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Abstract The skeletal muscle ryanodine receptor Ca2+ re-
lease channel (RyR1), essential for excitation-contraction
(EC) coupling, demonstrates a known developmentally regu-
lated alternative splicing in the ASI region. We now find un-
expectedly that the expression of the splice variants is closely
related to fiber type in adult human lower limb muscles. We
examined the distribution of myosin heavy chain isoforms and
ASI splice variants in gluteus minimus, gluteus medius and
vastus medialis from patients aged 45 to 85 years. There was a
strong positive correlation between ASI(+)RyR1 and the per-
centage of type 2 fibers in the muscles (r=0.725), and a cor-
respondingly strong negative correlation between the percent-
ages of ASI(+)RyR1 and percentage of type 1 fibers. When
the type 2 fiber data were separated into type 2X and type 2A,
the correlation with ASI(+)RyR1 was stronger in type 2X
fibers (r=0.781) than in type 2A fibers (r=0.461). There
was no significant correlation between age and either fiber-

type composition or ASI(+)RyR1/ASI(−)RyR1 ratio. The re-
sults suggest that the reduced expression of ASI(−)RyR1 dur-
ing development may reflect a reduction in type 1 fibers dur-
ing development. Preferential expression of ASI(−) RyR1,
having a higher gain of in Ca2+ release during EC coupling
than ASI(+)RyR1, may compensate for the reduced terminal
cisternae volume, fewer junctional contacts and reduced
charge movement in type 1 fibers.

Keywords Human skeletal muscle . Ryanodine receptor .

ASI splice variants . Fiber types . Aging

Background

In this study, we have examined the fiber-type distribution of
alternatively spliced region I (ASI) variants of the skeletal
muscle ryanodine receptor (RyR1) in human lower limb mus-
cles. RyR1 is an essential component of excitation-contraction
(EC) coupling in skeletal muscle. RyR1 is activated to release
Ca2+ from the sarcoplasmic reticulum (SR), through a physi-
cal interaction with the transverse (t-) tubular voltage sensor,
the L-type voltage gated Ca2+ channel (CaV1.1), also known
as the dihydropyridine receptor (DHPR). The resultant rise in
cytoplasmic Ca2+ facilitates muscle contraction. Mammalian
fast- and slow-twitch skeletal muscle contains a variety of
fiber types which have been extensively reviewed by
Schiaffino and Reggiani [32] and which demonstrate signifi-
cant differences in components of EC coupling [32].

RyR1 is developmentally spliced in two regions, alterna-
tively spliced region I (ASI) and II (ASII) [15, 38]. The ASI
region (residues 3481–3485) is located in helix 20 of the
Helical Domain 2 (HD2) cytoplasmic region of RyR1, and
the ASII region (residues 3865–3870) is located between helix
9 and 10 of the central cytoplasmic domain [36]. The ASI
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region is located close to five basic residues 3495–3502 (in
helix 21 of the HD2 region [36]) which binds to the beta
subunit (CaVβ1a) of the DHPR [6]. Both ASI and 3495–
3502 [6, 18] affect the gain of EC coupling. The ASI region
contains 15 bp that are included in ASI(+)RyR1 transcript or
excluded in the ASI(−)RyR1 transcript, resulting in the pres-
ence or absence of five amino acid residues Ala3481-Gln3485 in
rabbit RyR1 [15]. Analysis of splicing patterns in the hind
limb muscles of mice indicated that ASI(−)RyR1 alone is
detected in embryonic muscle and dominates in juvenile mus-
cle, with the proportion of ASI(+)RyR1 increasing gradually
with development [15] to a molar ratio of ∼3:1 (ASI(+)/
ASI(−)) in adult skeletal muscle.

Kimura et al. [19] investigated RyR1 splicing in patients
with myotonic dystrophy type 1 (DM1), a dominantly
inherited multi-systemic disorder including skeletal muscle,
caused by unstable expansion of CTG trinucleotide repeats
in the myotonic dystrophy protein kinase (DMPK) gene
[16]. Kimura et al. showed that there is a shift in the ratio of
ASI(+)RyR1/ASI(−)RyR1 in adult patients with DM1 to a
predominantly juvenile ASI(−)RyR1 type. However, they
did not examine fiber-type distributions in these muscles and
proposed that RyR1 is one of the aberrantly spliced proteins in
patients with DM1, resulting in a predominance of the juve-
nile isoform ASI(−)RyR1.

We have examined the ASI splicing pattern of RyR1 as
well as the distribution of fiber types in gluteus minimus,
gluteus medius, and vastus medialis muscles from middle
aged to aging patients. It seemed possible that the levels of
juvenile RyR1 (ASI(−)RyR1) might be elevated in aging mus-
cle, since a characteristic of aging muscle is the increased
muscle fiber denervation and reinnervation [10]. The regener-
ated fibers do not undergo complete maturation and morpho-
logically resemble myotubes [9] expressing juvenile isoforms
of proteins. However, we did not find any correlation between
age and RyR1 ASI splice variants, but we made a surprising
observation that there is a strong correlation between ASI
splice variants and fiber-type distribution, indicating a fiber-
type-specific splicing of RyR1 in mammalian skeletal muscle.

Methods

Collection of human muscle

Muscle samples from patients undergoing hip replacements
(gluteus minimus and gluteus medius) or knee replacements
(vastus medialis) were collected in theatre. Written informed
consent was obtained from each patient for donating tissue.
Samples were rinsed in phosphate-buffered saline (PBS) con-
taining 2 mM EGTA, excess fat, and connective tissue re-
moved, cut into approximately 80-mg pieces and then imme-
diately snap-frozen in liquid nitrogen and stored at 70 °C until

further processing. Ethical approval for the study was obtain-
ed from ACT Health Human Research Ethics Committee
(ETH.9/07.865) and the ANU Human Ethics Committee
(Protocol 2013/307).

Determination of fiber-type distribution

The fiber-type distribution of muscle samples was determined
using sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) to separate the myosin heavy chain
(MyHC) isoforms as previously described [25, 34] with the
following modifications. Muscle samples were thawed on ice
in 1 ml of cold homogenizing buffer (20 mM imidazole pH
7.2, 120 mM KCl, 0.2 mM EDTA-Na2) with protease inhib-
itor cocktail (Roche, Switzerland). Muscle was homogenized
and the homogenate centrifuged at 11,752×g for 20 min at
4 °C. The pellet was resuspended in 100–200 μl resuspending
buffer (50 mMTris-HCl pH 7.4, 150 mMNaCl), adjusted to a
final concentration of 0.4 mg/ml and aliquots snap-frozen in
liquid nitrogen until further use.

An SDS-PAGE gel was prepared as follows and allowed to
polymerize overnight: resolving gel of 8 % polyacrylamide
(acrylamide/bis-acrylamide ratio of 99:1) containing 35 %
glycerol and stacking gel of 4 % polyacrylamide (acrylam-
ide/bis-acrylamide ratio of 49:1) containing 30 % glycerol.
Muscle homogenate samples were mixed with a 3× sample
buffer (0.34 M Tris HCl pH 6.8, 60 % glycerol, 6 % SDS,
150 mM DTT, 0.01 % bromophenol blue) and boiled for
2 min. Three micrograms of protein was loaded onto the gel
and the gel run for 20 h at 4 °C. The outer buffer dam
contained 1× running buffer (50 mM Tris, 75 mM Glycine,
0.05 % SDS), whereas the inner buffer dam contained 8×
running buffer (0.4 M Tris, 0.6 M glycine, 0.4 % SDS) con-
taining 0.12 % 2-mercaptoethanol. Gels were stained using a
Silver Stain Plus Kit (Bio-Rad Laboratories, USA)) and doc-
umented and analyzed by digital imaging using a Gel Doc XR
System and Quantity One 1-D analysis Software (Bio-Rad
Laboratories, USA)) after drying.

RNA extraction from muscle tissue and cDNA synthesis

Total RNAwas extracted from human muscle samples using
TRIzol reagent (Invitrogen, Life Technologies, USA) and
RNeasy Mini Kit (QIAGEN, Netherlands). The extracted
RNA was then treated with the TURBO DNA-free Kit
(Ambion, Life Technologies, USA) to remove any DNA con-
taminat ion. RNA concentra t ion was determined
spectrophotometrically.

RNA was converted to cDNA using the SuperScript III
Reverse Transcriptase Kit (Invitrogen, Life Technologies,
USA) and Oligo(dT)12–18 primers (Invitrogen, Life
Technologies, USA).
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PCR analysis of splice variants

ASI regions were amplified using the KOD Hot Start DNA
Polymerase Kit (Novagen, Merck Millipore, Germany) with
primers described in [19]. The PCR consisted of 35 cycles
with an annealing temperature of 62 °C. PCR products were
69 and 54 bp for ASI(+)RyR1 and ASI(−)RyR1, respectively.
The PCR product was separation by electrophoresis on 10 %
polyacrylamide gels. Quantitative analysis of amplified prod-
ucts was performed with the Gel Doc XR System and
Quantity One 1-D analysis Software (Bio-Rad Laboratories,
USA).

Statistical analysis

MyHC bands as well as PCR products were expressed as a
percentage of the total MyHC or PCR product present.
Statistical significance was assessed using unpaired
Student’s t tests assuming unequal variance (P<0.05) and
Pearson correlations. Correlations were deemed significant if
the correlation coefficient (r) differed significantly from 0
(P<0.05).

Results

Human muscle samples were obtained from 38 donors under-
going hip replacement (gluteus minimus and gluteus medius)
or knee replacement (vastus medialis) surgery. A list of the age
and gender of the donors is given in Table 1.

Fiber-type distribution of muscle samples The myosin
heavy chain (MyHC) isoforms were visualized on Silver
Stained SDS polyacrylamide gels (Fig. 1a) and the density

of each band expressed as a percentage of the total amount
of MyHC in the sample, with four repeats of each sample. The
average distribution of fiber types in each of the muscles is
shown in Fig. 1b. Both gluteus minimus and gluteus medius
contained predominantly type 1 fibers with no significant dif-
ference in the percentage of type 1 fibers. However, gluteus
minimus had significantly more type 2A fibers than gluteus
medius. There was, however, no significant difference in type
2X content. Vastus medialis, on the other hand, contained
predominantly type 2 fibers, with significantly fewer type 1
fibers than the gluteal muscles and significantly more type 2A
and 2X.

When the fiber-type distribution of each muscle type was
plotted against the age of the donors, there was no correlation
with age in any of the muscles (Fig. 2). Due to the small
number of gluteus medius samples (Online resource 1), a cor-
relation between fiber type and age could not be determined.

Table 1 Breakdown of human muscle samples from 38 donors
indicating the muscle source, gender, and age

Gluteus medius Gluteus minimus Vastus medialis

Female Male Female Male Female Male

52 72 51 45 54 59

76 52 47 56 66

84 58 52 57 69

61 56 62 71

66 59 64 73

70 60 64 77

71 61 74

74 69

79 70

82 72

85

Fig. 1 The fiber-type distribution of each muscle. a An example of the
silver stained gel used to separate the MyHC isoforms. The first lane
contains the protein markers corresponding to 250 and 150 kDa. b The
average percentage of each MyHC isoform indicating the fiber-type dis-
tribution for the respective muscles. The fiber-type determination was
repeated three to four times for each sample and the average determined
for each muscle. *Significantly different from gluteus medius P<0.05;
#significantly different from gluteus minimus and gluteus medius P<0.01
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Splice variant analysis The ratio of RyR1 ASI splice variants
was determined for each of the muscle samples. RT-PCR was
performed on all samples at the same time in the same appa-
ratus to ensure that the conditions did not vary. Examples of
polyacrylamide gels showing the RT-PCR products are shown
in Fig. 3a. The density of the RT-PCR bands on the gels was
measured and expressed as a percentage of the total RT-PCR
product of the RyR1 ASI region present for each sample. The
resulting ASI(+)/ASI(−) ratio for each of the 38 samples as
well as its corresponding fiber-type distribution is shown in
Table 2.

To ensure that the band intensity for each sample was not
affected by saturation of the PCR reaction, two representative
examples of samples having (a) a high ASI(+)RyR1/
ASI(−)RyR1 ratio, (b) equal amounts of ASI(+)RyR1 and
ASI(−)RyR1, or (c) a low ASI(+)RyR1/ASI(−)RyR1 ratio
were selected and the PCR repeated with 28 cycles, 32 cycles,
and 35 cycles for each sample (Fig. 3c). From the results, it is
clear that the PCR reaction was not saturated and the results
obtained for all samples with 35 cycles provide a true reflec-
tion of ASI(+)/ASI(−) ratio.

RyR1 ASI splice variant levels vs. age The percentage of
ASI(+)RyR1 and ASI(−)RyR1 transcript was plotted against
the ages of the donors and the Pearson correlation coefficient
used to determine correlation (Fig. 4). Data from the three
muscles is included in each graph. Gluteus minimus and

vastus medialis are shown separately in Online resource 2.
In contrast to our starting hypothesis, there was no significant
decline in the percentage of ASI(+)RyR1 transcript in older
patients (Fig. 4a) and, hence, also no increase in the percent-
age ASI(−)RyR1 transcript in older patients (Fig. 4b).

RyR1 ASI splice variant levels vs. muscle and fiber-type
distribution Remarkably, while investigating a potential rela-
tionship between fiber type and age, we discovered a signifi-
cant difference (P<0.01) between the percentage of ASI(+) in
vastus medialis and both gluteus medius and gluteus minimus
(Fig. 5). There was significantly more ASI(+) RyR1 expressed
in vastus medialis, which has a significantly greater number of
type 2A and 2X fibers, as shown in Fig. 1b (above).

The fiber-type dependence of ASI splice variant expression
is further illustrated by a positive correlation between the com-
bined fast, type 2 fiber content and the content of ASI(+)RyR1
transcript (Fig. 6a, r=0.725, r2=0.525). An even stronger pos-
itive correlation (r=0.781, r2=0.610) was found between the
percentage ASI(+)RyR1 transcript and the content of the
fastest oxidative type 2X fibers (Fig. 6b). The correlation be-
tween the percentage of ASI(+)RyR1 transcript and the con-
tent of type 2A fiber was also significant (r=0.461, r2=0.212,
Fig. 6c). Conversely, there was a strong negative correlation
between the percentage of ASI(+)RyR1 transcript and content
of slow type 1 fibers (Fig. 7a) and a correspondingly strong
positive correlation between ASI(−)RyR1 and the type 1 fiber
content (Fig. 7b). Therefore, we report novel data (Figs. 5, 6,
and 7) illustrating a significant and previously unsuspected
fiber-type dependence of expression of the ASI spice variants
of RyR1.

Discussion

The novel results reported here provide compelling evidence
that expression of ASI splice variants of RyR1 is fiber-type-
dependent in human lower limb muscle, in addition to the
known role in development [15], with the ASI(+) splice var-
iant increasing proportionally with the fastest glycolytic fi-
bers. A fiber-type dependence of RyR1 isoforms has not pre-
viously been described inmammalianmuscle.We suggest that
the relative amounts of ASI isoform present in the muscle may
have functional consequences for the gain of EC coupling in
type 1 and type 2 fibers in humans.

RyR1 ASI splice variant levels vs. muscle and fiber-type
distribution Zorzato et al. [38] showed that two splice vari-
ants of RyR1 (corresponding to the ASI variants described
later by Futatsugi et al. [15]) are present in slow- and fast-
twitch muscle, but they did not measure the relative amounts
of the transcripts. In mouse hind limbmuscle containingmost-
ly fast-twitch fibers, Futatsugi et al. [5] report an adult ASI

Fig. 2 The fiber-type distribution of each muscle plotted against the age
of the respective donors. a The fiber-type distribution in gluteus minimus.
b The fiber-type distribution in vastus medialis. c The fiber-type distribu-
tion in gluteus medius. N.S. no significant correlation, I type 1 fibers, IIA
type 2A fibers, IIX type 2X fibers
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splice variant ratio (ASI(+)RyR1/ASI(−)RyR1) of 3:1 [15]. In
light of our findings, it is possible that the predominance of
ASI(+)RyR1 may be due to the predominance of type 2 fibers
in these muscles. During muscle development in mice, fast-
twitch MyHC isoforms appear only during the first week after
birth. Earlier, the developmental (embryonic MyHC and neo-
natal MyHC) and slow MyHC isoforms are exclusively
expressed [1]. The time frames for the appearance of the fast
MyHC isoforms and the ASI(+)RyR1 splice variant coincide
suggesting an interdependence [1, 15]. Although this would
have to be confirmed by simultaneous measurement of ASI
splicing and MyHC isoforms during development, the simul-
taneous appearance of ASI(+)RyR1 and the fast MyHC iso-
forms supports our finding that the ASI splice variant levels
are fiber-type-dependent.

ASI splice variant analysis in rectus abdominus muscle
from normal and DM1 patients has been reported, without
an examination of fiber-type distribution [19]. However,
Andersen et al. [3] reported a fiber-type shift towards type 1
in vastus lateralis of DM1 patients, with type I fibers making

up 64 % of the muscle in contrast to 38–47 % in healthy
subjects [17]. It is possible that the increased level of
ASI(−)RyR1 in DM1 patients [19] is due to the fiber-type shift
in the muscle rather than aberrant splicing. Indeed, the high
variability in fiber-type distribution seen in human subjects
makes the strong correlation between fiber-type and ASI
splice variant reported here all the more significant.

It is unclear from our data whether single muscle fibers
contain both ASI splice variants or whether only one splice
variant is present in the fiber. Muscle fibers that co-express
different MyHC isoforms show contractile properties interme-
diate between those of fibers expressing only one or other of
the MyHC isoforms [7, 21, 30, 31]. Similarly, individual slow
twitch fibers express both isoforms of calsequestrin (CSQ1
and CSQ2; fast twitch only express CSQ1) which may facil-
itate optimal contractile function [21]. It may well be that
individual fibers contain both ASI splice variants, with the
ratio regulated to facilitate optimal EC coupling. In this case,
the RyR1 channel would most likely be a heterotetramer con-
taining various combinations of the two splice variants. Xu

Fig. 3 Examples of the RT-PCR product in the splice variant analysis of
the RyR1 ASI region. a RT-PCR product from 14 of the human muscle
donor samples. The ASI(+)RyR1 and ASI(−)RyR1 PCR products are 60
and 54 bp, respectively. The lanes contain the following samples: gluteus
minimus (g min), F, 51 years (1); vastus medialis (v med), F, 54 years (2);
v med, F, 71 years (3); gluteus medius (g med), F, 76 years (4); g min, M,
60 years (5); g min, F, 74 years (6); g min, F, 58 years (7); v med, M,
50 years (8); v med, M, 73 years (9); g min, F, 52 years (10); g med, F,
52 years (11); g min, F, 61 years (12); g min F, 66 years (13); g min, F,
79 years (14). b Negative controls of the RT-PCR reaction for each of the

samples in a containing no reverse transcriptase enzyme, PCR—negative
control for the PCR reaction containing no cDNA template. c Control
experiment to show that PCR reaction was not saturated at 35 cycles and
that differences seen in band density are a true reflection of amounts of
ASI(+)RyR1 and ASI(−)RyR1 mRNA in the muscle. Representative
samples with ASI(+) product less that ASI(−), ASI(+) product equal to
ASI(−) product, and ASI(+) product more than ASI(−) product were
selected and a PCR of 28 cycles, b PCR of 32 cycles, and c PCR of
35 cycles performed
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Table 2 Densitometry of the ASI region PCR product with the corresponding fiber-type distribution

69.6

47.3 80.2

Muscle Sex Age Type 1 Type 2A Type 2X Type 2 %ASI(+) %ASI(-)

Gluteus 

medius

F

52 42.8 35.9 21.3 57.2 23.2 76.8

76 59.7 24.2 16.1 40.3 47.2 52.8

84 85.6 7.8 6.6 14.4 15.0 85.0

M 72 78.2 15.3 6.5 21.8 30.4 69.6

Gluteus 

minimus

F

51 58.0 32.0 10.0 42.0 29.2 70.8

52 81.8 13.3 4.9 18.2 24.9 75.1

58 53.0 39.4 7.6 47.1 25.1 74.9

61 58.2 26.7 15.1 41.8 31.3 68.7

66 89.2 9.3 1.5 10.8 17.5 82.5

70 44.1 31.5 24.4 55.9 22.4 77.6

71 44.6 30.8 24.6 55.4 36.8 63.2

74 67.9 22.3 9.9 32.1 41.9 58.1

79 42.9 31.1 26.0 57.1 31.9 68.1

82 58.1 31.8 10.1 41.9 20.9 79.1

85 87.0 9.3 3.7 13.0 33.4 66.6

M

45 50.0 36.3 13.7 50.0 42.5 57.5

47 78.4 14.9 6.7 21.6 54.4 45.6

52 41.8 34.3 23.9 58.2 33.1 66.9

56 58.3 35.0 6.7 41.7 33.8 66.2

59 49.5 33.6 16.9 50.5 20.7 79.3

60 75.8 23.0 1.2 24.2 32.7 67.3

61 52.9 38.6 8.5 47.1 51.8 48.2

69 62.0 29.3 8.7 38.0 30.4

70 45.3 37.8 16.9 54.7 37.7 62.3

72 46.2 33.5 20.3 53.8 45.3 54.7

Vastus 

medialis

F

54 25.1 35.2 39.7 74.9 70.8 29.2

56 29.9 43.0 27.1 70.1 57.5 42.5

57 20.1 29.2 50.7 79.9 82.8 17.2

62 25.0 46.6 28.4 75.0 61.3 38.7

64 33.4 41.2 25.4 66.6 53.0 47.0

64 32.0 47.0 21.0 68.0 54.0 46.0

74 44.7 42.1 13.2 55.3 42.2 57.8

M

59 31.0 40.8 28.2 69.0 57.6 42.4

66 24.8 45.3 29.9 75.2 62.4 37.6

69 27.7 33.6 38.7 72.3 78.3 21.7

71 28.9 35.1 36.0 71.1 69.6 30.4

73 35.0 40.8 24.2 65.0 59.0 41.0

77 13.8 38.9 86.2 19.8
Values given for fiber type are averages of MyHC isoform as a percentage of the total MyHC. Values for type 2A and 2X are given separately (light grey
shading) as well as together as type 2. Medium grey shading highlights muscle having high percentages of type 1 fibers and ASI(−)RyR1. Dark grey
shading highlights muscle having high percentages of Type 2 fibers and ASI(+)RyR1
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et al. [35] showed that the co-expression of WT RyR1 and a
mutant RyR1 in HEK cells produced RyR1s that exhibited a
range of phenotypes intermediate between the WT phenotype
and the mutant [35]. If RyR1 contained both ASI(+) and

ASI(−) subunits, the channels would display a range of char-
acteristics between those of homotetrameric ASI(+)RyR1 and
ASI(−)RyR1 channels that could fine-tune the characteristics
of EC coupling in individual fibers.

It is interesting to speculate on how the different ASI splice
variants may contribute to EC coupling in fast and slow twitch
skeletal muscle. Ca2+ release during EC coupling in RyR1-
null myotubes transfected with ASI(−)RyR1 is almost double
that in myotubes transfected with ASI(+)RyR1 [18]. A higher
gain of EC coupling in the slow fibers may compensate for a
number of structural factors that would otherwise tend to

Fig. 4 The percentage of ASI(+)RyR1 and ASI(−)RyR1 transcripts
plotted against the age of the respective donors. The data for all three
muscles were combined in the graphs. a The percentage of ASI(+)RyR1
transcript with age. b The percentage of ASI(−)RyR1 transcript with age.
N.S. no significant correlation

Fig. 5 Boxplots of the percentage of ASI(+)RyR1 transcript present in
the different muscles from human donors. The plus sign indicates the
mean percentage ASI(+)RyR1 transcript, the top and bottom margins of
the box indicates the third and first quartile of the data set, respectively,
and the line in the middle of the box indicates the median of the data set.
The whiskers indicate the minimum and maximum point of the data set.
*Significantly different from gluteus medius and gluteus minimus
(P<0.01)

Fig. 6 The percentage of ASI(+)RyR1 transcript plotted against the
fiber-type distribution of the muscle. The data for all three muscles were
combined; however, data points from gluteus minimus is shown with no
fill, gluteus medius with light red fill, and vastus medialis with dark red
fill. a Correlation between the percentage of ASI(+)RyR1 transcript and
percentage of type 2 fiber for all donors. b Correlation between the per-
centage of ASI(+)RyR1 transcript and perecentage of type 2X fiber for all
the donors. c Correlation between percentage of ASI(+)RyR1 transcript
and percentage of type 2A fiber for all the donors. N.S. no significant
correlation, r=Pearson correlation coefficient
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reduce Ca2+ release. The number of SR/t-tubule junctions, the
SR volume, and number of RyR1 feet per junction are all less
in slow fibers than in faster fibers [13, 14]. In addition, the
significantly smaller asymmetric chargemovement indicates a
lower density of DHPR voltage sensors [11]. However, the
higher gain of EC coupling in the slow fibers would help to
boost Ca2+ release from individual junctions to reported levels
that are closer to those in faster fibers [4, 13].

The overall expression of RyR1 is significantly greater in
vastus medialis compared to gluteus medius and gluteus
minimus (Online resource 3). This is consistent with a pre-
dominantly fast twitch muscle type in vastus medialis as fast-
twitch fibers generally have a larger and more developed SR
and t-tubular network [13, 14, 32] and therefore have more
RyR1. Also, there have been conflicting reports regarding
the expression of RyR1 with age. A decrease in overall
RyR1 levels (determined by 3[H]Ryanodine binding) with
age has been reported in mixed and fast-twitch fibers of rats
and mice [28, 29]. However, other 3[H]Ryanodine binding
and western blot studies report no change in RyR1 expres-
sion in fast- and slow-twitch muscle from aged rats [8, 20,
26]. We find that there is no correlation between age and

RyR1 expression in the human muscles investigated in this
study (Online resource 4).

We assume in the BDiscussion^ that the ASI splice variant
messenger RNA (mRNA) levels translate into protein levels;
however, ASI splice variant protein levels have not been eval-
uated in any studies thus for technical reasons. The splice
variants differ in only five residues in >5000 and would not
be separated on SDS-PAGE. In addition, the ASI region in the
RyR1 protein is inaccessible to an antibody that detects a
peptide corresponding to ASI(+) and surrounding residues
[20]. This is likely because the ASI site is located in the close-
ly packed helical domain 2 of RyR1 which is also partly oc-
cluded by the SPRYand P2 domains [36]. Thus, the isoforms
would not be detected by immunoblot even if ASI(+)- and
ASI(−)-specific antibodies with similar affinities for RyR1
could be developed. Western blotting remains a possibility if
specific antibodies could be developed and if residual second-
ary structure did not prevent antibody recognition.
Development of specific antibodies may be problematic as
the regions surrounding the 5 ASI residues are conserved.
Such development will be attempted in future studies but is
beyond the scope of the current project. It is likely that the
isoform protein levels will follow the mRNA levels because
the mRNA levels are correlated with both the myopathy in
DM1 [19] and with fiber-type differences in EC coupling
(BDiscussion^ above). It is notable that levels of other muscle
proteins closely follow mRNA levels [33].

Lack of fiber-type redistribution in aging human gluteus
minimus, gluteus medius, and vastus medialis A change in
myosin heavy chain isoform content could reflect either a
change in fiber-type composition or a change in fiber size.
Most studies investigating fiber cross-sectional area (usually
in vastus lateralis) conclude that type 2 fibers become smaller
with increasing age, whereas the type 1 fibers are much less
affected [23, 27], while the numbers of each fiber type are
similarly reduced. Thus, the cross-sectional area of the muscle
occupied by type 2 fibers is significantly reduced with age
because there are fewer fibers and they are smaller [23, 27].
In other words, because the age-related atrophy of muscle
fibers is more severe in fast-twitch fibers, the proportion of
muscle mass made up of slow-twitch fibers is increased, but
the relative numbers of fast- and slow-twitch fibers do not
change [12, 22–24].

As we did not examine single fiber dimensions, the results
reflect the fraction of the whole muscle occupied by each fiber
type. Gluteus medius and gluteus minimus were both domi-
nated by type 1 fibers (61.5 and 59.5 %, respectively), where-
as vastus medialis was dominated by type 2 (71.3 %). We
found that type 1 fibers contribute to 28.7% of vastus medialis
mass. This is less than the percentage of type 1 fibers counted
in myosin ATPase-stained cross sections of autopsy samples
from six individuals aged 15 to 30: i.e. 43.7 % of fibers in

Fig. 7 The percentage of ASI(+)RyR1 and ASI(−)RyR1 transcripts
plotted against the type 1fiber content in the muscle. The data for all
three muscles were combined; however, data points from gluteus
minimus is shown with no fill, gluteus medius with light red fill, and
vastus medialis with dark red fill. a The percentage of ASI(+)RyR1
plotted against the percentage of type 1 fibers. b The percentage of
ASI(-)RyR1 plotted against the percentage of type 1 fibers. r=Pearson
correlation coefficient
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surface of vastus medialis or 61.5 % in deeper fibers [17]. The
fact that type 2 fibers become smaller with age would exacer-
bate the difference between our results and others [2, 22, 24,
37]. It is difficult to speculate further on reasons for these
differences given the very different techniques, the variability
between individuals reported in all studies, and relatively
small sample sizes.

We are unable to find reference to age-related changes in
the three muscles used in this study. Most previous work in
human muscle has been performed on vastus lateralis due to
access for biopsy. In those studies, there was an increase in
type 1 fiber content with age [23, 27], and we see a potential
trend in that direction in gluteus medius. We find no signifi-
cant correlation between fiber-type distribution and age in
gluteus minimus and vastus medialis. However, as muscle
was obtained from patients undergoing hip or knee replace-
ments, it is possible that the muscle fiber types were already
altered by inactivity and that this masked any changes due to
age. It is likely that the variability between donors is also
related to the genetic diversity within the human population,
which would add to potential differences arising from gender,
activity, and other factors.

Conclusions

The results presented here provide novel and compelling ev-
idence that the expression of ASI RyR1 splice variants is fiber-
type-dependent, in addition to being developmentally regulat-
ed. A fiber-type dependence of RyR1 isoforms has not previ-
ously been described in mammalian muscle, and its existence
has potential implications for differences in Ca2+ dynamics
during excitation contraction coupling in fast- and slow-
twitch fiber types.
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