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Abstract

The expression pattern of the RyR3 isoform of Ca" release channels was analysed by Western blot in neonatal and adult rabbit skel-
etal muscles. The results obtained show that the expression of the RyR3 isoform is developmentally regulated. In fact, RyR3 expression
was detected in all muscles analysed at 2 and 15 days after birth while, in adult animals, it was restricted to a subset of muscles that
includes diaphragm, masseter, pterygoideus, digastricus, and tongue. Interestingly, all of these muscles share a common embryonic origin
being derived from the somitomeres or from the cephalic region of the embryo. Immunofluorescence analysis of rabbit skeletal muscle
cross-sections showed that RyR3 staining was detected in all fibers of neonatal muscles. In contrast, in those adult muscles expressing
RyR3 only a fraction of fibers was labelled. Staining of these muscles with antibodies against fast and slow myosins revealed a close
correlation between expression of RyR3 and fibers expressing slow myosin isoform.
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Muscle contraction requires the coordinated activation
of the dihydropyridine receptors (DHPRSs), the voltage sen-
sors located on the plasma membrane and of the ryanodine
receptor Ca®" release channels on the sarcoplasmic reticu-
lum. Three different isoforms of ryanodine receptor Ca*"
release channels are expressed in mammalian tissues [1,2].
The skeletal muscle channels (RyR 1) and the cardiac chan-
nels (RyR2) are essential for excitation—contraction cou-
pling in skeletal and cardiac muscle, respectively. In
skeletal muscle, a direct coupling model between DHPR
and RyR1 has been proposed. According to this model,
RyR1 channels are physically coupled with DHPRs and
open in relation to conformational changes of the DHPRs
induced by membrane depolarization [1-4]. In the past
years, we have reported that RyR3 channels are also ex-
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pressed in mammalian skeletal muscles [5-7], where they
represent about 1% of total RyR channels [§]. Since all
available evidence indicates that only RyR1 channels are
able to couple with DHPR [3,9,10], the role of the limited
amounts of RyR3 present in mammalian skeletal muscles is
not understood. Evidence of a possible involvement of
RyR3 channels in regulating skeletal muscle contraction
has been obtained following the observation that RyR3
channels are mostly expressed in the neonatal period of
mammalian skeletal muscle development, when RyR3 is
expressed in all skeletal muscles [11]. In fact, at variance
with RyR1, which reaches the highest level of expression
in adult life, expression of RyR3 increases from the last
prenatal days, peaks between 7 and 15 days after birth,
and is below detection levels in adult skeletal muscles
[11,12]. The exception to this rule is the diaphragm muscle,
where small amounts of RyR 3 isoform can still be detected
in adult animals [7]. In agreement with the wide expression
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of RyR3 in embryonic and neonatal muscles, studies on the
contractile properties of mice knockout for the RyR3 gene
revealed that the amount of force generated upon electrical
stimulation or following caffeine exposure is strongly de-
pressed in skeletal muscles from newborn RyR3 —/— mice
compared to normal controls [11]. These data suggest that,
at least during post-natal development, RyR3 may partici-
pate in regulation of muscle contraction.

In order to extend our knowledge on RyR3 channels in
mammalian skeletal muscles, we performed a careful anal-
ysis of the expression of RyR3 channels in adult animals by
Western blot analysis and immunostaining experiments
using RyR isoform-specific antibodies. We decided to per-
form our analysis on rabbit skeletal muscles, as this animal
model offers the possibility to dissect more easily specific
muscles and allowed us to extend our studies on expression
of the RyR3 isoform to another mammalian species in
addition to the mouse that was the subject of our previous
work.

Previous analysis performed in mouse skeletal muscles
had revealed that, in adult diaphragm, RyR3 expression
is restricted to a small population (about 15%) of muscle
fibers [12]. Experiments of caffeine-induced calcium release
in diaphragm single fibers also showed that a subset of fi-
bers showed a high responsiveness, which might be related
to the presence of RyR3 [13]. In order to investigate
whether RyR3 expression is associated with a specific fiber
type in skeletal muscles, we examined the expression pat-
tern of different myosin isoforms in RyR3-expressing
fibers. Western blot analysis performed on different adult
muscles showed that, in addition to diaphragm, RyR3
channels are selectively expressed in muscles of cephalic
origin. In these muscles, expression of RyR3 was observed
only in slow fibers.

Materials and methods

Animals. The study was carried out on newborn (2 and 15 days old)
and adult (120 days old) New Zealand male rabbits, on adult CDI mice
(2 months old), and on adult Wistar rats (2 months old). Single muscles
were dissected and either used for microsomal preparation or for
immunohistochemistry. The study was approved by the Ethics Com-
mittee of the Department of Anatomy and Physiology, University of
Padova.

Microsomal vesicle preparation and Western blot analysis. Microsomal
fractions were prepared from rabbit skeletal muscles as previously de-
scribed [7]. Muscles were homogenized in ice-cold buffer A (320 mM su-
crose, 5SmM Na-Hepes, pH 7.4, and 0.1 mM PMSF) using a Dounce
homogenizer. Homogenates were centrifuged at 7000g for 5 min at 4 °C.
The supernatant obtained was centrifuged at 100,000g for 1 h at 4 °C. The
microsomes were resuspended in buffer A and stored at —80 °C. Protein
concentration of the microsomal fractions was quantified using the
Bradford protein assay kit (Bio-Rad). Microsomal proteins were separated
by SDS/PAGE and then transferred to a nitrocellulose membrane
(Schleicher & Schuell). Membranes were incubated for 3 h in 150 mM
NaCl, 50 mM Tris-HCI, pH 7.4, 0.2% Tween 20 plus 5% nonfat milk.
Primary antibodies used were polyclonal rabbit antisera (diluted 1:3000)
against the RyR isoforms. Preparation and isoform specificity of these
antibodies have been described [5,6]. Biotinylated secondary antibody
detection was performed using the amplified alkaline phosphatase detec-
tion method [5,6].

Immunohistochemistry. Skeletal muscles isolated from rabbits were
frozen in cold 2-methylbutane and then in liquid nitrogen and stored at
—80 °C. Ten micrometer sections were cut using a Leica cryostat and then
mounted on glass microscope slides. Sections were either used immediately
or stored at —80 °C before usage. Serial sections were stained with the
following primary antibodies: anti-RyR1, anti-RyR3, BA-FS§, and SC-71.
The polyclonal antibodies anti-RyR1, anti-RyR3 are specific to the cor-
responding RyR isoforms as previously described [5,6,12]. The BA-F8
monoclonal antibody is specific to MHC-1 (also called B/slow) in rat and
mouse [14-16], and may show cross-reactivity with MHC-a [17], whereas
the monoclonal antibody SC-71 is specific for MHC-2A in rat and mouse
[14-16], but reacts also with MHC-2X in rabbit [18]. For immunostaining,
tissue sections were blocked for 2 h at 25°C in PBS, 0.2% BSA 0.5%
Triton, and 5% goat serum, and then incubated with the primary antibody
overnight at 4 °C. The sections were subsequently washed with four
changes of PBS/BSA/Triton for a total of 1 h. Sections were then incu-
bated with fluorochrome-conjugated secondary antibody for 1 h at room
temperature. The sections were washed three times and then mounted with
Mowiol with 0.025% DABCO.

Results
RyR3 expression in adult rabbit skeletal muscles

The expression of the RyR1 and RyR3 isoforms of Ca*"
release channel was investigated in adult rabbit skeletal
muscles by Western blot analysis. As shown in Fig. 1,
immunodetection of RyR1 using an isoform-specific anti-
body revealed that RyR1 protein is expressed in all skeletal
muscles of adult rabbits, although a certain degree of var-
iation in the RyR1 can be observed among different mus-
cles. Differences in the levels of expression of
sarcoplasmic reticulum proteins, including RyR1, have
been reported by other laboratories [19]. In agreement with
previous results obtained in mice [5,6,11], analysis of RyR3
expression revealed that RyR3 channels could be clearly
detected in adult diaphragm muscle of the rabbit. Howev-
er, a clear RyR3-specific signal was also detected in other
skeletal muscles including digastricus (anterior belly),
pterygoideus (lateral), tongue, and masseter. No RyR3 sig-
nal was detected in EDL, tibialis anterior, gastrocnemius,
psoas, vastus lateralis, longissimus, and soleus. It is inter-
esting to note that in those muscles expressing RyR3, the
levels of expression of RyR1 are apparently lower than
those observed in muscles that do not express RyR3.
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Fig. 1. Representative Western blots of adult rabbit skeletal muscles
probed with anti-Ryrl and anti-RyR3 antibodies. Each lane was loaded
with 10 and 30 pg of microsomal proteins for identification of RyR1 and
RyR3, respectively. Ctr, positive control.
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RyR3 expression in developing rabbit skeletal muscle

As the expression of RyR3 in mouse skeletal muscles is
known to be developmentally regulated [11], the analysis of
RyR3 expression in rabbit was performed also on micro-
somes prepared from dissected skeletal muscle from 2,
15, and 120 day animals. As shown in Fig. 2, RyR3 protein
was detected in all microsomal fractions prepared from
skeletal muscles of 2- and 15-day-old rabbits. In agreement
with data in Fig. 1, RyR3 was detected in diaphragm,
digastricus, pterygoideus, tongue, and masseter muscles
from 120-day-old rabbits. In order to extend and confirm
these findings, we also analysed by Western blot the expres-
sion of RyR3 in skeletal muscles from adult mice and rats.
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Fig. 2. Representative Western blot presenting the expression pattern of
RyR3 in skeletal muscles of 2-, 15- or 120-day-old rabbits. Each lane was
loaded with 30 pg, after transfer to nylon membranes, the blots were
incubated with a polyclonal antibody against RyR3. Ctr, positive control.
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Fig. 3. Immunofluorescence of RyR3 expression in digastricus and
diaphragm muscles of rabbit of 2, 15, and 120 days.

The results obtained confirmed the expression of RyR3 in
masseter and digastricus muscles (data not shown), thus
extending the data obtained in rabbits to these species.
Expression of RyR3 was observed in tongue muscle of
adult mice but not in adult rats (not shown).

Immunohistochemical analysis of RyR3 expression in
developing rabbit skeletal muscles

Previous studies performed on cryosections obtained
from murine skeletal muscles showed that, in neonatal
muscles, RyR3 was not only expressed in all muscles ana-
lysed, but that it was also present in all fibers. In contrast,
in adult mouse diaphragm RyR3 expression was retained
only in less than 15% of the fibers [12]. To further charac-
terize the distribution of RyR3 during skeletal muscle
development in rabbit, cryosections of rabbit skeletal mus-
cles of different ages were prepared and immunolabelled
with specific antibodies against RyR3. In agreement with
the results obtained by Western blot analysis, a specific
staining for RyR3 was observed in all fibers of diaphragm,
digastricus, and soleus muscles from 2-day-old rabbits
(Fig. 3). In the same muscles from 15-day-old rabbits, only
a variable percentage of fibers was found to be positive for
RyR3 staining as shown in Fig. 3. A similar trend was ob-
served in all muscles investigated including vastus lateralis,
EDL, tibialis anterior, masseter, and tongue muscles (data
not shown). As skeletal muscle development proceeds, the
number of RyR3-containing fibers was found to decrease.
Interestingly, this process was found to occur at a different
rate in the different muscles analysed. Namely, while
RyR3-positive fibers were found in the diaphragm and
digastricus muscles of 120-day-old animals, no positive fi-
bers were detected in the soleus muscle of animals of the
same age (Fig. 3). In agreement with results obtained by
Western blot analysis, RyR3-positive fibers were also
detected in the masseter of adult rabbits but not in vastus,
EDL, and muscles (data not shown). The percentage of
RyR3-positive fibers in different rabbit muscles from 15-
and 120-day-old rabbits is reported in Table 1.

RyR3 expression is restricted to slow fibers in
RyR3-expressing adult skeletal muscles

The data reported in Fig. 3 indicated that the RyR3 con-
tent does not decrease gradually and simultaneously in all

Table 1
Percentage of RyR3-positive fibers in 15- and 120-day-old rabbit muscles
Muscle DI15 D120
Percentage Total number of fibers Percentage Total number of fibers

Diaphragm 40.64 136 43.87 936

Digastricus 30.75 207 32.8 737

Soleus 27.4 269 0 100

Masseter 19.8 176 14.9 47

EDL 33.42 151 0 100

Vastus Lat. 29.8 236 0 100
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Fig. 4. Staining of paired transverse sections of adult rabbits muscles expressing RyR3 with monoclonal antibodies against slow and fast myosin isoforms

in adult digastricus and soleus muscles.

muscle fibers during muscle development, suggesting that
RyR3 expression in adult muscles might be preferentially
restricted to specific fiber type. To verify this hypothesis,
muscle sections were stained with antibodies against
RyR3 and against either slow (BA-F8) or fast (SC-71)
myosin isoforms. Representative sections of rabbit adult
digastricus stained with anti-RyR3 polyclonal antibodies
and with monoclonal antibodies against the slow or fast
myosin isoforms are shown in Fig. 4. Correlation between
RyR3 expression and slow myosin containing fibers could
be observed in about 98% of the fibers analysed. No corre-
lation was found between RyR3 expression and fibers
expressing fast myosin isoform. It is worth noting that
the correlation between RyR3 and slow myosin expressing
fibers is true only for those adult muscles that express
RyR3. A clear example is represented by the adult rabbit
soleus muscle that, although containing a vast majority
of slow myosin expressing fibers, presented no RyR3-posi-
tive fibers (Fig. 4).

Discussion

Development of skeletal muscle cells is accompanied by
the regulated expression of several muscle-specific genes
encoding contractile proteins and proteins involved in the
regulation of Ca>" homeostasis. Most muscle-specific genes
start to be expressed during embryonic development, yet a
significant increase in the synthesis of these proteins occurs
around birth and during the neonatal period of muscle devel-
opment [20]. In parallel, a developmentally regulated iso-
form transition of many contractile proteins can also be
observed. A similar pattern may apply also to the RyR iso-
forms of Ca”" release channels. The RyR1 isoform, which
represents the main isoform of Ca”" release channel in skel-
etal muscle, starts to be expressed shortly after muscle cells
start to differentiate and its levels increase with time to attain
highest levels in adult life. RyR3 channels are present in all

embryonic and neonatal skeletal muscles, but not in the adult
with the exception of the diaphragm muscle [11,12]. At func-
tional level, RyR3 expression in neonatal muscle seems to
contribute to the regulation of muscle contraction, as sug-
gested by a clear reduction in the contractility observed after
electrical or caffeine Ca®" stimulation of muscle samples pre-
pared from RyR3 KO mice [11]. Moreover, Ca>" release
studies indicated that elementary Ca”>" release events are
dependent on the presence of RyR3 channels [21-23]. Inter-
estingly, it has been shown that the functional expression of
RyR3 channels is important to sustain the speed of Ca*" re-
lease from the periphery to the center of myotubes following
plasma membrane depolarization [24]. Therefore, the contri-
bution of RyR 3 channels to excitation—contraction coupling
may have a specific relevance at early stages of muscle devel-
opment when muscle fibers typically lack of a well-developed
mature T tubule system [25].

In this study, we report that, in addition to diaphragm,
the RyR3 isoform of Ca”" release channels is expressed in a
small number of adult skeletal muscles that include masse-
ter, pterygoideus, digastricus, and tongue muscles. The
data reported here are particularly interesting when consid-
ering the embryonic origin of RyR3-expressing muscles.
While most of vertebrate muscles develop from paraxial
mesoderm organized into somites, muscles of the head
and neck develop either from: (1) cranial paraxial meso-
derm (the occipital somitomeres); (2) mesodermal cells
migrated into the branchial arches; (3) a less well-defined
mesenchymal mass (septum trasversus) from which the dia-
phragm muscle originates [26]. Experiments with mice
knockout for specific myogenic factors have clearly estab-
lished that muscles that originate from the cephalic region
of the embryo differ from the rest of the body musculature.
Indeed, mice KO for Myf5 and Pax3 genes have shown
that head muscles appear to develop independently of both
Myf5 and Pax3, as mice double KO for these two genes do
not present alteration of head muscles although they lack
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the trunk musculature [27]. Conversely, mice double KO
for MyoR and Capsulin, two genes encoding myogenic fac-
tors expressed in head and neck muscle precursor cells,
show a selective ablation of facial and masticatory muscles
in the presence of normal development of trunk muscles
[28]. Muscles of the head and neck region differ from mus-
cles of the trunk and limbs in the expression pattern of
some muscle proteins. Indeed, head muscles are character-
ized by the expression of additional MHC isoforms, includ-
ing MHC-a cardiac, some specific fast (extraocular and
masticatory) and developmental MHC isoforms not ex-
pressed in adult muscles from other regions of the body
[29-31].

In agreement with previous work on murine diaphragm
[12], only a fraction of the fibers of diaphragm and of head
and neck muscles of adult rabbit skeletal muscles were
found to be positive for RyR3 staining. Counterstaining
of paired sections with antibodies against MHC isoforms
clearly established that RyR3 is expressed only in slow fi-
bers, that is fibers positive to the BA-F8 antibody. It
should be considered that the BA-F8 antibody, in addition
to stain fibers containing MHC-1(also called B slow), might
also recognize fibers containing MHC-a cardiac [17] which
is expressed in masticatory muscles of the rabbit [32,33]. It
is interesting to note that the correspondence between slow
fibers and RyR3-expressing fibers occurs only in the group
of muscles where RyR3 is detected. The expression of
RyR3 in slow fibers of diaphragm and head muscles, but
not in slow fibers of other muscles, differs from the expres-
sion of most other muscle proteins that is more strictly fi-
ber-type dependent, irrespectively of the muscle involved.
This is suggestive that there are two levels of control that
regulate independently RyR3 and myosin expression in dif-
ferent muscles.

In conclusion, the reported results indicate that in adult
animals, RyR3 Ca®" release channels are present in a
subset of fibers of adult muscles of cephalic origin. At the
moment, while evidence is available to suggest that co-ex-
pression of RyR3 with RyR1 may be important for regula-
tion of muscle contraction in neonatal muscle fibers, the
potential role of RyR3 in adult muscles is less clear. Previ-
ous experiments performed with muscle strips prepared
from adult diaphragm and EDL muscles stimulated with
electrical pulses or caffeine failed to reveal any functional
defect in skeletal muscles from adult RyR3 KO mice [11].
Additional studies with permeabilized muscle fibers did re-
veal differences between adult RyR3 KO and normal mice,
and these differences were restricted to a subset of about
20% of the total population of fibers analysed [13] likely
fibers expressing RyR3. Previous studies on contractile
protein expression in muscle of the head and neck region
[29-34] have pointed to their diversity in comparison with
trunk and limb musculature: it is possible to speculate that
a specific combination of RyR1 and RyR3 isoforms of
Ca”" release channels may be required for adapting Ca*"
release kinetics to the specific contractile properties of these
muscles.
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