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channel and as the voltage sensor in skeletal muscle
This study examined the effects of low frequency EC coupling (5-8). In heart, where Ca2/ entry through

chronic stimulation on expression of the mRNA encod- the DHPR directly triggers Ca2/-induced Ca2/ release
ing the two isoforms of the a1 subunit of the dihydro- from the SR (9, 10), much of the difference from skeletal
pyridine receptor (DHPR) calcium channel, a critical muscle EC coupling is due to expression of a cardiac-component of skeletal muscle excitation-contraction

specific isoform of the a1-subunit (11, 12).coupling. RNase protection assay was used to deter-
Recently, we were surprised to find significant ex-mine alteration in isoform expression in 5-day, 9-day

pression of the cardiac isoform of the a1-subunit inand 13-day chronically stimulated rat tibialis anterior
diaphragm muscle (13), a skeletal muscle unique in itsmuscle, and to compare it with soleus and extensor
chronic stimulation at low-frequency. Muscle activitydigitorum longus muscles. Low frequency chronic
is known to be an important regulatory factor in thestimulation was associated not only with a significant
expression of different muscle contractile and meta-decrease in the mRNA level of the skeletal isoform of
bolic properties (14). Low-frequency chronic stimula-the DHPR, but also with a significant increase in the

mRNA level of the cardiac isoform of the DHPR, the tion is the most widely used model of muscle activity for
overwhelming majority of which was the adult splice exploring the relationship between functional changes
variant. Significant levels of cardiac DHPR mRNA ex- and alterations at the molecular level in skeletal mus-
pression were also found in normal adult slow twitch cle. It causes a fast-to-slow transformation consisting
soleus muscle. These findings raise the question of a of profound changes in the expression of proteins in-
potential role for the cardiac DHPR in certain adult volved in the myofibrillar apparatus, calcium regula-
skeletal muscles. q 1997 Academic Press tory systems and energy metabolism (15), leading to

slower contraction and relaxation velocities and more
fatigue-resistant behaviour (16).

Both DHPR and ryanodine receptor expression areIn excitation-contraction (EC) coupling of skeletal
greatly suppressed in canine skeletal muscle aftermuscle, depolarization of the transverse tubular sys-
chronic stimulation for 6-8 weeks (17). In contrast,tem (TTS) induces a conformational change of the dihy-
DHPR expression is markedly increased in rat soleusdropyridine sensitive calcium channel (DHPR), which
after biomechanical unloading, which induces a slow-is believed to trigger calcium release from the sarco-
to-fast twitch transformation (18, 19). Both results areplasmic reticulum (SR) through the ryanodine receptor
consistent with the higher levels of DHPR in fast- vs.(1, 2). DHPRs correspond to the tetrads observed in the
slow-twitch muscles (17, 18). However, DHPR levelsTTS (3), and their subunit composition is well known
in both fast- and slow-twitch leg skeletal muscles are(4): each of the 5 subunits has been cloned and the
increased after run training exercise in rats (20), and170 kDa a1-subunit functions both as an L-type Ca2/

they remain unchanged after increased weight bearing
by removal of synergist muscles in rats (19).

The purpose of the present study was to assessAbbreviations: DHPR, dihydropyridine receptor; DIA, diaphragm;
EC, excitation-contraction; EDL, extensor digitorum longus; changes in expression of skeletal and cardiac DHPR
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RT-PCR, re-

a1-subunit mRNAs after up to two weeks of chronicverse transcription-polymerase chain reaction; SOL, soleus; SR, sar-
stimulation of fast twitch muscle (tibialis anterior, TA).coplasmic reticulum; TA, tibialis anterior; TTS, transverse tubule

system. The cardiac isoforms of some proteins are present in
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slow-twitch skeletal muscle fibers (21), and evidence of
cardiac DHPR mRNA expression has been reported in
developing (22) and regenerating (23) skeletal muscle.
In the present study evidence was obtained not only
for upregulation of the cardiac isoform of the DHPR in
chronically stimulated fast twitch muscle, but also for
its expression in normal adult slow twitch muscle.

METHODS

Chronic electrical stimulation. Electrodes and devices were im-
planted into 12 (200 g) rats for chronic stimulation as described by FIG. 1. Expression of mRNA for the skeletal isoform of the DHPR
Mayne et al (24). The deep peroneal nerve of the left hindlimb was a1-subunit. Representative RNase protection assays demonstrating
exposed from the lateral side in anesthetized rats under aseptic con- rapid decrease in 5-day stimulated TA, followed by recovery of ex-
ditions. A battery-powered implantable stimulator (25) was im- pression in 9- and 13-day stimulated muscles, compared with EDL
planted in the abdominal cavity, and two stainless steel electrodes and SOL. 10 mg of total RNA were hybridized with radiolabeled single
were secured Ç0.5 cm apart with sutures under the deep peroneal strand antisense skeletal DHPR RNA probe.
nerve, which supplies motor fibers to the muscle in the anterior
compartment of the hindlimb including the tibialis anterior muscle.
The same procedure was performed in the right hindlimb except that

System). The intensity of hybridization of RNAs to the cRNA probesthe electrodes were not connected to a stimulator. Stimulation was
for GAPDH was used to assess possible RNA degradation (none wasbegun 2 days later. Rectangular pulses (0.2 ms in duration) were
found). However, it was not used for quantification, as GAPDH ex-applied continuously at 10 Hz for 24 h/day. Tibialis anterior muscles
pression varies between muscles and may be modified by chronicwere dissected from anesthetized rats after 5, 9 and 13 days of stimu-
stimulation (27). Data are expressed as mean values { SD. Thelation. Extensor digitorum longus (EDL), soleus (SOL), tibialis ante-
statistical significance of differences in mean values between mRNArior (TA) and heart muscles were removed from adult rats (Ç300 g)
levels was assessed by the unpaired t test. A p õ 0.05 level washeavily anesthetized by pentobarbital sodium (Abbott, Chicago, IL).
considered to be significant.RNA isolation. Total cellular RNA was isolated separately from

EDL, SOL, control and stimulated TA, and heart muscles using gua- Reverse transcription and polymerase chain reaction (RT-PCR).
nidinium isothiocyanate (RNAzol B kit, Biotecx, Houston, TX). Typi- Expression of the cardiac DHPR a1 subunit was also investigated
cally, 100 mg of total RNA was obtained from 100 mg of tissue. The using RT-PCR. Three primers (GibcoBRL, Gaithersburg, MD) were
ratio of absorbance at 260 nm to that at 280 nm and 28S-to-18S used: for the cardiac adult splice variant, TACATCCCCAAGAAC-
ribosomal RNA ratios were checked. CAGCA forward and GTGTACCTCGGTGATTGCTA reverse, to yield

a 309 bp PCR product (nucleotides 3819-4127, corresponding to thecDNAs for mRNA analysis. Three cDNAs were used as hybridiza-
IVS3B region of the rat a1 subunit); for the fetal splice variant thetion probes: 1) a rat 201-bp cDNA (clone 1fb) corresponding to part
same forward primer was used with a TAGTTTCACTGAGAA-of the repeat I of the skeletal DHPR a1-subunit, specific for the
TGACG reverse primer to yield a 307 bp product. One microgramskeletal muscle isoform (18). 2) a mouse 152-bp cDNA (clone C32)
amounts of total RNA from heart, control and 13-day stimulatedcorresponding to the cytoplasmic loop linking repeats II and III of
muscles were used and RT-PCR was performed with the GeneAmpthe cardiac isoform of the DHPR a1-subunit. This cDNA was sub-
EZ rTth RNA PCR kit (Perkin Elmer, Roche, Branchburg, NJ), ac-cloned in the Pst I site of a pBluescript vector from a 928-bp cDNA
cording to the directions of the manufacturer. Samples were ampli-kindly provided by Dr. N. Chaudhari, specific for the cardiac isoform
fied in a PTC-150HB Minicycler (MJ Research, Watertown, MA). Theof the DHPR (22). C32 has the sequence GGGGAaGAgG AtGAAG-
RT pre-cycle consisted of a 567C step for 60 minutes followed by aAgGA GCCaGAGATg CCtGTGgGgC CaCGcCCcCG gCCcCTGtCt
947C step for 2 minutes. The cycling parameters were as follows: 1GAGCTGCAcC TtAAgGAaAA gGCAGTtCCC ATgCCGGAaG CcA-
min at 947C, 1 min at 567C. 40 cycles were performed, followed by aGtgCaTT tTTCATCTTC AGcCCaAaCA ACAgGtTCCG ccTgCaG,
final step at 567C for 7 min. PCR products were analyzed by electro-where bases in small letters indicate sufficient dissimilarity (26%)
phoresis of 12.5 ml of each sample on a 2% Metaphor agarose (FMCbetween the cardiac and skeletal muscle calcium channels in rabbit
Bioproducts, Rockland, ME) gel and ethidium bromide staining. Fur-(26) to permit selective use in RPA. 3) a rat cDNA probe for GAPDH
ther verification of PCR product identity was determined by size of(Ambion, Austin, TX) was used as an internal marker.
diagnostic restriction digests.

Ribonuclease protection assay (RPA). Antisense RNA probes were
produced using T7 polymerase (Stratagene, La Jolla, CA) on linear-
ized C32, 1fb or GAPDH templates in the presence of [a-32P]rUTP RESULTS
(DuPont NEN, Boston, MA). RPAs were carried out using the RPA
II Kit (Ambion, Austin, TX), hybridizing 10-30 mg of total RNA from To assess effects of chronic stimulation of TA muscleeach tissue source to 0.5-1 1 105 c.p.m. of the RNA probe. The RNA

on the skeletal isoform of the DHPR-calcium channelwas run on a 5% polyacrylamide, 8 M urea gel. Undigested RNA
mRNA, 10 mg of total RNA from control, 5-day, 9-dayprobes were also run on the same gel for use as size markers. How-

ever, they have a bigger size than the protected fragments since a and 13-day stimulated TA muscle were hybridized to
portion of the vector upstream of the insert was included. Filters the 1fb cRNA in RNase protection assays. Skeletal
were exposed at 0807 on x-ray films (X-OMAT, AR, Eastman Kodak, DHPR mRNA expression levels were characterized byRochester, NY) with two intensifying screens for 2 (1fb clone) or 20

an initial dramatic decrease (5 days of stimulation),hours (C32 clone).
followed by a progressive recovery (9 and 13 days ofQuantification of mRNA expression. Autoradiograms of RNase
stimulation) (figure 1). Quantification of relative ex-Protection assays were subjected to densitometric analysis using the

Lynx Densitometer program (Lynx 5000 Digital Imaging Analysis pression showed that after 5 days of stimulation, the
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ization signal was 2.5 { 1.4 % and 7.9 { 0.6 % of the
level of heart expression, in EDL and SOL, respectively
(figure 3B) (p õ 0.05 between EDL and SOL).

In the same sets of experiments, GAPDH cRNA
probe was used together with DHPR probes. There was
a discrete but generally consistent decrease of the
GAPDH gene expression level with chronic stimula-
tion, and expression was higher in heart and EDL than
in SOL (not shown). For these reasons, quantification
of DHPR message levels was normalized to total RNA
rather than GAPDH expression. Normalization with

FIG. 2. Expression of mRNA for the cardiac isoform of the DHPR
a1-subunit. Representative RNase protection assays demonstrating
presence of the expected 152-bp protected fragment in chronically
stimulated (5-d, 9-d, 13-d) rat TA skeletal muscle, compared with
control TA, EDL, SOL and heart (H) muscles. 20 mg of total RNA
were hybridized with radiolabeled single strand antisense cardiac
DHPR RNA probe.

skeletal isoform of the a1 subunit exhibited less than
half the expression of the control; after 13 days of stim-
ulation, expression was still lower than in control (77.4
{ 11.5 %, n Å 3, põ 0.05 between control and 15-days)
(figure 3A). Single specific bands were found for all
skeletal muscle samples (fig 1), and there was no de-
tectable signal with rat heart RNA (not shown). The
expression of mRNA encoding the skeletal isoform of
the DHPR was higher in EDL than in SOL (figure 1).
Similar results were obtained in at least 3 separate
experiments (figure 2A). The intensity of the hybridiza-
tion from SOL represented 65.2 { 14 % of the level of
expression in EDL (p õ 0.05).

When total RNA from stimulated TA muscle was hy-
bridized to the C32 cRNA, a consistent progressive in-
crease of the expression of the cardiac isoform of the
a1 subunit gene was observed (figure 2 & 3B), attaining
12.4 { 2.6 % of the expression level in the heart (n Å
3, p õ 0.01 between control and 13-days). The cardiac
DHPR a1 subunit cDNA probe hybridized to cardiac
total RNA yielding a single specific band, and a weak FIG. 3. Relative mRNA expression levels of the skeletal (A) and
signal was also observed with EDL and SOL RNA (fig- cardiac (B) isoforms of the DHPR-calcium channel in control and

chronically stimulated (5-d, 9-d, 13-d) rat TA, and in rat EDL andure 2; see also Péréon et al. (23)). For precise quantifi-
SOL. Quantification of autoradiograms was performed by densitome-cation, we repeated the experiments using 25-30 mg of
try, according to the amount of total RNA. Data were expressed astotal RNA of EDL, SOL and heart muscle, and repro- percentage of control TA expression (skeletal isoform) or rat heart

ducible results were obtained in all 4 separate sets of expression (cardiac isoform). Error bars represent SD. *p õ 0.01 for
control vs 13-day stimulated TA (n Å 3).experiments. The standardized intensity of the hybrid-
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enzyme has been reported in response to chronic stimu-
lation (27). The transcriptional regulation of skeletal
DHPR and certain other proteins may be under some
additional local control, distinct from that involved in
a simple fast-to-slow twitch muscle transformation.
Another possible explanation of the initial decrease
could be that chronic stimulation induces degeneration
of fast-twitch fibers which are secondarily replaced by
newly formed slow-twitch fibers, as reported in rabbit
(29). In that case, immature fibers are likely to express
a lower level of skeletal DHPR (23, 30). However,FIG. 4. Detection of cardiac a1 subunit splice variant transcripts

by RT-PCR in heart (H), 13-day stimulated tibialis anterior (St) and chronic low frequency stimulation in rat skeletal mus-
contralateral control TA (C). Representative ethidium bromide stain- cle slowly caused a fiber transformation but no degen-
ing of the RT-PCR products electrophoresed on a 2 % agarose gel. eration-regeneration, and no increase in slow type IThe left three lanes display products obtained with primers for the

fibers was observed after two weeks of stimulation (31).adult splice variant (309 bp product); the right three lanes products
Since the amount of transverse tubule in SOL is halfobtained with primers for the fetal splice variant (307 bp product).

In between are 20 bp and 100 bp ladder markers starting at 100 bp. that in EDL, and feet density/area of junctional trans-
verse tubules is the same in the two muscles (32), it is
also possible that chronic stimulation induces a de-
crease of transverse tubule surface area (17), but mor-respect to GAPDH would have indicated a decrease in
phological studies of such muscle are still needed.skeletal DHPR mRNA of 51.3 % at 5 d; and for cardiac

DHPR mRNA an increase to 9.8 % in TA after 13 d Cardiac isoform of the DHPR. Using a highly sensi-
stimulation, and levels in EDL and SOL of 1.5 % and tive RNase protection assay, we demonstrate that SOL
6.8 %, in all cases relative to that in heart. significantly expresses the mRNA encoding the cardiac

RT-PCR detected the adult splice variant of the car- isoform of the DHPR, whereas it is barely detectablediac DHPR mRNA in both heart and 13-day stimulated in EDL, and moreover that chronic stimulation of TATA muscle. No significant signal was obtained in con- induces the appearance of an even higher level oftrol muscle with the experimental conditions used mRNA for the cardiac isoform. The failure of Mejia-(figure 4). RT-PCR detected the fetal splice variant in Alvarez et al. (33) to detect the cardiac DHPR isoformheart only but not in either control or stimulated TA in adult rat skeletal muscle using RT-PCR might havemuscle.
been the result of poor PCR optimization or of using
fast twitch skeletal muscle RNA which was partially

DISCUSSION degraded. From our RT-PCR results we conclude that
the cardiac isoform is composed nearly exclusively of

We observed a decrease in skeletal DHPR mRNA the adult splice variant form. While the PCR product
and an increase in cardiac DHPR mRNA after chronic obtained with the fetal primers was less intense in the
stimulation of the TA. Previous work revealed that heart positive control, this reflects the lower mRNA
both the DHPR and the ryanodine receptor, which each levels found in adult heart (34). It should be empha-
play a critical role in excitation-contraction coupling, sized that this is a study at the RNA level, and we have
are greatly reduced in 6-to-8-week stimulated canine no information regarding the expression of the protein
skeletal muscle (17), but the differential DHPR isoform in these chronically stimulated muscles. RNA isolation
expression was not evaluated in that study. In the pres- was performed from the whole muscle, and it could
ent work we also report here for the first time the ex- be proposed that fibroblasts (35) or vascular smooth
pression of the cardiac DHPR a1 subunit mRNA in muscle cells (36) could be responsible for the expression
normal slow twitch muscle. of the cardiac DHPR mRNA. However, fibrosis has not

been described as a histological feature in stimulatedSkeletal isoform of the DHPR. The number of
rat muscle (31) and increased vascularization associ-DHPRs is higher in fast-twitch than slow-twitch mus-
ated with the Ç50 % increase of the capillary networkcle (28), as observed here at the mRNA level in EDL
(15) could not account for the far larger increases inand SOL muscles. In conditioned fast-twitch muscle we
cardiac DHPR mRNA levels observed here. Moreover,found that chronic stimulation of TA induces a dra-
we have detected the cardiac isoform of the DHPR onmatic decrease in the expression of the skeletal DHPR
adult rat fibers immunohistochemically in other stud-after 5 days of stimulation, when skeletal DHPR
ies (13). Thus, it is likely that skeletal muscle fibersmRNA levels were decreased by more than half. The
are the cells which express this mRNA.levels increased gradually over the next several days,

As mentioned earlier, a regeneration process, whichbut remained significantly lower than those of control
muscle. A similar biphasic change in a mitochondrial has been shown to induce transient expression of the
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Foundation (New York, NY), and the Association de Formation Con-cardiac DHPR mRNA in rat skeletal muscle (23), does
tinue des Praticiens Hospitaliers (Nantes, France). This work is partnot occur in chronically stimulated rat muscle (31) and
of the Ph.D. thesis of Y.P.therefore cannot account for the increased expression

seen here. Even though cardiac DHPR mRNA is also
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