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Activation ofintracellular Ca**-release channels/ryanodinerecep-
tors (RyRs) is a fundamental step in the regulation of muscle
contraction. In mammalian skeletal muscle, Ca?**-release chan-
nels containing the type 1 isoform of RyR (RyR1) open to
release Ca** from the sarcoplasmic reticulum (SR) upon stimu-
lation by the voltage-activated dihydropyridine receptor on the
T-tubule/plasma membrane. In addition to RyR1, low levels of
the mRNA of the RyR3 isoform have been recently detected in
mammalian skeletal muscles. Here we report data on the
distribution of the RyR3 gene product in mammalian skeletal
muscles. Western-blot analysis of SR of individual muscles
indicated that, at variance with the even distribution of the RyR1

isoform, the RyR3 content varies among different muscles, with
relatively higher amounts being detected in diaphragm and
soleus, and lower levels in abdominal muscles and tibialis
anterior. In these muscles RyR3 was localized in the terminal
cisternae of the SR. No detectable levels of RyR3 were observed
in the extensor digitorum longus. Preferential high content of
RyR3 in the diaphragm muscle was observed in several mam-
malian species. In situ hybridization analysis demonstrated that
RyR3 transcripts are not restricted to a specific subset of skeletal-
muscle fibres. Differential utilization of the RyR3 isoform in
skeletal muscle may be relevant to the modulation of Ca** release
with respect to specific muscle-contraction properties.

INTRODUCTION

In skeletal muscle, voltage-mediated activation of the dihydro-
pyridine receptor (DHPR) on the T-tubule/plasma membrane
stimulates the ryanodine receptor (RyR)/Ca?®*-release channels
located on the sarcoplasmic reticulum (SR), thus resulting in the
release of large amounts of Ca** from the SR. The process of
activation of the intracellular RyRs by the DHPRs, also referred
to as ‘excitation—contraction coupling’ [1], seems to depend, in
skeletal muscle, on a mechanical link between these two molecules
[2-6]. Accordingly, in the regions of skeletal-muscle fibres that
are specialized for excitation—contraction coupling, the terminal
cisternae of the SR and the T-tubules/plasma membrane are
only approx. 15 nm apart, thus bringing the individual RyR1 in
close apposition to the DHPR-containing tetrads [7].

Studies made in the electron microscope have shown that, in
skeletal muscles, there is a precise pattern in the relative position
of RyRs and DHPRs, where only one of every two RyRs is faced
by a DHPR-containing tetrad [8]. Recent results further suggest
a general occurrence of this structural organization [9]. The
presence of RyRs not directly operated by the DHPRs is also
supported by studies on the physiology of Ca?* release in skeletal-
muscle fibres suggesting the existence of a Ca**-induced Ca**-
release component in triggering bulk Ca®" release from the SR
[5,10-12]. Whether the Ca?"-induced Ca*'-release mechanism
opens (i) the same channels activated by the DHPR or/and (ii)
RyRs not directly coupled to DHPR is, however, still not clear.

Of the above two models, the second appears to fit well for
most muscles of non-mammalian vertebrates that express equal
levels of two isoforms of RyR, referred to as o and £ [13]. These

two isoforms, at least in the frog and the chicken, correspond to
the mammalian RyR1 and RyR3 respectively [14,15]. The two
channels have been shown to differ in biochemical properties and
gating behaviour [16-19]. Given these differences, it has been
proposed that the «-RyR may work coupled to the DHPRs,
while the #-RyR could be the non-coupled isoform [18,19]. While
the existence of two RyR isoforms in skeletal muscles has been
recognized for years in non-mammalian vertebrates, only recently
low levels of RyR3 mRNA have been detected also in mammalian
skeletal muscles [20-23]. Here we report results of studies on the
distribution of the RyR3 isoform in mammalian skeletal muscles.

MATERIALS AND METHODS
Preparation of microsomal membrane proteins

Bovine and rabbit skeletal-muscle samples were from a local
slaughterhouse. Rat skeletal muscles were dissected from 3-4-
month-old Sprague-Dawley rats and adult DBA mice (Charles
River). Microsomal membranes were prepared as described
[14,21]. Longitudinal and terminal cisternae fractions of skeletal-
muscle SR were prepared as described in [24].

SDS/PAGE and Western-blot analysis

Protein separation, Western-blotting and antigen detection were
performed as previously described [14,21]. Rabbit antibodies
specific for RyR1, RyR2 and RyR3 were described previously
[21]. A rabbit antiserum against calsequestrin was kindly pro-
vided by Dr. P. Volpe. A monoclonal antibody (Y1F4) against
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the Ca**-ATPase SERCA1 isoform was kindly provided by Dr.
J. M. East [25].

In situ hybridization

Mouse skeletal-muscle cryosections used for in situ hybridisation
experiments were prepared as described in [26]. Murine probes
[27,28] and hybridization conditions were described previously
[21,26].

RESULTS

Detection of RyR3 protein in microsomal and SR fractions of
bovine skeletal muscles

The presence of the three known RyR isoforms was initially
analysed in total microsomal membranes and in fractions en-
riched in terminal cisternae prepared from bovine skeletal-muscle
tissue. Figure 1 shows a Western-blot analysis with two different
batches of bovine skeletal muscles prepared from abdominal
(lanes 1 and 2) and hind-limb (lanes 3 and 4) muscles. The RyR1
gene product was detected in the total microsomal fraction
(Figure 1A, lanes 1 and 3) and in the terminal cisternae (Figure
1A, lanes 2 and 4) of these muscles. The RyR2 (the cardiac
isoform) was not found (Figure 1B, lanes 1-4). At variance with
the equivalent levels of RyR1 in the two batches of muscle
analysed, the RyR3 protein was detected in the microsomal
fraction of the bovine hind-limb muscle preparation (Figure 1C,
lane 3), but not in that from bovine abdominal muscles (Figure
1C, lane 1). It was, however, present in the fraction enriched in
terminal cisternae prepared from both muscles (Figure 1C, lanes
2 and 4), suggesting that RyR3 could be enriched in the terminal
cisternae of the SR.

Differential distribution of the RyR3 isoform in selected rat
skeletal muscles

The distribution of the RyR3 protein was further investigated in
anatomically distinct skeletal muscles of the rat (Figure 2). In the
microsomes from these muscles the RyR1 levels were approxi-
mately the same (Figure 2A), while the RyR2 was not detected
(Figure 2B), in agreement with previous observations [29-32].
On the other hand, analysis of the RyR3 protein revealed a
muscle-type-dependent pattern of RyR3 content, with higher
amounts in the microsomal fractions prepared from diaphragm
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Figure 1 Detection of RyR3 in bovine skeletal muscles

Total microsomal vesicles (lanes 1 and 3) and terminal-cisternae membranes (lanes 2 and 4)
were prepared from bovine abdominal muscles (lanes 1 and 2) and hind limb (lanes 3 and 4).
(R) Immunoblot of 10 zg of microsomal proteins (lanes 1 and 3) and 1 g of proteins from
terminal cisternae (lanes 2 and 4) with antibodies against RyR1. (B) Immunablot of 100 g of
microsomal proteins (lanes 1 and 3) and 40 g of proteins from terminal cisternae (lanes 2
and 4) with antibodies against RyR2. (C) Immunoblot of 100 g of microsomal proteins (lanes
1 and 3) and 40 g of proteins from terminal cisternae (lanes 2 and 4) with antibodies against
RyR3.
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Figure 2 Detection of the RyR3 protein in rat skeletal muscles

Microsomes were isolated from tibialis anterior (lane 1), abdominal muscles (lane 2), diaphragm
(lane 3), EDL (lane 4), and soleus (lane 5) and proteins separated on SDS/PAGE. (R)
Immunoblot of 5 g of microsomal proteins probed with antibodies against RyR1. (B)
Immunoblot of 70 g of microsomal proteins probed with antibodies against RyR2. (C)
Immunoblot of 70 g of microsomal proteins probed with antibodies against RyR3.

and soleus (Figure 2C, lanes 3 and 5) and lower levels in those
from tibialis anterior and abdominal muscles (Figure 2C, lanes 1
and 2). No RyR3 protein was detected in similar fractions from
extensor digitorum longus (EDL) (Figure 2C, lane 4). A similar
pattern was observed also in microsomal fractions from rabbit
skeletal muscles (results not shown).

Densitometric analysis of RyR3-specific bands from dia-
phragm, soleus and tibialis anterior muscles indicated that the
levels of RyR3 in these muscles are in the ratio of approx.
10:1.5:0.2 (results not shown). By comparing the relative levels
of RyR3 with the respective fibre-type composition of the same
rat muscles (diaphragm: 79, type 2B, 359% type 2A, 33 9 type
2X, 259, type 1; soleus: 109, type 2A, 909, type 1; tibialis
anterior: 48 9, type 2B, 20 9, type 2A, 18 9, type 2X, 29, type 1
and 129, of fibres with mixed properties of the different type 2
fibres) a relationship between fibre-type composition [33-35] and
levels of RyR3 in these muscles appears unlikely.

In situ hybridization analysis of the expression of the RyR3 gene
in different murine skeletal-muscle fibres

In situ hybridization analysis of mouse skeletal muscles confirmed
that skeletal-muscle fibres accumulate RyR3 transcripts (Figure
3, panels E and K, and Figure 4), in addition to RyR1 mRNA
(Figure 3, panels B and H). RyR3 mRNA appears to be more
concentrated in diaphragm with respect to tibialis anterior
(Figure 3; cf. panels E and K) and tensor fasciae latae muscles
(results not shown), in agreement with previous results [21]. Note
that the RyR3 mRNA hybridization signal appears to be
homogeneously distributed across the different skeletal-muscle
sections (Figure 3, panels E and K), similarly to what is observed
for RyR1 mRNA (Figure 3, panels B and H). Furthermore, as
illustrated by Figure 4, no significant differences in RyR 3-specific
silver-grain accumulation can be detected among skeletal-muscle
fibres either in the diaphragm (Figure 4A) or in the tibialis
anterior (Figure 4B). In a similar manner, homogeneous hybridi-
zation signals were observed in skeletal-muscle fibres of the
soleus muscle (Figure 4C). No hybridization signal above back-
ground was detected when RyR1 and RyR3 sense probes (Figure
3, panels C, F, I and L) were used.

High levels of RyR3 in diaphragm muscles of different
mammalian species

Interestingly, the fibre composition of the diaphragm muscle
changes considerably among species: fast-twitch fibres are pre-
dominant in the mouse, slow-twitch fibres in the cow, while an
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Figure 3 In situ hybridization analysis of RyR1 and RyR3 mRNAs in mouse diaphragm and tibialis anterior muscles

Dark-field micrographs of cryosections of diaphragm (A—F) and a superficial portion of tibialis anterior (G—L) hybridized with RyR1 antisense (B and H) and sense (C and I) probes and RyR3
antisense (E and K) and sense (F and L) probes. Autoradiographies of sections hybridized with RyR1 sense and antisense cRNAs and RyR3 sense and antisense cRNAs were exposed for 3 days
and 8 days respectively. Bright fields are illustrated by panels (A), (D), (G) and (J). Note that the superficial portion of the tibialis muscle is composed exclusively of type 2B fibres (large fibres)

and type 2X fibres (small fibres) [34]. The bar represents 100 zm.

Figure 4 RyR3 mRNA in mouse skeletal-muscle fibres

Bright-field micrographs of cryosections from diaphragm (A), tibialis anterior (B) and soleus (C) muscles hybridized with RyR3 antisense probe. The bar represents 50 zm.



22 Research Communication

1T 2 3 4

Ay b

[ T —

Figure 5 High content of RyR3 in diaphragm muscles of different species

Diaphragm muscle strips were excised from mice (lane 1), rat (lane 2), rabbit (lane 3) and
cow (lane 4), and the microsomal fractions separated. Immunoblots containing 5 and 50 xg
of microsomal proteins were decorated with antibodies against RyR1 (A) and RyR2 (B)
respectively. Immunoblots containing 100 g of microsomal protein were decorated with
antibodies against RyR3 (C).
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Figure 6 Preferential localization of the RyR3 isoform in the terminal-
cisternae fraction of skeletal-muscle SR

Total cellular membranes from bovine diaphragm muscle were fractionated on a discontinuous
sucrose gradient and the two fractions corresponding to longitudinal cisternae (lane 1) and to
terminal cisternae (lane 2), were analysed. Immunoblots containing 5 «g of protein for each
fraction were incubated with antibodies against RyR isoforms. Immunoblots containing 3 g of
protein from each fraction were incubated with a rabbit antiserum against calsequestrin (CSQ),
kindly provided by Dr. P. Volpe, and with a monoclonal antibody (Y1F4) against the Ca’*-
ATPase SERCAT isoform (SERCA).

intermediate situation is observed in rat and rabbit [30,36,37]. In
spite of these wide changes in fibre composition, microsomes
prepared from diaphragm muscles of all these species were
consistently found to contain relatively high levels of RyR3
(Figure 5, lanes 1-4).

Localization of the RyR3 isoform in the terminal-cisternae fraction
of the SR of skeletal muscles

To verify whether the RyR3 are distributed in the SR differentially
from RyR1, total microsomal vesicles prepared from bovine
diaphragm muscle were separated on a discontinuous sucrose
gradient. The first fraction is enriched in longitudinal cisternae,
although it also contains about 109, of contaminating terminal
cisternae [24]. The second fraction consists mainly of
terminal cisternae. In agreement with previous data, RyR1 and
calsequestrin were detected mostly in the fraction containing
terminal cisternae (Figure 6). The presence of low levels of RyR1
and calsequestrin in the fraction containing longitudinal cisternae
is due to the contamination of this fraction by some terminal
cisternae [24]. Similarly to RyR1 and calsequestrin, most of the
RyR3 immunoreactivity was also detected in the terminal-

cisternae fraction (Figure 6). The equivalent loading of the gel
lanes, was confirmed by the equal distribution of the Ca?**-
ATPase pump.

DISCUSSION

The data reported demonstrate that the RYR3 gene product is
present in mammalian skeletal muscles. In contrast with the
skeletal-muscle isoform RyR1, which is expressed at equivalent
high levels in all muscles analysed, the RyR3 content appeared to
vary among rat skeletal muscles, being more abundant in
diaphragm and soleus and below detectable levels in the EDL.
The differential distribution of RyR3 isoform in these muscles
did not appear to reflect their fibre-type composition. Indeed, in
certain muscles, the fibre-type content varies among species,
while overall functional properties are maintained [38]. Eventu-
ally the relatively higher amount of RyR3 observed in diaphragm
and soleus muscles of different mammalian species could be
tentatively explained in the light of the involvement of these
muscles in continuous pattern of activity, in relation with postural
control or respiratory function [39,40]. Furthermore, RyR3
content, rather than velocity of contraction, appears to be
directly related to the presence of oxidative fibres, while it is
inversely related to the proportion of fast 2B fibres. We cannot
exclude the possibility that post-transcriptional regulation acting
at a fibre-type level may generate further heterogeneity of RyR3
distribution as for the inositol 1,4,5-trisphosphate receptor in rat
skeletal muscle [41]. Unfortunately, the so-far-available anti-
bodies cannot offer any information on RyR3 protein expression
at the single-muscle-fibre level.

Interestingly, the RyR3 isoform has been localized to the
terminal cisternae of the SR, a site consistent with a potential
involvement in the Ca®-induced Ca?'-release component of
excitation—contraction coupling [5,10-12]. In the last few years,
subtle differences in the composition of the excitation—con-
traction coupling machinery have been detected that may reflect
a fine tuning of this process to the specific requirement across
species, and even among different muscles [1]. These differences
include variations in the ratio between DHPR and RyRs
[30,42—45], higher numbers of RyRs in fast- versus slow-twitch
fibres [30,44-46], and differences in the organization of Ca*'-
release units [7,47]. Differential expression of RyR isoforms in
specialized muscles in non-mammalian vertebrates appears to be
away to regulate Ca®" release in relation to particular contracting
properties of those muscles. In birds and fish, in fact, expression
of the a-RyR isoform alone has been demonstrated in muscles
with very fast contracting properties [48]. In agreement, no
expression of RyR3, the mammalian homologue of the f-RyR
isoform, could be detected in rat EDL, a typical fast-twitch
muscle. In an opposite symmetry, RyR3 is preferentially more
abundant in diaphragm, a muscle that, independently from its
fibre composition, possesses an extraordinary resistance to
fatigue, and in soleus, a postural muscle with slow-twitch
properties [40]. The data reported above indicate that differential
usage of RyR isoforms also takes place in mammalian skeletal
muscle, where it may contribute to the diversification of the
excitation—contraction coupling machinery, to meet eventually
the specific requirement of specific muscles.

Data in the literature support the hypothesis that the «-RyR of
non-mammalian vertebrates and the RyR1 in mammals are
coupled to the DHPR in skeletal muscles [49—51]. In the Crooked
Neck Dwarf (¢n/cn) chicken mutant, absence of the a-RyR1
results, in spite of normal expression of the f-RyR, in lack of
electrical coupling in skeletal myocytes [52]. Similar results have
been reported in the skrr™?/skrr™! mice, which carry a null
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mutation in the skeletal RyR (RYR1) gene [53]. Interestingly,
myocytes from skrr™1/skrr™ ! mice, similarly to muscle cells from
cn/cn chickens [52], still release Ca** from the SR in response to
caffeine (a known agonist of RyRs) [23,53], which probably
reflects the presence of the RyR3 isoform in mammalian skeletal-
muscle SR [20,21,23]. Tt is noteworthy that the levels of Ca?*
induced by caffeine in skeletal muscles of skrr™! mice are only
about one-tenth of those induced in normal mice [23]. These data
suggest that the RyR3-encoded channel may still contribute to
elicit significant Ca®" transients in mammalian skeletal muscles.
Thus, while RyR1, in addition to its role in Ca** release, appears
to be essential in conveying to the SR the voltage signal sensed
on the plasma membrane by the DHPR, RyR3 could work, at a
distal step not directly in association with the DHPR, to modulate
Ca?*" release from the SR in association with RyR1.

For most body muscles of non-mammalian vertebrates, the
two-channel model, with the a-RyR isoform coupled with the
DHPR and the -RyR isoform likely to be operated by Ca**, can
be proposed. This model cannot be transposed directly to
mammalian skeletal muscles, where, even in the soleus and
diaphragm, RyR3 is less represented than RyR1. In the absence
of evidence for heterotetrameric channels, three possibilities can
be envisaged to explain this discrepancy: (1) 1:1 ratio of Ca**-
release channels containing the RyR1 and the RyR3 isoform is
present in restricted regions of the triad, while the rest of the triad
contains mainly Ca?'-release channels containing the RyR1
isoform; (2) a Ca**-release channel containing the RyR3 isoform
is scattered every 10-30 Ca*'-release channels containing the
RyR1 isoform; (3) either one of the two patterns proposed in (1)
and (2) could be present only in some of the Ca?"-release units
present around the T-tubules [7,9]. Whether this variability
represents a way of affecting the size of the Ca®* transient or to
facilitate channel activation requires further studies.

The preferential usage of one isoform in mammalian skeletal
muscles versus the more frequent employment of two isoforms in
most non-mammalian vertebrates is suggestive of an overall
capability of the RyR1 isoform to fulfil most of the needs of
mammalian skeletal muscles. However, the reported differential
pattern of expression of the RyR3 isoform among different
mammalian skeletal muscles suggests that usage of two isoforms
of RyR may still be important to fulfil specific functional demands
of certain muscles. This would in fact justify the fact that it has
been conserved, even though with some variations, for over
hundreds of millions of years.
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