(decrease of 40 %) in the heart as mice aged from 2 to

33 months (Bronikowski et al. 2003) and 40 % in old

soleus muscle (Pattison et al. 2003). These observations

have been extended here at the 10th day of immobilization

by Homer2 mRNA decreasing more in young (range of

_3.9- to _7.2-fold in five different probe sets) than in old

(range of _1.73- to _2.52-fold) rats, as compared to their

respective age-matched control values (Fig. 2). We

propose a new hypothesis, that the downregulation of

homer 2 mRNA with inactivity is a part of a more

generalized adaptation to lower Ca2+ regulatory

mechanisms in muscle with disuse. By analogy, it has been

shown that cardiomyocytes isolated from non-exercised

rats are associated with a decrease in the Ca2+ sensitivity of

the contractile apparatus (Diffee & Nagle 2003).

Immobilization of limbs in a shortened position alters

Z-disc morphology (Wanek & Snow, 2000), and

differentially expressed mRNAs whose proteins are

associated with the Z-line included: main effects –
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cysteine-rich protein 3 (also known as Csrp3, or muscle

LIM protein) decreased threefold, ankyrin repeat domain

2 (also known as Ankrd2 or Arpp) decreased sixfold,

enigma decreased 2.74-fold and elfin decreased 3.8- and

1.5-fold (multiple probe sets); interactions – small muscle

protein (X-linked, Smpx, Csl, chisel) decreased 1.9- to 2.5-

and 1.3- to 1.6-fold (multiple probe sets) in the soleus

muscle of young and old rats, respectively. We propose the

hypothesis that proteins of the Z-disc are signalled to

downregulate by the lack of muscle stretch, as stretch

receptors have been identified at this locale (Epstein &

Davis, 2003).

Csrp3 mRNA was decreased threefold in the soleus muscle

at the end of 10 days of immobilization-induced atrophy

in both young and old muscles. Interestingly, the

directional change in Csrp3 mRNA in the soleus muscle of

7 day hindlimb-suspended rats was the opposite,

increasing two- to threefold (Willman et al. 2001), which

might be explained by the fact that only the limb

immobilization model lowers contractile activity, whereas

EMG activity is not decreased in the hindlimb suspension

model (Fischback & Robbins, 1969; Alford et al. 1987).

Csrp3 may contribute to the maintenance of muscle cell

differentiation via effects on the cytoarchitecture though

their interactions and colocalization with a-actinin, zyxin

and bI-spectrum (Khurana et al. 2002) and to promote

myogenesis by binding to the transcription factor MyoD,

enhancing MyoD activity (Kong et al. 1997). Targeted

ablation of Csrp3 leads to severe myofibrillar disarray with

subsequent dilated cardiomyopathy, putatively from the

increased distension of the heart. In this context, the

absence of stretch signals in skeletal muscle and the

decrease in Csrp mRNA would contribute to its observed

atrophy (Arber et al. 2002).

Hindlimb immobilization resulted in a decrease in 15

probe sets with roles in the extracellular matrix, all of which

showed a trend of only decreasing with atrophy in young

towards the already lower control values found in the old.

Atrophied muscle in immobilized limbs exhibits a

reorganization and distribution of collagen proteins, which

Jarvinen et al. (2002) concluded probably contributes to

the deteriorated function and biomechanical properties of

the immobilized skeletal muscle. A pre-translational origin

of the change in collagen proteins with disuse is suggested

by the widespread decrease in collagen gene expression on

the microarrays.

Mitochondrial protein concentrations in rat skeletal

muscle decrease with age (Farrar et al. 1981; Holloszy et al.
1991). The physical inactivity of limb immobilization

resulted in a decrease of 29 nuclear mitochondrial probe

sets in the atrophying soleus muscle of young rats (only six

of these decreased significantly in old), which would seem

to suggest that atrophy-induced inactivity causes a

muscular adaptation to downregulate the mRNAs involved

in energy generation, possibly denoting mitochondrial

dysfunction mimicking that of older muscles. Another

potential contributor to mitochondrial dysfunction in

sedentary skeletal muscle is if oxidative damage causes an

accumulation of DNA mutations and deletions (Short &

Nair, 2001). The increases in eight glutathione-S-

transferase mRNAs in the atrophied muscles of the current

data set suggests that these antioxidants are elevated to

buffer the increases in oxidative stress of muscles in

immobilized limbs, as reported previously (see Koesterer et
al. 2002 for references.).

In summary, over 700 differentially expressed mRNAs

were identified with a conservative Bonferroni

adjustment. Among the identified genes, the failure of

MHC IIb and IIx mRNAs to upregulate as vigorously in

the soleus muscle of old, as compared to young, rats during

a procedure that is well documented to cause a shift in

MHC expression suggests a potential innate defect in the

regulation of these genes that could contribute to the

functional losses observed in aged animals. Future work

will be necessary to determine the mechanism underlying

this aging-associated failure to upregulate MHC IIb and

IIx mRNAs during muscle disuse.
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