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Abstract 

The transcript levels of the myogenic regulatory factors (myoD, myf5, myogenin and MRF4) were measured by RT PCR in rat soleus 
(slow) and EDL (fast) muscles which were regenerating from notexin-induced necrosis. Some muscle fibers in the EDL were more resistant 
to the toxin, therefore the necrosis and the dominance of myoblasts were delayed for two days in EDL compared to soleus. In spite of this 
shift in time-course of necrosis, both types of muscle presented roughly similar, although variable, changes in the expression pattern of 
MRF mRNA levels. For both muscles, the myoD mRNA was upregulated on the first day after administration of the toxin, whereas 
concomitantly myf-5 mRNA disappeared but showed a substantial increase in later stages of regeneration. In contrast, the mRNA levels of 
the late MRFs myogenin and MRF4 decreased on day one only in the soleus, then increased on day three in both types of muscle. 
Meanwhile in EDL the level of MRF4 mRNA remained relatively normal. Four weeks after administration of the toxin the mRNA levels 
for each of the MRFs returned to nearly control levels. This shows that in spite of the different time course of the necrosis and regeneration, 
also documented by the microscopical morphology and the skeletal actin mRNA levels of the muscles, the level of MRF transcripts 
changed according to a quite predictable pattern; the upregulation corresponded to myoblast activation and the downregulation to the 
reinnervation. © 1998 Elsevier Science B.V. All rights reserved 
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1. Introduction 

Myogenic regulatory factors (MRFs: myoD, myf-5, myo-
genin and MRF4) mark the onset of differentiation of ske-
letal muscle. These proteins are transcription factors which 
activate the expression of genes coding for proteins required 
in the muscle development and function [1-3]. The MRFs 
achieve this through binding via their helix-loop-helix 
(HLH) motive to specific sequences found in the upstream 
regulatoiy regions of many muscle-specific genes. In nor-
mal muscle development, usually the MyoD and myf-5 
appear first, whereas myogenin and, finally, MRF4 are 
expressed at a later stage [1-3]. It has been reported that 
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the levels of MyoD and myogenin are also increased during 
muscle regeneration [4,5] but a similar typical sequence of 
expression of MRFs as seen during normal development has 
not been described yet for the regenerating muscle. The 
embryonic, foetal and new-bom myoblasts show a unique 
expression pattern of MRFs compared to somitic myogenic 
cells [6]. Denervation and neural stimulation also affect the 
mRNA levels of MRFs [7-9]. Since muscle regeneration 
involves myoblast activation and reinnervation, one might 
expect changes in expression levels of MRFs to accompany 
regeneration. In addition, since MyoD and myogenin were 
reported to be predominantly expressed in fast-twitch and 
slow-twitch skeletal muscles, respectively [10,11], both 
types of muscle might show different patterns of MRFs 
during regeneration. 

We followed the expression of the four MRFs in the slow-
twitch soleus and the fast twitch extensor digitorum longus 
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Table 1 

Total RNA yield from rat EDL muscles regenerating from notexin-induced 
necrosis 

Days after notexin injection Yield (Mg/soleus muscle)3 

Normal EDL 
I 
3 
5 
7 

10 
21 
28 

55 ± 4.2 
53 ± 8.5 
66 ± 21 
57 ± 2 0 
66 ± 2 1 
85 ± 9.3 

104 ± 37 
56 ± 15 

•The mean values ± SEM were obtained from three different animals. 

(EDL) muscles of rats regenerating from notexin-induced 
necrosis [12-14]. The regeneration process following the 
injection of the snake venom in a muscle is well character-
ized and provides a background against which the regenera-
tion stage-dependent expression of muscle-specific genes 
can be investigated [15-18]. In an earlier study we used 
reverse transcriptase based polymerase chain reaction CRT 
PCR) to detect the levels of mRNAs of the sarcoplasmic 
reticulum Ca2+ ATPase (SERCA) isoforms during the 
regeneration of the soleus [17]. Here we report the mRNA 
levels of myoD, myf-5, myogenin and MRF4 from the same 
set of regenerating soleus muscles as in [17] and we also 
include data obtained from regenerating EDL muscles until 
4 weeks after administration of the toxin. 

Table 2 

Oligonucleotide primers and PCR conditions used for amplification of 
reverse transcribed RNA 

Primer Name Sequence PCR cycles 

myoD + 5TGGCGCCG- 94-60-72°C/l-l-l 
CTGCCTTCTACG3' min/ 
(nt 726-745') 28 cycles 

- 5'ACACGGCC-
GCACTCTTCCCTG3' 
(nt 926-946') 

myf-5 + Ref. [19] 94-60-72°C/1-1-1.5 
min / 

- 28 cycles 
MRF4 + Ref. [19] 94-60-72°C/l-l-l 

min/ 
- 28 cycles 

Myogenin + Ref. [20] 94-55-72°C/l-l-1.5 
min/ 

- 28 cycles 
GAPDH G+ Ref. [17] 94-60-72°C/l-l-l 

min/ 
G - 21 cycles 

a-actin A+ 5'ACGTGAAGC- 94-60-72°C/l-l-l 
CTCACTTCCTAC3' min/ 
(nt 198-218") 20 cycles 

A - 5'ATCATCCCC-
GGCAAAGCCAG3' 
(nt 1319-1300") 

2. Materials and methods 

Experimental procedures including the notexin adminis 
tration, the muscle dissection, the hematoxylin staining, th 
total RNA isolation and reverse transcription were carriei 
out as previously described [17], except that for the EDL 61 
/rg of snake venom in 100 ¿¿1 of 0.99c NaCl was injectei 
into the muscle to elicit complete necrosis. For immunos 
taining, frozen sections were made and their peroxidast 
activity was quenched in 3% HjCL. Primary antibody fo 
desmin (Dako, 1:50) was applied at room temperature for i 
h. After washing, antimouse secondary antibody (rabbit 
DAKO, 1:200) coupled with peroxidase was applied fo 
30 min. Following further washing, the antibodies wen 
visualized with peroxidase histochemistry. .All dilution-
and washings were made with 10% dried milk in phosphate 
buffered saline (pH 7.5). 

The yield of total RNA during regeneration of the EDL b 
given in Table I. The synthesis of the first strand cDNA wa-
followed by incorporation of [a-32P]dCTP and found to be 
linear in the range of 30-3000 ng of input RNA. From each 
muscle, 2 jxg total RNA was used for the cDNA synthesis. 
The RT PCR detection of MRFs and glyceraldehyde-3-
phosphate dehydrogenase GAPDH was done using the con-
ditions shown in Table 2. From 1 /xl of the reverse transcrip-
tion mix, the amplification of the PCR fragments of MRFs 
was linear in the range of 25-40 cycles and that of the 
GAPDH between 20-30 cycles. The PCR fragments were 
identified by restriction enzyme digestion as shown in Fig. 1 
and Table 3. 

In order to further assure the overall linearity of the RT 
PCR assay, the RNA of the normal soleus was diluted with 
rat cerebellum RNA, which apparently does not contain 
MRFs. The levels of the different MRFs obtained from 
such diluted series were always found to be proportional 
to the amounts of added input muscle RNA (Fig. 2). The 

myoD myf-5 MRF4 m y o g . 
H L U D U D U D U D 

1.1/0.900-
.500-
.400-
.330-
.240-
.190-
.150-
.110-

.067-

.024-

= u W-4 

'Positions in the sequences of the rat myoD cDNA [21] 
''Positions in the sequences of the rat ct-actin gene [22] 

Fig. 1. Identification of PCR fragments of different MRFs. The fragments 
are separated on a 6% acrylamide gel and visualized by ethidium bromide 
staining. H and L are high and low molar weight standards (M-). An Mr 

scale in kb is shown at the left. U and D refer to undigested fragments and 
fragments digested with the restriction enzymes given in Table 3. The 
length of the undigested and digested MRF fragments is also given in 
Table 3. The fragments at, or below, 60 bp are amplified primer dimers. 
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Table 3 

Amplified fragments and their identifications 
so S y S j S I S2 S3 E I E2 E3 

Isoform Product Diagnostic Restriction myoD 

size (bp) restriction enzyme products (bp) — 

-nvoD 221 Bsa HI1 159, 39, 23 myf-5 
:nyf-5 441 Hind n r 235. 122. 84 
MRF4 272 Pst F 118, 96, 58 
Myogenin 688 Ava IF 297, 174, 145. 72 myogenin 
G.APDH 377 BsiX F 196, 181 
a-actin 146 Hinf F 106, 40 . r 

'Only used for diagnostic purposes, the quantification is done on the full-
length PCR fragments. 

difference in mRNA levels for the four MRFs in soleus and 
EDL muscles is also illustrated (Fig. 2). The bands were 
quantified by means of Phosphorlmager model 425 (Mole-
cular Dynamics, Sunnyvale, CA) as in previous work [17]. 

The Student r-test was used to test differences for their 
statistical significance. 

3. Results 

3.1. Comparison of regeneration of the soleus and EDL 

The regeneration of rat soleus muscles from notexin-
induced necrosis is well described [12,14], Less is known 
about the notexin-induced regeneration of the EDL. This 
muscle consists of fibers poor in mitochondria which 
appears to be more resistant to the toxin [13], We found 
that, in spite of the comparable weight of the two muscles, 
three times more snake venom was necessary for eliciting a 
comparable extent of necrosis in the EDL as in the soleus. 
Even after administration of the higher dose of the toxin, 
remnants of some muscle fibers persisted for up to 3 days in 
the EDL (Fig. 3A-C), whereas virtually all fibers were 
necrodsed already after the first day in the soleus 
[12,14.15]. In the EDL, necrosis of the fibers was accom-
panied by the appearance of mononucleated cells on the first 
day following injection (Fig. 3B), their number increased on 

MRF4 

GARD H 

— *» m m m 

? ! » • <p — 

Fig. 2. Proof of linearity of the RT PCR assay of MRFs and a comparison 
of mRNA levels in normal soleus and EDL. A phosphorimage of the RT 
PCR amplified :P-labeLled fragments for the four MRFs is shown. Notice 
the linearity of the assay with the amount of input soleus muscle RNA for 
the MRFs in the four lanes at the left. SO, rat cerebellum RNA; S1/3. a mix 
of 1/3 normal soleus RNA and 2/3 of rat cerebellum RNA; S2/3. a mix of 
2/3 normal soleus RNA and 1/3 of rat cerebellum RNA; S1.S2.S3. signal 
obtained for three normal untreated soleus muscles (marked N on Fig. 6): 
E1 _£2,E3, signal obtained for three normal untreated EDL muscles 
(marked N on Fig. 7). 

the third day (Fig. 3C) and peaked on the fifth day. On the 
seventh day (i.e. 2 days later than in the soleus) myocubes 
and primitive fibers were formed (Fig. 3D). Like in the 
soleus, the EDL muscle fibers regained their normal size 
and the regeneration was apparently completed after 4 
weeks (Fig. 3E), although even then a number of nuclei 
still occupied a central location within the fibers. New end-
plates were formed between 7-10 days in the EDL (Fig. 
IF), compared to 5—7 days in the soleus [19]. Desmin posi-
tive myoblasts and myotubes were dominant already on day 
three in the soleus (Fig. 4A), while relatively fewer cells 
expressed desmin, especially around the necrotic fibers in 
the EDL (Fig. 4B). A similar phenomenon was reported for 
neonatal myosin staining in the regenerating biceps femoris 
of dystrophic dogs [24], The sections stained homogenously 

Table 4 

The MRF mRNA levels of rat soleus (a) and EDL (b) muscles on 1-28 days of regeneration from notexin induced necrosis. The individual values are 
-percentages of that of the untreated control muscles (1-3, shown in Fig. 2) 

MRFs Day 1 Day 3 Day 5 Dav 7 Day 10 Day 21 Day 28 

(a) 
myoD 
myf-5 
Myogenin 
MRF4 

506;141;638; 
0;36;23; 
0;0;0; 
2;0;0; 

2767;775;73; 
3904318;306; 
2208;446;175; 
39:732; 

6;778;1507; 
19;67;73; 
56;70;535; 
5;9;316; 

144:637;415; 
772333185; 
92034;113; 
983;487; 

1044; 171:16; 
569;0;302; 
209;20;707; 
66;7;144; 

393;176:67; 
217;14;166; 
173 ;27;41; 
74;14;47; 

381334:112: 
5234;19; 
173;16; 
78;I2;445; 

(b) 
myoD 
myf-5 
Myogenin 
MRF4 

616:120:126; 
4; 22;3: 
126;29i32: 
114; 101 ; 148; 

273:671:4000; 
2306; 154; 
686; 1194;432; 
1330;115; 

7;611;4153; 
8332030; 
488;197230; 
2:38380; 

25315:1433; 
31:68:643; 
30361:35; 
4836346; 

45;264;993; 
35;227;143; 
0;48;0; 
2.1;81;157; 

40:180346; 
29;40;13; 
9;0;186; 
2;65;125; 

216;1I2;18 
4 6 3 4 3 3 ; 
254:260:102; 
132;68;120. 
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Fig. 3. Moqphological analysis of the EDL regenerating from notexin-induced necrosis (A) normal EDL, (B) day 1. (C) day 3. (D) day 7, (E) day 28 aft 
administration of the toxin, (F) normal endplates from normal EDL and (G) initial endplates on day 7 following notexin injection. A-E are hematoxvlin-eoi 
stained sections, F and G show acetylcholinesterase staining according to Tago et al. [23] at the level of endplates. Note the position of the nuclei close to t 
sarcolemma in the intact fibers on A, the fibers begin to necrotize and the number of mononucleated cells dominate on C. the new myofibers are formed on 
and the regenerated fibers show a central position of their nuclei on E. The size bars = 100 ^m. 

for desmin on day six in the EDL (from day four in the 
soleus). 

The mRNA level of a-(skeletal)actin was dramatically 
decreased on the first day of regeneration in the soleus, 
increased on the third day and reached the normal level 
on day five (Fig. 5). In the EDL the a-actin mRNA level 
decreased only on the third day, remained low until day 
seven, increased to 4-fold of the normal level on day 10 
and it gradually reached the level of the control by day 28 
(Fig. 5). This also reflected the difference in the regenera-
tion of the soleus and EDL. 

3.2. The levels of MRF transcripts in the regenerating 
soleus 

myoD was the first of the MRFs to show an increase in 
mRNA levels during regeneration of the soleus muscle, f-
ready on the first day after administration of the toxin, t 
level of myoD mRNA was increased, thus marking the on; 
of muscle regeneration (Fig. 6A; Table 4). The level of tl 
transcript reached a maximum on the third day and grac 
ally declined between 5 and 21 days to an average le' 
about threefold above control where it stayed until day i 
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Fig. 4. Desmin immunostaining of soleus and EDL muscles on the third 
day of notexin induced regeneration. M. soleus (A), m. EDL (B). Note that 
the size of desmin stained myoblasts and myotubes is similar in the soleus 
muscle, while in the EDL muscle the desmin positive cells are inter-
mingled with the remnants of fibers, also showing desmin positivity. 
The size bar = 100 ¡im 

The myf-5 mRNA decreased on the first day then showed 
a maximum 15-fold over the normal level on day three and 
declined to about half of the normal level at the end of 
regeneration (Fig. 6B). 

The myogenin mRNA disappeared on the first day. 
increased to 9-fold over the normal level on the third day 
and declined gradually to the normal level until the end of 
regeneration (Fig. 6C). 

The levels of MRF4 mRNA fell below the detection limit 
on the first day (Fig. 6D). It reappeared again on the third 
day and reached its control level on day five, after which it 
tended to oscillate around the normal level. 

3.3. The mRNA levels of MRFs in the regenerating EDL 

During regeneration of EDL the mRNA level for myoD 
increased on the first day, stayed at 16-fold above the nor-
mal level on days three and five, declined on days 7 -21 but 
then increased to 6-fold over the normal level at the end of 
regeneration (Fig. 7A). 

In contrast to myoD the myf-5 mRNA almost disappeared 
on the first day, it increased on days 3 - 5 and gradually 
declined below the normal level during the subsequent per-
iod of the regeneration (Fig. 7B). 

The myogenin mRNA increased on the first five days 

after administration of the toxin, suddenly declined on 
days 7 - 1 0 and then tended to increase slightly again 
towards day 28 (Fig. 7C). 

The level of MRF4 mRNA did not change on the first day 
of regeneration but it showed a transient slight decline on 
the third day, then it kept to the level of the control between 
days five and 28 (Fig. 7D). 

3.4. The levels of GAPDH in the regenerating soleus and 
the EDL 

The levels of GAPDH mRNA remained relatively con-
stant during the regeneration process in the soleus, except 
that they declined slightly towards the end of regeneration 

N 1 3 5 7 10 21 28 
Days after notexin administration 

N 1 3 5 7 10 21 28 
Days after notexin administration 

Fig. 5. Reverse transcriptase-PCR-detected changes in a-skeletal actin 
mRNA levels during regeneration from notexin induced necrosis of the 
rat soleus (upper panel) and the EDL muscles (lower panel). The columns 
show mean values of data obtained from three different animals, the ver-
tical bars on columns are standard errors of mean value (±SEM). The 
labels on columns show: N, normal soleus; 1-28 days after notexin admin-
istration. The three normal muscles were tested for ±SEM in a separate 
experiment. Note that the a-skeletal actin mRNA levels reflect the differ-
ent time course of regeneration in the soleus and the EDL muscle. In the 
soleus the actin mRNA level drops on the first day of regeneration (P < 
0.001) then it increases gradually to the normal level. In the EDL the a -
actin mRNA level decreased only on the third day of regeneration (P < 
0.05), it remains low until day 7 (P < 0.05) then it increases to four-fold 
of the normal level on day 10 and it drops to a nearly normal level on day 
28. *P < 0.05, **P < 0.001. 
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Fig. 6. Reverse transcriptase-PCR-detected changes in MRF and GAPDH mRNA levels during notexin-induced regeneration of the rat soleus muscle. The 
columns show mean values of data obtained from three different animals, the vertical bars on columns are standard errors of mean value (±SEM). The labels 
of the columns show: N, normal soleus: 1-28 day s after notexin administration. The values given in the ordinate are relative values that cannot be compared 
between panels. Note the dramatic changes in the first week of regeneration when myoD (A) is increased on the first day and reaches a 12-fold maximum on 
day 3. (B) myf-5 disappears on the first day IP < 0.05) then increases 15-fold on the third day. (C) Myogenin disappears on day 1 IP < 0.05) then increases 
to 9-fold the normal level on day 3. (D) MRF4 is abolished on the first and third days (P < 0.05) and increases from day 5-7 only two-fold above the normal 
level. The level of GAPDH remains constant (ref. [17]). The relative mRNA levels of MRFs in individual muscles are shown in Table 4a. 

marking the transition from the fast-glycolytic to the slow-
oxidative character of the fibers [17]. Such a change was not 
observed in the EDL, where both the normal and the regen-
erated muscle showed similar mRNA levels for this glyco-
lytic enzyme (Fig. 7E). 

4. Discussion 

Morphological studies indicated that the dynamics of 
regeneration from notexin-induced necrosis of the rat soleus 
and the EDL muscles differ from each other. Also, the 
accumulation of myoD and myogenin mRNAs is different 
in the normal soleus and the EDL [10,11]. In spite of these 
two differences we found that the levels of mRNA for the 
early-acting myogenic factors (myoD and myf-5) showed 
quite similar time courses in the regenerating soleus and 
EDL. On the first day after injection of the toxin the 
myoD mRNA levels increased dramatically both in the 
soleus and in the EDL, probably marking the activation of 
satellite cells and the beginning of regeneration [2,4,5, 

18,19,26,27]. The comparable time course for changes in 
myoD mRNA in both muscle types was particularly remark-
able because the complete necrosis occurred only two days 
later in the EDL than in the soleus, suggesting a higher 
resistance to the toxin for the fast muscle fibers compared 
to the slow ones. Probably the notexin-damaged fibers acti-
vated the satellite cells both in the soleus and in the EDL 
with a similar time course, but additional unknown factors 
delayed the necrosis in the fast-glycolytic fibers more than 
in the fast-oxidative and the slow-oxidative fibers [12,13]. 
This, together with the actin mRNA levels and the morpho-
logical data, argues in favour of an immediate onset but 
slowly progressing necrosis in EDL accompanied by a 
slow regeneration [13], but an immediate and complete 
necrosis followed by a similar regeneration in soleus [12]. 
It also explains the more extensive immediate necrosis in 
the notexin-injected soleus [12,14,17]. 

The mRNA level of myf-5, which like for myoD, is also 
known to be activated early in normal myogenesis [1,2] 
dropped, however, in our regeneration model to levels 
below the detection limit on the first day after administra-
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tion of the toxin. This suggests that mvf-5 is regulated dif-
ferently from myoD in the regenerating muscle. It is well 
documented that the myf-5 level is increased in mice lack-
ing functional myoD gene [28]. It might be that also in the 
early regeneration and at day 28, both in the soleus and in 
the EDL the two transcription factors are regulated in an 
opposite way, similar to what is seen in normal develop-
ment. The change of mRNA levels of myoD and myf-5 at 
the beginning of regeneration suggests that satellite cells in 
both types of muscles respond with a similar time course in 
spite of the different resistance of the slow and fast fibers to 
the toxin. 

The transcript levels of the late-acting myogenic regula-

tory factors (myogenin and MRF4) changed in a different 
way in the regenerating soleus and EDL. Whereas the myo-
genin and MRF4 mRNAs disappeared from the soleus on 
day one, their levels remained normal in the EDL 
(P < 0.05). This again probably reflects the difference in 
the time course of necrosis of the two muscles i.e. the 
mRNAs of these two late-acting MRFs disappear together 
with the muscle fibers in the soleus, whereas they persist in 
the, at that time, still surviving fibers in the EDL. On day 
three, when the myoblasts are already activated in the 
soleus, the mRNA levels of both myogenin and MRF4 
increased. However, in the EDL, only the transcript of myo-
genin increased, probably reflecting the gradual replace-
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Fig. 7. Reverse transcriptase-PCR-detected changes in MRF and GAPDH mRNA levels during notexin-induced regeneration of the rat EDL muscle. Column 
labels and ordinate values are defined as in Fig. 6. Note for the first week of regeneration that myoD (A) is increased on da\ 1 and reaches a maximum on day 
3 and 5. myf-5 (B) is first abolished (P < 0.05) then increases on the third day and reaches a maximum eight-fold above the normal level. Myogenin (C) does 
not disappear like in the soleus, its maximum is 25-fold above the normal level. MRF4 (D) is kept near to the normal level in the regeneration of EDL. (E) 
The GAPDH mRNA levels remain relatively constant. The relative mRNA levels of MRFs in individual muscles are shown in Table 4b. 
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ment of the necrotising fibers by the new myoblasts and 
myotubes, whereas the mRNA of MRF4 was maintained 
at the normal level. 

The reinnervation is an essential step for the normal pro-
gression of muscle regeneration [14]. In accordance with 
Grubb et al. [25] we also observed that the formation of 
neuromuscular endplates takes place between five and 
seven days in the soleus [17], As a consequence of the 
slower necrosis and regeneration in the EDL we observed 
the new endplates in this muscle only between seven and 10 
days after administration of the toxin. The transcription of 
myoD and myogenin is induced by denervation and 
repressed by neural stimulation [8-10]. Therefore, we 
might expect a repression of myoD and myogenin mRNA 
levels after the new muscle fibers have become reinner-
vated. In accordance with this hypothesis, the level of the 
myoD and myogenin mRNAs declined in the later stages of 
regeneration for both types of muscle. A similar change was 
observed for myf-5, but not for MRF4 which remained rela-
tively constant during the second half of regeneration. After 
4 weeks of regeneration the mRNA levels for each of the 
myogenic factors returned to nearly the normal level. 

Generally it is accepted that the order of activation of 
MRFs in the early muscle development is: myf-5/myoD, 
myogenin and MRF4 [1-3]. We found that during muscle 
regeneration the increases in the mRNA levels of the MRFs 
followed a similar pattern (for both types of muscle) with an 
earlier uprise of myoD than that of myf-5. The MRFs also 
precede the expression of a number of muscle-specific 
genes in muscle development [1—3]. Particularly, the 
mRNA of myogenin increases before that of the sarcoplas-
mic/endoplasmic reticulum Ca :" ATPase isoforms in ske-
letal muscle development [29]. We found that during 
regeneration of the soleus the increases of each MRF 
mRNA also preceded that of the SERCA forms [17]. 

In conclusion, the only important difference in MRF 
mRNA expression pattern which we observed between 
EDL and soleus was that, unlike for the soleus, on the 
first day after the injection of notexin, the myogenin and 
MRF4 mRNAs did not disappear from the EDL. This may 
be explained by the persistence at that time of differentiated 
muscle fibers in EDL, but not in soleus. Apart from this, the 
changes in mRNA levels for the MRFs were essentially 
similar in both the soleus and EDL during the regeneration 
from notexin-induced necrosis. This suggests that the myo-
blasts activated during the regeneration of the slow and fast 
muscle express the muscle regulatory factors myoD, myf-5 
and myogenin in a similar time-dependent pattern. 
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Summary 

The level of sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) mRNAs and proteins have been assessed 
by RT-PCR, immunoblotting and immunocytochemistry in the rat extensor digitorum longus (EDL) muscles during 
regeneration from notexin-induced necrosis. As a result of the necrosis, SERCA 1 and SERCA2 declined on days 1 and 3 
after administration of the toxin. Thereupon the mRNA of the fast isoform 5ERCA1 rapidly increased between days 5 and 10 
to the normal level. The mRNA level of the "housekeeping" SERCA2b isoform increased markedly during the actual necrosis 
at days 1 and 5, probably due to invading cells. Then the mRNA level of the neonatal SERCAlb splice variant increased first, 
and exceeded the level of the adult SERCAla transcript on day 5. At later stages of regeneration the neonatal form was 
gradually replaced by the adult SERCAla form, thus recapitulating similar changes known to occur during normal 
ontogenesis. Along with SERCA1, the levels of the slow isoform (SERCAEa) mRNA and protein increased on day 5, but 
the SERCA2a mRNA levels never rose above 10% of SERCA1 and after 10 days gradually declined again. In the normal 
and regenerated muscles, SERCA1 was expressed in 97% of the fibres which accounted for the population of fast-twitch 
fibres (type Ha, type lib and probably type Ilx/d). SERCA2a was present in 6% of the fibres of normal muscle (mostly in 
the slow-twitch type I fibres). At the end of regeneration the number of fibres expressing SERCA2a was twice as high 
and were found in small groups, unlike in normal EDL, but about 50% or these clustered fibres also expressed 
SERCA1. © Kluwer Academic Publishers. 

Introduction 

The sarcoplasmic/endoplasmic reticulum Ca2+ 

ATPase (SERCA) is expressed at its highest level in 
the fast-twitch skeletal muscles of vertebrates (Brandi 
et al, 1986, 1987). This enzyme pumps Ca2+ from the 
sarcoplasm into the sarcoplasmic reticulum, thereby 
initiating muscle relaxation (MacLennan et al, 1992). 
Adult fast muscle expresses considerably higher (up 
to six-fold) SERCA levels than slow muscle (Leberer 
& Pette, 1986). Furthermore, fast muscle expresses 
predominantly SERCAla, whereas slow muscle ex-
presses SERCA2a (Wu & Lytton, 1993; Wu et al, 1995). 
The other SERCA isoforms i.e. SERCAlb in neonatal 

*To whom correspondence should be addressed. 
E-mail: Erno@biochem.szote.u-szeged.hu 
'These authors contributed equally to this work. 

muscle, SERCA2b in most cells and SERCA3 in 
platelets, endothelial, lymphoid and mast cells) are all 
expressed at a lower level than SERCAla in fast 
muscle (Wu & Lytton, 1993). The pre-mRNA of 
the SERCA1 gene undergoes a developmental stage-
dependent splicing resulting in SERCAla (adult) and 
SERCAlb (neonatal) transcripts (Brandl et al, 1986, 
1987; Korczak et al, 1988). SERCA2a and SERCA2b 
mRNAs are spliced in a tissue-specific manner from 
the pre-mRNA transcribed from the SERCA2 gene 
(De la Bastie et al, 1988; Eggermont et al, 1990b; 
Plessers et al, 1991). 

The in situ injection of notexin, the venom of 
an Australian snake, causes a rapid necrosis and 
subsequent regeneration in skeletal muscle. The 
changes in the levels of the different SERCA 
mRNAs have been described in the notexin-induced 
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necrosis/regeneration of the ra t soleus (Zador et al., 
1996). This muscle consists predominantly of 
slow-twitch fibres rich in mitochondria, while the fast-
twitch rat extensor digi torum longus (EDL) muscle 
presents besides a large number of mitochondria-poor 
fibres, also some mitochondria-rich fibres (Armstrong 
& Phelps, 1984), suggesting a mixed utilization of 
both glycolytic and oxidative metabolism (Voytik et al, 
1993). Mitochondria-poor fibres were found to 
be generally more resistant to the toxin than the 
mitochondria-rich fibres (Harris et al., 1975). In line 
with this observation, the EDL is more resistant to the 
notexin-induced necrosis than the soleus (Harris et al, 
1975; Harris & Johnson, 1978). Since normal fast-
twitch muscles express much more SERCAla than 
SERCA2a, in contrast to the slow-twitch muscles in 
which SERCA2a is dominant (Simonides et al, 1990; 
Zador et al, 1996), the rat EDL might show a different 
pattern of SERCA isoforms dur ing regeneration than 
the soleus. Here we describe the changes in the 
transcript and protein levels of the SERCA isoforms 
dur ing regeneration of EDL f rom notexin-induced 
necrosis. We also show how these Ca2 + pumps are 
expressed together with the myosin heavy chain 
(MvHC) isoforms (used for muscle fibre typing) in 
fibres of the normal and regenerated EDL. 

Materials and methods 

Experimental procedures including the notexin adminis-
tration, the muscle dissection, the haematoxylin staining, the 
total RNA isolation, reverse transcription and polymerase 
chain reaction (PCR) were carried out as previously de-
scribed for the soleus (Zador et al., 1996), except that 60 pg 
snake venom in 100 pi of 0.9% NaCl was injected into the 
EDL muscle to elicit complete necrosis. 

Preparation of fragmented muscle membranes 
and immunoblots 
The muscles were finely minced with scissors and homo-
genized in 2.5 ml ice-cold 0.25 M sucrose, 5 mM HEPES, pH 
7.5, using a glass/Teflon Potter homogenizer. The homoge-
nates were centrifuged at 1000 g for 10 min at 4°C and the 
pellets discarded. The supernatants were centrifuged at 
200 000 g for 30 min at 4°C. The pellets, which represent the 
combined mitochondrial and microsomal fractions, were 
washed in the homogenization buffer and resuspended in 
300 pi of 0.25 M sucrose. 5 pi of these suspensions were 
electrophoresed on a Laemmli-type 7.5% SDS-PAGE (sodi-
um dodecyl sulphate polyacrylamide gel electrophoresis) 
and then electroblotted on to immobilon-P (Millipore). The 
SERCA1 proteins were detected by a 1:5 dilution of culture 
supernatant of the A3 mouse anti-SERCAl monoclonal 
antibody (Zubrzycka-Gaarn et al., 1984). The blots were 
quenched in 10 mM Tris. CI, pH 7.5, 0.9% NaCl, 0.05% 
TWEEN-20 (TBST) for 1 hour. The antibodies were also 
dissolved in TBST solution. The SERCA2a protein was de-
tected by a 1:500 dilution of the SERCA2a and the SERCA2b 

protein by a 1:200 dilution of the SERCA2b-specific rabbit 
antisera (Wuytack et al., 19S9, Eggermont et al., 1990a). The 
incubations with the primary antibodies and secondary anti-
bodies (peroxidase-conjugated rabbit anti-mouse immuno-
globulins or swine anti-rabbit immunoglobulins, Dako A/S, 
Glostrup, Denmark) lasted for 1 h. For visualization of the 
immunocomplexes, nickel-enhanced diaminobenzidine 
precipitations were used (Wuytack et al., 1994). 

Immunocytochemistry 
The EDL muscles were cryoprotected with 20% sucrose and 
frozen in isopentane cooled with boiling liquid nitrogen. 
Each of the regenerated muscles and their contralateral 
counterparts were cut into five transverse blocks by a device 
incorporating equally-spaced razor blades. Frozen 20 pm-
thick transverse sections were transferred into 1 x PBS 
(phosphate buffered saline). The sections were blocked in 
1% bovine serum albumin (BSA) and 10% normal rabbit 
serum in PBS for 20 min. The slices were incubated 
overnight with the SERCA1-specific antibody (A3, mouse 
monoclonal, 1:10), the SERCA2a-specific rabbit serum 
(R-15, 1:500) or the SERCA2b-specific rabbit serum (R2-88, 
1:500), and then with the secondary antibody (peroxidase-
conjugated rabbit anti-mouse immunoglobulins, Dako, 
1:200, or peroxidase-conjugated goat anti-rabbit, Sigma, 
1:200) for 30 min. BA-G5, SC-71 and BF-F5 antibodies for the 
myosin heavy chain isoforms (for MyHCl, MyHC2a and 
MyHC2b, respectively; Schiaffino et al., 1989) were used in 
1:5 dilution. The immunocomplexes were visualized by 
diaminobenzidine staining. Control sections were immuno-
stained without the primary antibody. 

Sampling 
For quantitations on immunostained sections, the visual 
field of the lOx objective/12.5x eyepiece (approximately 
0.92 mm2) was chosen as the sample area. The number of 
areas (3-6) taken from each section depended on the size of 
the whole muscle-section (Lexell et al., 1994). 

The images of the serial sections stained with the SERCA 
and myosin antibodies were compared using Global Vision 
System software Version 1.2 (Analos Belgium). 

Statistics 
For the immunoblots and the immunostaining, three 
independent experiments from different animals were used 
for every time-point studied. For the immunoblots the 
Newman-Keuls test and for the immunostained transversal 
sections Student's t-test were used. 

Results 

mRNA levels of SERCAs during regeneration 
Ratio RT-PCR analysis showed that in the normal and 
the regenerating EDL muscles, mRNA levels for the 
fast-twitch SERCA1 isoform were always much 
higher than for the slow-twitch SERCA2 form 
(Fig. 1A). The primers used in these experiments do 
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Fig. 1. The mRNA levels encoding SERCA isoforms during the regeneration of EDL from notexin-induced necrosis. The 
values on the ordinate are relative values normalized to the values of the controls (N) which are taken as 100%. They cannot 
be compared between the panels. (A) Relative levels of SERCA1 (black columns) and SERCA2 (white columns) using primer 
pair 8 and 9 (Zador et al., 1996). Note that for every time-point, SERCA1 is always much higher than SERCA2. (B) Relative 
levels of SERCAla (black columns) and SERCAlb (white columns) using primer pair 20 and 23 (Zador et al., 1996). The 
neonatal SERCAlb isoform precedes the adult SERCAla. (C) SERCA2a expression assessed by primer pair Uf-Cl (Zador et al, 
1996). Note that SERCA2a reappears during regeneration at a time when SERCA1 is also upregulated. (D) The level of 
SERCA2b mRNA assessed by primer pair Uf-C2 (Zador et al., 1996). Note here especially the relatively high expression in the 
first days (1-3) of necrosis. (E) The level of GAPDH transcript remained relatively constant throughout the whole necrosis/ 
regeneration process. Vertical bars give mean ± SE (n = 3). + Significant difference (p < 0.05) from the control values. 
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not discriminate between the adult SERCAla and the 
neonatal SERCAlb splice variants, therefore the 
quoted SERCA1 mRNA levels represent the sum of 
both (Wuytack et al., 1994). However, by using a 
primer pair encompassing the optional 42 bp exon 
(exon 22) retained in the adult SERCA1 mRNA but 
excised in the neonatal one (Korczak et al., 1988), the 
ratio of both variants can be assessed. In the normal 
EDL the adult SERCAla form was by far the most 
prominent and only trace amounts of the neonatal 
SERCAlb mRNA were found (Fig. IB). In the initial 
stages after administration of the toxin, the 
SERCAla/SERCAlb ratio did not change. On the first 
day their absolute levels were slightly lower, but on 
day 3 the level of mRNAs of SERCAla and SERCAlb 
dropped below 10% of the control. On day 5 the 
SERCA1 mRNA level began to recover. It was the 
SERCAlb transcript which increased first, reaching 
levels five-fold above SERCAla on day 5. From that 
time on, the initially high expression levels of the 
neonatal SERCAlb isoform were gradually replaced 
by SERCAla. After 28 days of regeneration, the levels 
of SERCAla and SERCAlb isoforms were back to 
normal. 

The level of SERCA2 mRNA was always much 
lower than that of SERCA1, but during recovery from 
necrosis (days 5 to 21) it showed an increase (Fig. 1A). 
To investigate whether the non-muscle SERCA2b or 
the muscle SERCA2a isoform was responsible for this 
increase, we used two sets of specific primers which 
amplified either SERCA2a (Fig. 1C) or SERCA2b 
(Fig. ID). It should be remarked that unlike for 
SERCAla/b, no single primer pair can be used to 
assess the SERCA2a/b ratio. The initial phase of ne-
crosis (days 1 and 3) and the onset of regeneration 
were accompanied by a considerable specific increase 
in the non-muscle SERCA2b transcript, but then, 
when the regeneration progressed (days 5 and 10), the 
mRNA levels of both types of SERCA2 increased to-
gether. Later they declined again towards the normal 
level. This suggests that it is mostly the SERCA2a 
isoform which accounts for the increase of the 
SERCA2 message on days 5-10. 

Expression of the SERCA1, SERCAla 
and SERCAlb proteins 
We monitored the expression of the SERCA1, 
SERCA2a and SERCA2b proteins by means of im-
munoblotting throughout the necrosis/regeneration 
process. The SERCA1 protein level was much below 
the control level on day 3 after administration of the 
toxin; it did not recover until day 10, then it increased 
to the control level on days 21-28 (Fig. 2A). Only 
very low levels of SERCA2a were found in normal 
EDL; it was even lower on day 3 but showed a tran-
sient increase on days 5 and 10, declined on day 21 

and remained at that level until day 28 (Fig. 2B). 
The non-muscle isoform SERCA2b did not change 
significantly during the regeneration (Fig. 2C). 

Immunocytochemistry of SERCAs 
in the regenerating EDL 
In the normal EDL muscle about 97% of the fibres 
stained intensively with the SERCA1 specific antibody 
(Fig. 3C). About 5% of the fibres, interspersed 
amongst the others, expressed SERCA2a (Fig. 3B). 
Interestingly, most fibres negative for SERCA1 stained 
for SERCA2a, but about the same number of fibres 
were hybrid in respect of expressing both isoforms. 
SERCA2a was expressed in 98% of the type I fibres 
together with the slow MyHCl, and about two-thirds 
of the SERCA1-positive fibres expressed either the 
MyHC2a or the MyHC2b isoforms. (One third of the 
SERCAl-expressing fibres was presumably positive 
for MyHC2x/d but ice did not have an antibody for 
this isoform. 

After four weeks of regeneration the numbers of 
fibres that stained exclusively for SERCA1 or 
SERCA2a were similar, as in the normal untreated 
muscle. The MyHCl-expressing fibres also stained for 
SERCA2a. However, there was an increase in the 
number of so-called hybrid fibres staining for both 
SERCA2a and SERCAl,'and also for both MyHCl and 
MyHC2a (Fig. 3F-J). A characteristic effect of regen-
eration was that whereas in the normal EDL, fibres 
expressing SERCA2a occurred mostly as single indi-
vidual fibres interspersed amongst the SERCA1 pos-
itive ones, in the regenerated EDL 50% of these fibres 
occurred in groups (two or more fibres adjoined, 
Table 1). These groups consisted of both the type I 
and the so-called hybrid fibres. 

Discussion 
Injection of notexin into the EDL muscle induces an 
extensive necrosis of the muscle fibres, but it leaves 
the satellite cells and many other nonsyncytial cell 
types largely unaffected. We have made a study of the 
changes in SERCA mRNA and protein levels during 
the subsequent regeneration. It took three days for the 
mRNA level of SERCAla, the major Ca2+ pump of the 
fast-twitch fibres, to decline to less of than 10% of the 
control. This confirms that the necrosis of the fibres is 
slower in EDL than in soleus (Harris et al., 1975; 
Harris & Johnson, 1978). The pronounced increase in 
the level of the neonatal SERCAlb mRNA on day 5 
was an early molecular marker of the onset of 
regeneration. In later stages of regeneration it was 
replaced by SERCAla. A similar increase in the 
neonatal SERCAlb mRNA isoform, followed by later 
replacement by SERCAla, was also observed in 
normal development (Brandl et al., 1986, 1987) and 



SERCAs in regenerating EDL muscles 

A 

N 3 5 7 10 21 28 
Days after notexin administration 

B 

N 3 5 7 10 21 28 
Days after notexin administration 

dur ing the regeneration of the notexin-necrotized 
soleus musc le (Zador et al., 1996). This shows that the 
initial pa t te rn of activation of the muscle-specific 
SERCA isoforms in notexin-induced regeneration of 
both the fast- and slow-twitch muscles is similar to 
that in normal development. The relative levels of the 
SERCA1 a n d SERCA2 transcripts were detected by 
ratio RT-PCR (Wuytack et al, 1994; Zador et al, 1996), 
which s h o w e d that the SERCA1 transcript was ex-
pressed at a much higher level than the SERCA2 in 
the normal and regenerating muscle. This is consis-
tent wi th other reports which stated that in EDL, 
SERCA.1 is expressed at a level at least six-fold higher 
than SERCA2 (Wu & Lytton, 1993; W u et al, 1995). In 
spite of t he low levels of SERCA2 m R N A , which 
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Fig. 2. Lmmunoblot quantification of (A) SERCAl, (E 
SERCA2a and (C) SERCA2b isoforms during the regenera 
tion of EDL muscles from notexin-induced necrosis. N 
normal EDL; 3-28 days after toxin administration. The lev 
els of SERCAl on days 3-10 were significantly decrease, 
(p < 0.05, n = 3). The level of SERCA2a was decreased o: 
day 3 and increased on day 10. The level of SERCA2b dic 
not change during the regeneration. The values are nor 
malized to the untreated normal EDL muscles 0 0 . Tht 
respective SERCA protein levels in the contralateral EDI 
muscles deviated from each other with ± SE < 5%. Equiva 
lent parts of the membrane fractions were analysed and tht 
protein contents of the fractions were not significantly dif 
ferent in the stages of regeneration. Symbols as in Fig. 1. Tht 
insert shows an example of the immunoblots. 

m a d e the analysis more difficult, we decided tc 
explore which of the two known SERCA2 splice vari-
ants w a s expressed in the different phases of the ne-
crosis / regenerat ion process. The splice variants o: 
SERCA2 were indeed found to be changing. The 
levels of the non-muscle SERCA2b mRNA did no 
s h o w a significant increase, al though its level was 
highly variable on days 1-5. This can be ascribed tc 
the presence of cells invading the necrotizing muscle 
Once regeneration was resumed on day 5, as wit-
nessed by the accompanying boost in SERCAl levels 
the SERCA2a mRNA levels also showed a transien: 
marked increase. The peak on day 5 coincided with 
the formation of the new myotubes. The s u d d e r 
appearance of SERCA2a at day 5 indicates that at this 
m o m e n t the muscle-specific SERCA2 splice pro-
g r a m m e mus t be activated, which removes the optional 
non-muscle alternative exons 22-24 and links exon 21 
to 25 (Van Den Bosch et al, 1994; Mertens et al, 1995) 
These changes in expression pat tern of the SERCAl 
var iants again resemble those of the slow SERCA 
isoform dur ing ontogenesis (Brandl et al, 1987). 

The changes in the levels of SERCA proteins dur ing 
the regeneration are followed by the changes of 
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SERCAs in regenerating EDL muscles 
Table 1. Associated type I fibres in regenerated EDL 
muscles and their contralaterals. 

Blocks Contralateral m. EDL Regenerated m. EDL 

1 11.9 ± 4.6 50.6 ± 3.6 
2 ; 6.4 ±1.6 53.2 ± 4.7 
3 10.1 ± 1.3 50.4 ± 6.0 
4 - 7.9 ±1.7 52.4 ± 2.0 
5 4.1 ± 4.1 44.4 ± 12.7 

The percentage of type I fibres (± SE, n = 3) associated in groups 
is given in five blocks from the proximal to die distal end of 
EDL muscles regenerated after notexin-induced necrosis. A n 
average of 50.2 ± 2.7% of the type I fibres were grouped (adjoining 
one another) in the regenerated muscle, but only 8 ± 1.3% in their 
untreated contralaterals. The difference between numbers of 
grouped fibres in the regenerated and normal muscles was 
significant (p < 0.05) in each block, but no significant difference 
was observed between the five different blocks of the regenerated 
EDL muscle or between the five blocks of the contralateral muscles. 
Note that 98% of type I fibres expressed SERCA2a in both normal 
and regenerated muscles, and that the number of fibres expressing 
MyHCl increased significantly during the regeneration. 

mRNA levels after three days, SERCA1 protein levels 
were very low on day 3 and 5, but they increased 
again from day 7 onwards and reached the normal 
level on day 28. Antibodies recognizing specifically 
SERCAlb are not available. This precluded the dem-
onstration of a putative increase in the level of the 
neonatal protein which might accompany the corre-
sponding increase in the mRNA, but we must assume 
that the first increase of the SERCA1 protein level can 
be ascribed to the SERCAlb neonatal isoform. The 
SERCA2a isoform declined on day 3 in agreement 
with the low transcript level on days 1 and 3. On day 
5 this isoform was again upregulated, consistent with 
the increased level of its transcript. Later it declined 
again until the end of regeneration. In contrast, the 
SERCA2b isoform did not change significantly (in 
accordance with its transcript level); its high vari-
ability on day 3 was probably a result of non-muscle 
cells invading the necrotizing muscle. 

The immunocytochemical detection of SERCAs was 
also consistent with the corresponding data at the 
protein level. In the normal EDL, the fast type of Ca2-

pump was intensively expressed in nearly every (fast) 
fibre in accordance with other reports (Wu & Lytton, 
1993; Wu et al, 1995; Kandarian et al, 1994). A few of 
the fibres, however, were expressing only SERCA2a, 
suggesting an alternative regulation of these isoforms 
in these (slow) fibres. After 28 days regeneration, the 
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number of SERCA2a-expressing fibres increased 
owing to the appearance of so-called hybrid fibres, 
often expressing also the fast SERCA1 together with 
the MHC1 and the MHC2a isoforms. This suggests 
that the slow nerve endings are slightly more efficient 
at reinnervating the regenerated fibres than the fast 
nerve endings. A competition for reinnervation of 
regenerating fibres is also supported by the close 
spatial association of the SERCA2a and MHC1 co-
expressing (type I) fibres. The appearance of a num-
ber of die hybrid fibres was also observed after 
chronic stimulation of fast-twitch skeletal muscles 
(Zhang et al, 1997). 

In normal ontogeny an increase in the level of 
myogenic regulatory factors (MRFs) precedes the 
expression of the muscle-specific genes (Arai et al, 
1992). Also, in the present regeneration model the 
increases in the levels of the different SERCAs is 
preceded by upregulation of the MRF mRNA levels 
(Zador et al, 1997). However, in the later stages of 
regeneration no difference was observed between the 
fast-twitch EDL and the slow-twitch soleus with 
respect to the MRF mRNA expression pattern, 
suggesting that the difference in the SERCA1 and 
SERCA2 levels is not directly controlled by these 
transcription factors. 

In conclusion, during regeneration of the EDL from 
notexin-induced necrosis, the transcripts and proteins 
of SERCA isoforms show similar time-dependent 
changes in expression pattern, as observed during the 
regeneration of the soleus (Zador et al, 1996), and they 
also recapitulate those observed during normal mus-
cle development (Brandl et al, 1987). At the time 
when the regenerating fibres regained their normal 
diameter, they expressed similar levels of both 
SERCAs as in the normal muscles, but showed a 
slightly higher number of hybrid fibres than in the 
untreated controls. 
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Fig. 3. Immunocytochemical demonstration of SERCA and myosin isoforms during regeneration. Parallel transversal sec-
tions of normal (A-E) and regenerated (F-K) EDL muscles immunostained for SERCA2a (A, F), MHC1 (B, G), SERCA! 
(C, H), MHC2a (D, J), MHC2b (E, K). The characteristic fibres are labelled with the following symbols: I, fibre stained for 
MyHCl and SERCA2a, classified as type I; a, fibre stained for MyHC2a and SERCA1, classified as type Ila; b, fibre stained for 
MyHC2b and SERCA1, classified as type lib; X, fibre stained for MyHCl, MyHC2a, SERCA2a and SERCA1, counted as a 
hybrid fibre. Scale bar is 100 jim. 
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Summary 

Expression levels of fast-twitch (SERCA1), slow-twitch (SERCA2a) and 
"housekeeping" (SERCA2b) isoforms of the sarcoplasmic reticulum Ca2+-
transport ATPase were monitored during regeneration of rat soleus muscles 
following necrosis induced by the toxin notexin at the tissue level by Wes-
tern blot analysis and at the cellular level by immunocytochemical analysis. 
D u e to necrosis, levels of muscle-specific SERCA1 and SERCA2 a isoforms 
dropped to low levels on the third day after injection of the toxin. Subse-
quently, during regeneration both isoforms recovered but with a different 
t ime course. Expression of the fast type SERCA1 increased first. This type 
showed its most pronounced increase between day 3 and 10. Expression of 
the slow type S E R C A 2 a was biphasic. After an increase to approximately 
one third of the control value on days 5-10, it showed its main increase up 
to the control level between day 10 and 21. Expression levels of the house-
keeping SERCA2b isoform remained relatively constant throughout the 
4 weeks of regeneration. Between day 10 and 28, when new innervation is 
established, SERCA2a expression spread gradually over almost all fibers 

List of abbreviations: DAB, 3,3'-diaminobenzidine; MHC 1, type 1 myosin heavy 
chain; MHC 2 a, type 2 a myosin heavy chain; PAGE, polyacrylamide-gel electrophor-
esis; SERCA, sarco/endoplasmic reticulum Ca2+-ATPase; S.E.M., standard error; 
SR, sarcoplasmic reticulum 
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whereas the number of SERCAl-expressing fibers decreased and only a lim-
ited number of fibers co-expressed SERCA1 and SERCA2 a. At 4 weeks of 
regeneration, expression of the fast isoform was found only in 12% of the fi-
bers, whereas the slow form was found in 98% of the fibers. In the contralat-
eral untreated soleus muscles, 26% SERCAl-positive and 81% SERCA2a-
positive fibers were observed. Immunocytochemical analysis showed that 
SERCA1 and SERCA2 a were co-expressed with fast and slow myosin iso-
forms in fibers of normal muscles but in regenerated muscle only slow myo-
sin and slow SERCA isoforms correlated. The results show that during re-
generation levels of fast and slow SERCA proteins change in a similar way 
as their mRNAs do. However, in regenerated soleus, unlike in normal mus-
cle, expression of slow SERCA is coregulated only with the slow myosin iso-
form. This finding is in agreement with the fact that the number of slow 
type fibers is increased in regenerated soleus. 

Key words: SERCA protein level - soleus-regeneration - myosin isoforms -
skeletal muscle - necrosis - Ca2+-ATPase 

Introduction 

Relaxation of skeletal muscle largely depends on sarco/endoplasmic reticu-
lum Ca2+ -transport ATPase (SERCA), which removes Ca2 + from the sarco-
plasm into the sarcoplasmic reticulum (SR). Four different isoforms of SR 
Ca2+-ATPases have been described in skeletal muscle. They are encoded by 
two genes (McLennan et al., 1992). SERCA1 a/b splice variants are mainly 
expressed in fast-twitch muscle, but they are detectable in slow-twitch mus-
cles too (Brandl et al., 1987; Wu and Lytton, 1993; Wu et al., 1995). SER-
CA2 a protein is expressed largely in slow-twitch fibers and cardiac muscle, 
but is also present in fast-twitch muscles (Brandl et al., 1987; Wu and Lyt-
ton, 1993; Wu et al., 1995). In a previous study, we documented time-depend-
ent changes in the levels of mRNAs encoding SERCA1 a/b and SERCA2 a/b 
in rat soleus muscle during regeneration from necrosis (Zador et al., 1996). 
Necrosis was induced by intramuscular injection of notexin venom from the 
mainland tiger snake (Harris and Johnson, 1978), and concomitant regenera-
tion can be used as a model of muscle recovery from degenerative disorders 
or after heavy exercise. It was concluded that during regeneration, appear-
ance of mRNAs coding for different SERCA isoforms showed a similar time 
course as in normal development. 

The present study first investigates expression of SERCA1, SERCA2a 
and S E R C A 2 b at the protein level in whole muscle. Any discrepancy in 
time-dependent expression patterns of the mRNAs (Zador et al., 1996) and 
corresponding protein patterns would indicate that posttranscriptional 
mechanisms control SERCA expression. Indeed, cellular levels of different 
SERCA proteins depend on several factors. These include efficiency of gene 
transcription, m R N A stability, efficiency of translation and protein stability. 
According to Khan et al. (1990), cardiac muscle which expresses SERCA2a, 
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contains 70 times more SERCA2 protein, but only 7 times more SERCA2 
m R N A compared to stomach which expresses predominantly SERCA2b. 
Additional control of SERCA2 expression on the translational level has also 
been reported for canine latissimus dorsi (Hu et al., 1995). However, Wu 
and Lytton (1993) report both for cardiac muscle (SERCA2 a) and for stom-
ach or aorta smooth muscle (mainly SERCA2b) similar ratios of 2x 105 pro-
tein molecules/mRNA. A second part of the present study deals with the 
expression of SERCA protein isoforms in individual muscle fibers. Our pre-
vious study on mRNA levels (Zador et al., 1996) did not provide informa-
tion on changes in morphology of muscle cells, nor on distribution patterns 
of the different SERCA isoforms amongst individual fibers during regenera-
tion. It is now concluded that an initially relatively higher expression of 
SERCA1 compared to SERCA2 in myoblasts and fibers changes between 
10 and 28 days of regeneration, i. e. at the time tha t fibers become reinner-
vated, in favour of SERCA2a. At that time nearly all fibers express SER-
CA2 a, but a number of fibers go on co-expressing SERCA1 and SERCA2. 
However, the number of SERCA1-positive fibers is then much lower than 
in control soleus. 

We also confirmed by immunostaining that S E R C A 1 and SERCA2 a are 
expressed in type I I A (fast-twitch, oxidative glycolytic) and type I (slow-
twitch) fibers, respectively, in the normal soleus muscle. After regeneration 
however, when the number of type I I A fibers declined, only SERCA2 a cor-
responded to the expression of slow myosin. 

Material and Methods 

Animals and treatment. 300-360 g male Wistar rats were used for the experiments. 
The rats were anaesthetised by injection of 1 ml 0.5% pentobarbital sodium per 
100 g body weight. A small incision was made in the m. gastrocnemius, the m. soleus 
slightly lifted from its bed and slowly injected at a point located approximately 1/3 
from the distal end with 20 pg venom of the mainland tiger snake (Notechis scutatus 
scutatus) in 200 pi 0.9% NaCl (Sigma, St. Louis, MO, USA) using a 27G 3/4 injection 
needle. After injection, the wound of the gastrocnemius and the skin were suture 
closed. At times ranging from day 3 to 28 after injection, the entire soleus muscle 
was removed and the animals were sacrificed with an overdose of pentobarbital so-
dium. 

Sampling and hematoxylin-eosin staining of the soleus muscles. The dissected so-
leus muscles were frozen in isopentane cooled by liquid nitrogen and kept at 
-70 °C. A biopsy was taken from the central part of each frozen soleus before homo-
genisation. frozen sectioned and stained by hematoxylin-eosin to monitor necrosis 
and the subsequent regeneration process. The time course of regeneration and the 
optimal dose of snake venom was established in a separate set of experiments and 
found to be remarkably reproducible (Zador et al., 1996). 

Preparation of fragmented muscle membranes and immunoblots. The muscles, 
for which the regeneration state was documented by hematoxylin-eosin staining of 
sections taken from the central part of the muscles, were finely minced with scissors 
and homogenised in 2.5 ml ice-cold 0.25 M sucrose in 5 mM HEPES, pH 7.5 using a 
glass/Teflon Potter homogeniser. The homogenates were centrifuged at 1,000 g for 
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lOmin at 4°C and the pellets discarded. The supernatants were centrifuged at 
200,000 g for 30min at 4°C. The pellets, which represented the combined mitochon-
drial and microsomal fractions, were washed in homogenisation buffer and resus-
pended in 300 pi of 0.25 M sucrose. The protein content of these fractions was mea-
sured and found to be similar to that of normal muscle on days 1, 3, 5, 21 and 28 
but it was lower on days 7 and 10 (see legend of Fig. 1). 5 pi of these suspensions 
were electrophoresed on a Laemmli-type of 7.5% SDS PAGE and then electro-
blotted onto immobilon-P (Millipore). The SERCA1 proteins were detected by a 
1:5 dilution of culture supernatant of the A3 mouse anti-SERCAl monoclonal 
antibody (Zubrzycka-Gaarn et al.. 1984). The blots were quenched in 10 mM 
Tris.HCl, pH 7.5, 0.9% NaCl, 0.05% TWEEN-20 (TBST) for 1 h. The antibodies 
were also dissolved in TBST solution. The SERCA2 a and SERCA2 b proteins were 
detected by a 1:500 dilution of SERCA2 a- and SERCA2 b-specific rabbit antisera 
(Wuytack et al., 1989; Eggermont et al., 1990). Incubations with primary antibodies 
and secondary antibodies (peroxidase-conjugated rabbit anti-mouse immunoglobu-
lins or swine anti-rabbit immunoglobulins, 1:1000; Dako A/S, Glostrup, Denmark) 
lasted for 1 h. For visualisation of the immunocomplexes nickel-enhanced diamino-
benzidine (DAB), precipitations were produced by staining for peroxidase activity 
in the presence of 0.006% H2O2 (Wuytack et al., 1994). Quantitification was per-
formed by densitometer scanning, using a ScanPack 10.1 A 20 program (Biometra. 
Gottingen, Germany). Amounts of sample were always applied within the linear 
range of the assay as determined by a dilution series of the sarcoplasmic reticulum 
fraction. 

Controls to ascertain specificity of the SERCA antibodies were performed. The 
A3 SERCA1 specific antibody did not cross react on immunoblots with serial dilu-
tions of combined mitochondrial and microsomal fraction of rat heart known to ex-
press SERCA2 a but not SERCA1. On the other hand, SERCA2 a was detected in 
the same microsomes by the R-15 SERCA2 a specific antibody (data not shown). 

Immunocytochemistry. Soleus muscles were cryoprotected with 20% sucrose and 
frozen in isopentane cooled by liquid nitrogen. Each of the regenerated muscles and 
their contralateral counterparts were cut into 5 transverse blocks by a device incor-
porating equally spaced razor blades. Serial cryosections of 20 pm thickness were cut 
from each block and processed for immunostaining. Sections were incubated in 1% 
BSA and 10% normal rabbit or goat serum in PBS for 20 min to block nonspecific 
binding sites. Sections were incubated overnight with the SERCAl-specific antibody 
(A3, mouse monoclonal, 1:10), the SERCA2a-specific rabbit serum (R-15, 1:500), 
the SERCA2 b-specific rabbit serum (R2-88,1:500), the type 1 myosin heavy chain 
(MHC) specific antibody (BA-G5, mouse monoclonal, Deutsche Sammlung von 
Mikroorganismen und Zellkulturen, Braunschweig, Germany, 1:10) or the type 2 a 
MHC-specific antibody (SC-71, mouse monoclonal, Schiaffino et al., 1989, Deutsche 
Sammlung von Mikroorganismen und Zellkulturen, 1:20) and then with the second-
ary antibody (peroxidase-conjugated rabbit anti-mouse immunoglobulins, Dako, 
1:200 or goat anti-rabbit, Sigma, 1:200) for 30 min. The immunocomplexes were 
visualized by DAB staining of peroxidase activity in the presence of 0.006% 
H202 . Control sections were imxnunostained in the absence of primary antibody. 

Sampling procedure. All quantitations were performed on immunostained sec-
tions from each block. The visual field of the 10x objective/12.5x eyepiece (approxi-
mately 0.92 mm2) was chosen as sample area. Starting from the medial and superfi-
cial part of the muscle, 2-7 areas were taken from each section, depending on the 
size of the whole muscle cross section (Lexell et al., 1994). 

Images of serial sections stained with the SERCA and myosin antibodies were 
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compared using Global Vision System software (Analis Belgium, Version 1.2, Na-
mur, Belgium). 

Number of experiments, statistics. For the immunoblots, 3 preparations, each from 
separate animals, were used for every time point studied. For the immunohistochem-
ical experiments four animals were used for every time point. A Student's t-test indi-
cated that after 28 days of regeneration ratios of SERCA1/SERCA2 expressing fi-
bers differed significantly (p < 0.05) from that in the normal untreated soleus. 

The levels of S E R C A 1 protein in the regenerating m. s o l e u s 

5 7 10 21 
•ays after notexin administration 

The levels of S E R C A 2 a in the regenerating m. s o l e u s 

N 3 5 7 10 21 28 
Days after notexin administration 
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Results 

Levels of SERCA proteins in fragmented muscle membranes. Levels of SER-
CA1, S E R C A 2 a and S E R C A 2 b proteins during regeneration from notexin-
induced necrosis were assessed on immunoblots of the combined mitochon-
drial/microsomal muscle fract ions by means of specific antibodies. Prelimin-

SERCA1 

SERCA2a 

SERCA2b 

Fig. 1 D. Examples of the immunoblots are shown. 

A 

Figs. 1A-C. Levels of sarcoplasmic reticulum Ca2+-ATPases during regeneration. 
Immunoblots were stained with A 3 monoclonal antibody (SERCAl-specific), R-15 
antiserum (SERCA2 a-specific) and R2-88 antiserum (SERCA2 b-specific). N, nor-
mal untreated soleus; 3, 5, 7, 10, 21, 28, days after notexin administration. The level 
of SERCA1 (A) is significantly decreased on day 3. The level of SERCA2 a (B) is 
significantly lower on days 3, 5, 7 and 10. The level of SERCA2b (C) is significantly 
below that of the untreated controls on days 7 and 10. The values are normalized to 
the control soleus (N). Note that equivalent parts of the membrane fractions were 
analysed. The average protein contents (mean ± S.E.M., n = 3) of the samples ap-
plied to a gel slot were the following: N: 9.5 ± 0.8 pg, 3 d: 9.5 ± 0.5 pg, 5 <± 
7.4 ± 0.3 pg, 7 d: 7.8 ± 0.9 pg, 10 d: 4.9 ± 1 pg, 21 d: 10.6 ± 1.4 pg, 28 d: 9.8 ± 1.2 pg. The 
protein content of fractions on day 10, when the SERCA2 b level was decreased, was 
significantly lower than in the fractions obtained on other days (p < 0.05). 
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ary experiments showed that in the normal soleus approximately 40% of the 
Ca 2 + -pumps (SERCA1. S E R C A 2 a and S E R C A 2 b immunostaining) were 
recovered in the mitochondrial fraction (pellet of a 15 minx 10,000 g spin of 
the postnuclear supernatant) and approximately 60% in the microsomal 
fract ion (pellet of a 30 min x 200.000 g spin of the postmitochondrial super-
natant) . Since morphological changes which occur during muscle regenera-
tion could cause a redistribution of pumps between mitochondrial and mi-
crosomal fractions, we preferred to use combined mitochondrial/microsomal 
fractions for our assays. For each time point, the same volume of membrane 
fraction (i. e. 5 pi out of a total of 300 pi ) was applied on the gel. Therefore, 
signals on the immunoblots directly relate to the total amount of expressed 
protein. 

SERCA1, SERCA2 a and SERCA2 b followed different time courses of 
expression during muscle regeneration. Three days after administration of 

Fig. 2. Expression of sarco endoplasmic reticulum Ca:~-ATPases in fibers of normal 
soleus muscle. Serial transverse sections showing (A) fibers expressing the fast-type 
SERCA1 isoform stained by the A3 monoclonal antibody, (B) fibers expressing the 
slow-type SERCA2a isoform stained by the R-15 antiserum, (C) fibers stained by 
the MHC2a (fast-type) SC-71 antibodv. (D) fibers stained by the MHC1 (slow-type) 
BA-G5 antibody. Note fibers stained for SERCA1 (o) or SERCA2 a (-) only, fibers 
expressing both SERCA 1 and SERCA2a Ca~~-ATPases (+) and fast fibers coexpres-
sing MHC2a with SERCA 1 (o) or slow fibers coexpressing MHC1 with SERCA2 a 
(-). The scale bar is 50 pm. 
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the toxin, the SERCA1 level in the fragmented membranes was strongly re-
duced, but it largely recovered between day 5 and 21. In some animals, 
SERCA1 declined again on day 28 to a value below the level in normal con-
trols (Fig. 1 A), but the mean levels were not significantly different from 
controls. The level of slow-type Ca2+-pump protein (SERCA2a) was also 
strongly reduced on the third day after administration of the toxin. On 
days 5, 7 and 10, SERCA2 a recovered to a level at approximately 1/3 of the 
control level. On day 21. a marked further increase in the SERCA2 a level 
was observed to a value that remained constant to day 28 (Fig. 1B). 
Whereas the amount of muscle-specific SERCA1 and S E R C A 2 a Ca 
pumps changed dramatically, the level of the "housekeeping" SERCA2b 
isoform remained relatively constant throughout the whole regeneration 
period (Fig. 1C), except on days 7 and 10, when this isoform declined be-
cause of reduced protein content of the membrane fractions. Examples of 
the immunoblots are shown in Fig. 1D. 

Immunocytochemical detection of SERCA proteins during regeneration. On 
transverse sections of normal soleus muscles, SERCA1 protein was coex-
pressed with the fast type 2 a MHC. Similarly, a strong correlation of immuno-
staining was observed for SERCA2 a and type 1 MHC (Fig. 2 A-D; Table 1). 

In normal soleus muscles, SERCA1 protein was found to be expressed in 
26.3 ±2.6 (mean ± S.E.M.)% of the fibers, whereas SERCA2 a could be de-
monstrated in 80.7 ± 4.3% of the fibers. This suggests that at least a few per-
cent of fibers coexpress both isoforms. Indeed on consecutive sections, the oc-
casional simultaneous expression of SERCA1 and SERCA2 a in single fibers 
was confirmed (Fig. 2 A . B). The SERCA2 b isoform was faintly but uni-
formly expressed and found in more than 98% of the fibers (data not shown). 

Expression patterns of both SERCA1 and SERCA2 a showed a charac-
teristic time course during regeneration of soleus muscle (Figs. 3, 4). Myo-
blasts expressed both isoforms from day 3 onwards. On day 10, a large num-
ber of the fibers coexpressed SERCA1 and SERCA2 a (Figs. 3 A, B). 

Table 1. Coexpression of SERCA1 with MHC2a and SERCA2 a with MHC1 in nor-
mal soleus muscles 

Blocks MHC2 a -i- SERCA1 MHC1 + SERCA2 a 

1 94.2 ± 1.5 99.8 ± 0.2 
2 93.6 ± 2.7 99.6 ± 0.2 
3 96.8 ± 1.7 99.1 ± 0.3 
4 95.2 ± 2.7 98.9 ±0.6 
5 93.5 ± 1.5 99.1 ± 0.3 

Percentage of MHC2 a-expressing fibers which also expressed SERCA1 (column 2) 
and the percentage of MHC1-expressing fibers which coexpressed SERCA2 a (col-
umn 3) are given for a series of 5 blocks from proximal to distal end of rat soleus 
muscles (mean±S.E.M, n = 4). Note that in whole soleus muscles an average 
94.6 ±0.76% of the MHC2 a-expressing fibers was also expressing SERCA1 and 
99.1 ± 0.2% of the MHCl-expressing fibers expressed SERCA2 a. 
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Fig. 3. Expression of sarcoplasmic reticulum Ca2"-ATPases in muscle fibers of re-
generating soleus on day 10. Transverse sections were stained with fast type SER-
CAl-specific A 3 monoclonal antibody (A) or slow-twitch type SERCA2a-specific 
R-15 antiserum (B). Note fibers stained for both SERCA1 and SERCA2 a (arrows). 
Hie scale bar is 50 pm. 

Characteristically, a few fibers were found to express more SERCA1 than 
most of the other fibers. Such a difference in relative expression levels be-
tween fibers was not observed for S E R C A 2 a. Af te r 3 weeks, expression of 
both isoforms resembled that on day 10. i. e. SERCA1 was expressed in 
higher amounts in a few fibers as compared with the others, whereas SER-
C A 2 a was detected in nearly all fibers. Whalen et al. (1990) reported that 
af ter 4 weeks regenerated soleus showed less type I I A fibers and more 
type I fibers in terms of expression of myosin heavy chain isoforms. We now 
found that fast M H C 2 a was coexpressed with SERCA1 and slow type 
M H C 1 with SERCA2 a isoform in regenerated soleus. After 4 weeks of re-
generat ion, the number of SERCA1 expressing fibers had also dramatically 
declined. SERCA1 was expressed only in 12.4 ± 1.1% of the fibers (Fig. 4 A; 



Fig. 4. Expression of sarco/endoplasmic reticulum Ca2+-ATPases and myosin isoforms in muscle fibers on serial sections on day 28 
of regeneration. Transverse sections were stained with the fast type SERCAl-specific A3 monoclonal antibody (A), the slow type 
SERCA2 a-specific R-15 antiserum (B), the MHC2a antibody (C) or the MHC1 antibody (D). Although the majority of the fibers 
coexpressed SERCA2a and MHC1, note that some fibers also expressed SERCA 1 and MHC2a (v). A few fibers coexpressed 
SERCA1 and MHC2a, but not SERCA2a and MHC1 (arrow). The scale bar is 100 pm. 
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Table 2). Ftirthermore, the characteristic variability in expression level 
among SERCAl-positive fibers observed at 3 weeks persisted after 4 weeks, 
although only a minority of the fibers showed high SERCA1 expression. At 
that time nearly all fibers (98.2 ±0 .6%) expressed SERCA2 a (Fig.4B; Ta-
ble 3) together with slow myosin (Fig. 4 D ) . MHC1 showed typically less var-
iation in expression levels between the fibers than SERCA1. Hence on 
day 28 of regeneration, SERCA2a was clearly the dominating isoform, 
whereas in untreated contralateral muscle, which acted as a control, expres-
sion of SERCA1 and SERCA2a was substantially mixed (Fig. 2 A, B). After 
5 months of regeneration, the ratio of SERCA1- and SERCA2 a-expressing 
fibers remained similar to that observed on day 28 (Figs. 5 A, B). 

Table 2. Expression of SERCA1 in fibers of 4 regenerated soleus muscles and their 
contralaterals 

Blocks Regenerated m. soleus Contralateral m. soleus 

1 14.7 ± 2.1 26.6 ±4.9 
2 11.9 ±1.6 27.1 ± 3.6 
3 13.9 ± 1.9 26.4 + 2.4 
4 13.8 ± 1.7 27.3 ± 2.2 
5 11.6 ±1.5 22.8 ± 2.2 

Percentage of fibers (mean ± S.E.M., n = 4) showing positive immunostaining for 
SERCA1 is given for 5 blocks from proximal to distal end of soleus muscles regener-
ated after notexin induced necrosis. Note that the SERCA1 was expressed on average 
in 12.4 ± 1.1% of the fibers of regenerated and in 26.3 ± 2.6% of fibers of untreated 
contralateral soleus muscles. The difference between numbers of SERCAl-expressing 
fibers in regenerated and normal soleus muscles was significant (P < 0.05) in each 
block, but significant differences were not observed between the five different blocks 
of regenerated soleus muscle or between five blocks of contralateral muscles. 

Table 3. Expression of SERCA2 a in fibers after 4 weeks of regeneration and in con-
tralateral controls 

Blocks Regenerated m. soleus Contralateral m. soleus 

1 97.9 ±0.7 79.7 ± 7.7 
2 98.3 ± 0.5 81.6 ±4.0 . 
3 97.9 ± 0.9 79.5 ± 5.1 
4 98.5 ± 0.7 79.4 + 4.7 
5 98.6 ±0.7 79.0 ±6.3 

Percentage (% of total fibers ± S.E.M., n = 4) of SERCA2 a-positive fibers is given for 
5 blocks from proximal to distal ends of soleus muscles regenerated after notexin in-
duced necrosis. Note that SERCA2a was expressed on average in 98.2 ± 0.6% of the 
fibers of regenerated and in 80.7 ± 4.9% of fibers of contralateral soleus muscles. The 
difference between numbers of SERCA2 a-expressing fibers in regenerated and nor-
mal soleus muscles was significant at the P < 0.05 level in each block, but significant 
differences were not observed between the five different .blocks of regenerated soleus 
muscles or between the five blocks of contralateral muscles. 
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Fig. 5. Expression of fast and slow sarcoplasmic reticulum Ca2+-ATPases in muscle 
fibers after 5 months of regeneration. Serial sections were stained with (A) fast type 
SERCA1-specific and (Bi slow type SERCA2a-specific antibody. Fibers stained for 
both SERCA1 and SERCA2 a (o). The scale bar is 50 pm. 

Discussion 

Our results show that protein levels of SERCA1 and S E R C A 2 a isoforms 
mainly depend on the differentiation state of muscle fibers, whereas SER-
CA2b is present in myoblasts, myotubes and in non-muscle cells. However, 
the SERCA isoforms characteristic for fast- and slow-twitch muscle in-
creased with different time courses during regeneration; the fast-twitch 
SERCA1 increased predominantly between day 3 and 10, whereas the ex-
pression of the slow-twitch S E R C A 2 a isoform increased mostly between 
day 10 and 21. It is of interest that reinnervation of regenerat ing soleus is 
nearly complete af ter 10 days (Grubb et al., 1991). Therefore, the switch be-
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tween the two isoforms appears to follow the establishment of new reinner-
vation. 

It was not possible in our experiments to deduce the molar ratio of SER-
CA1 and SERCA2a proteins from the immunoreactions because different 
antibodies were used. However, changes in SERCA1 and SERCA2 tran-
script levels showed during regeneration time courses similar to their respec-
tive proteins (Zador et al., 1996). Therefore, SERCA1 and SERCA2 a ex-
pression is probably largely pretranslationally controlled. The monoclonal 
antibody A 3 does not discriminate between neonatal and adult variants of 
SERCA1. Indeed, the only difference between neonatal and adult forms of 
SERCA1 is confined to their extreme C termini where terminal G994 of the 
adult form is replaced by an extended tail 994-DPEDERRK-1001 in the 
neonatal form (Wu and Lytton, 1993). This might explain why a specific 
antibody for SERCA1 a is not available. Both during normal ontogeny and 
during regeneration, the neonatal transcript appeared before the adult one 
(Zador et al., 1996). Therefore, it seems likely that the SERCA1 isoform de-
tected on days 3 to 5 of regeneration mainly represents the neonatal isoform 
of the protein (Brandl et al., 1987). 

In early stages of regeneration of soleus, SERCA1 was found to be ex-
pressed in many myoblasts and it remained the major isoform in the newly 
formed muscle fibers during the first 10 days. After 4 weeks, SERCA1 was 
expressed in 12% of the fibers, i. e., a 2-fold lower value (p < 0.05) than ob-
served in normal rat soleus muscle (26.3%). We did not observe any differ-
ences between the ratio of fiber types in the proximal, middle and distal 
parts of soleus muscles as were reported by Punkt et al. (1998). However, 
these authors used fiber type related enzyme activity and not immunostain-
ing. Therefore, this discrepancy must be due to the methodology applied. 
Moreover, it is interesting to note that individual fibers showed variable le-
vels of staining with the A 3 antibody. This most likely points at different le-
vels of expression of the fast type Ca2+-pump. Since we used in these assays 
a monoclonal antibody, recognising only a single epitope on SERCA1, a 
change in reactivity due to a change in epitope presentation as a result of al-
tered conformation may not be excluded (reviewed by Dux, 1993). 

Statistical analysis of our data confirmed that in fibers of normal soleus 
muscle, the type 2 A fast MHC isoform is coexpressed with SERCA1. Simi-
larly, the slow myosin and the SERCA2 a also coincided. However, in the re-
generated muscle MHC1 and SERCA2 a were present in almost all fibers. 
This indicates that the regenerated soleus, even after a prolonged period of 
time, does not return to its condition prior to necrosis but instead expresses 
clearly the slow isoforms of the pumps and myosin proteins in a larger num-
ber of fibers. It should be remarked that the activity of the affected leg in 
the animals appeared to be normal after 4 weeks of regeneration. Therefore, 
changes in contractile activity cannot be held responsible for the lack of ap-
parent complete recovery. Moreover, adult soleus muscle, if deprived of 
stretch and contractile activity, is known to switch back to transcribing the 
fast myosin heavy chain gene (Goldspink et al., 1992). This transition to-
wards a more slow-type of muscle appears to be permanent since even 
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5 months after injection of the toxin, increased levels of SERCA2 a were 
still observed. After a similar period of recovery f rom notexin-induced ne-
crosis, an increased ratio of slow/fast myosin containing fibers has also been 
described (Whalen et al., 1990). 

Single fibers were found to coexpress the slow and fast SERCA isoforms. 
This is similar to what was observed for myosin isoforms, where coexpres-
sion of fast and slow isoforms was also shown (Whalen et al., 1990). In rats, 
each fiber receives its own innervation from individual motor units (Torella 
et al., 1993) and chronic low-frequency stimulation studies led to the conclu-
sion that a different stimulation pattern is required for the induction of 
SERCA2 a or SERCA1 (Leberer et al., 1989), similar to that of slow and 
fast myosin isoforms (Thomas and Ranatunga, 1993). Coexpression of slow 
and fast type of SERCA pumps both in normal and regenerated soleus sug-
gests co-induction of SERCA1 and SERCA2 a. Coexpression of low levels 
of SERCA2 a with the dominant SERCA1 pump has also been reported in 
the fast-twitch muscle (Wu and Lytton, 1993). 

In conclusion, during regeneration levels of muscle-specific SERCA iso-
forms undergo large time-dependent changes. Changes in both myosin iso-
forms and the Ca -pump isoforms reflect alterations of the fiber types in 
regenerating soleus probably controlled by a common factor. 
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Changes in mRNA levels of the sarcoplasmic/endoplasmic-reticulum 
Ca2+-ATPase isoforms in the rat soleus muscle regenerating from 
notexin-induced necrosis 
Ernő ZÁD0R*Í, Luca MENDLER*. Mark VER HEYENt, László DUX* and Frank WUYTACKt 
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The relative mRNA levels corresponding to the different sarco-
plasmic/endoplasmic-reticulum CaI_-ATPase isoforms 
(SERCAla, SERCAlb, SERCA2a, SERCA2b and SERCA3) 
were measured by reverse transcriptase-PCR in rat soleus muscles 
regenerating after notexin-induced necrosis. The succession of 
appearance of the different types of SERCA mRNA species in 
regenerating muscle largely recapitulates those observed during 
normal ontogenesis. The mRNA levels of the muscle-specific 
isoforms SERCAla and SERCA2a became very low on the first 
and third days after injection of the snake venom. It was only on 
the fifth day of regeneration that the mRNA of the neonatal 
variant of the fast-twitch skeletal SERCAlb isoform began to 
rise, well before the other SERCA transcripts. At 7 and 10 days, 

i.e. at a time when the new myofibres normally become re-
innervated, the mRNA level of SERCAla and SERCA2a 
increased markedly, but the fast-twitch skeletal SERCAla iso-
form was still the most prominent. On day 21, in the advanced 
stage of regeneration, a switch in the relative expression levels of 
SERCAla and SERCA2a mRNA was observed and the ratio of 
both isoforms became similar to that found in the normal soleus 
muscles. This was followed by a decline in the level of all SERCA 
mRNA species, so that on day 28 the levels of the sarco-
plasmic/endoplasmatic-reticulum Ca ,+-pump RNAs was again 
lower but their ratio remained similar to that of the untreated 
control soleus. 

INTRODUCTION 

The sarcoplasmic/endoplasmic-reticulum Ca*+-ATPase 
(SERCA) pumps Cas+ from the sarcoplasm into the SR. This 
function is essential to the relaxation of skeletal muscle. Three 
types of SERCA gene are known [1.2]. SERCA1 is expressed 
mainly in fast-twitch skeletal muscle, SERCA2 is in the slow-
twitch skeletal muscle, in cardiac muscle and to a limited extent 
in smooth muscle, whereas the protein of the SERCA3 gene is 
found mainly in platelets, lymphoid cells, mast cells and epithelial 
and endothelial cells in various organs [3-5]. As a result of tissue 
or developmental stage-dependent alternative transcript proces-
sing, the SERCA1 and SERCA2 genes each encode two protein 
isoforms that differ in their C-terminal ends. Two different 
mature SERCA 1 mRNA species have been described that are 
each translated to their corresponding protein isoform. The 
SERCAla isoform is expressed mainly in the adult fast-twitch 
skeletal muscle, whereas SERCAlb represents the neonatal 
isoform [6-8]. The situation is more complex for SERCA2. Here 
four different transcripts have been found [9-11]. The class 1 
transcript is translated into SERCA2a, a protein characteristic of 
cardiac muscle, slow-twitch skeletal muscle and smooth muscle. 
The class 2-4 mRNA species differ only in their 3' -untranslated 
region and are all translated into the SERCA2b protein, the 
ubiquitous 'housekeeping' isoform of muscle and non-muscle, 
tissues. At present only one splice variant is known for the 
SERCA3 gene. 

One of the most amenable ways of assessing the changes in 

relative levels of transcripts of the SERCA genes is by means of 
reverse transcriptase-PCR (RT-PCR) [12-14], Although making 
RT-PCR quantitative is not easy [15] it can, when care is taken 
not to saturate the PCR system, be a very quick and sensitive 
method to measure changes in transcript levels. In a modified 
version of this method (ratio RT-PCR) cDNA fragments are co-
amplified from similar mRNA species using a set of primers 
which are common to both isoforms and the fragments amplified 
from the different isoforms distinguished by restriction enzyme 
digestion [4,16]. In this way it is possible to measure the ratio of 
the two similar SERCA transcripts. As the level of SERCA 
transcripts changes during skeletal muscle differentiation [6,17], 
one might expect similar alterations to occur during muscle 
regeneration. Indeed, we report here marked changes in the 
levels of SERCA transcripts in the regenerating muscle, which 
recapitulate in many aspects those observed during development. 
To induce regeneration we injected snake venom (containing 
notexin) into the soleus muscle of the rat. The muscle thereby 
undergoes necrosis, followed by a relatively fast regeneration in 
which the satellite cells are activated, proliferate, fuse into 
myotubes and develop into mature fibres [18-21]. 

MATERIALS AND METHODS 

Animals and treatment 

JWistar rats (300-360 g) were used for the experiments. The rats 
were narcotized by injection of 1 ml or 0.5 % sodium pento-
barbital per 100 g of body weight. A small incision was made in 

Abbreviations used: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RT-PCR, reverse transcriptase-PCR: SERCA, sarcoplasmic/endoplasmic-
reticulum Ca2+-ATPase. 
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Table 1 Total RNA yield from rat soleus muscles regenerating from 
notexin-induced necrosis 

Total RNA was isolated as described in the Materials and methods section. The means±S.E.M. 
for three different animals are shown. 

Days after Yield 
notexin injection (fig per soleus muscle) 

Normal soleus 95 ±26 
1 93 ±3.4 
3 98 ±55 
5 185 ±63 
7 194 ± 46 

10 174 ±46 
21 106 ±31 
28 115±23 

Table 3 Amplified fragments and their identifications 

Product size Diagnostic restriction Restriction products 
Isoform (bp) enzyme (bp) 

SERCA1 194 Nco\ 102, 92 
SERCA2 194 Mse I 127, 67 
SERCA2 206 SsaHl 178, 28 
SERCA3 209 Sty\ 176, 33 
SERCAIa 246 Avait' 103,145 
SERCAtb 206 Avail' 103.103 
SERCA2a 231 Hinll' 149. 82 
SERCA2Ó 328 Hinll' 246, 82 
GAPDH 377 flWXI" 196,181 

* Oniy used for diagnostic purpose, the quantification is done on the full-length PCR 
fragments. 

the m. gastrocnemius, the soleus muscle slightly lifted from its 
bed and slowly injected at a point approx. one-third of the total 
length from the distal end with 20 fig of venom of the mainland 
tiger snake (Notechis scutatus scutatus) in 200 /¿l of 0.9 % NaCl 
(Sigma) with a 27G 3/4 injection needle. After injection, the 
wound of the gastrocnemius and the skin was closed with a 
suture. At times ranging from 1 day to 28 days after injection the 
entire soleus muscle was dissected and the animals were killed 
with an overdose of sodium pentobarbital. Control samples were 
taken from separate animals where the soleus muscle was injected 
with 0.9 °0 NaCl. 

Collection and staining of the soleus muscles with 
haematoxylin-eosin 

The dissected soleus muscles were frozen in isopentane cooled 
with liquid nitrogen and kept at —70 °C. A biopsy was taken 
from the central part of each frozen soleus before homo-
genization; it was freeze-sectioned and stained with haematoxyl-
in-eosin to monitor the necrosis and the subsequent regeneration 
process. The time course of regeneration and the dose of snake 
venom were established in a set of experiments and found to be 
reproducible. 

RNA isolation and RT-PCR 

Total RNA was isolated from normal and regenerating soleus 
muscles as described in [22]. The yields of extractions are shown 
in Table 1. A 2% portion of the total RNA of each soleus was 
subjected to oligo(dT)-primed first-strand cDNA synthesis in a 
volume of 20 (A [4], A 1 /A portion of the first-strand cDNA 
mixture was subjected to PCR. under the conditions specified in 
Table 2. as described in [4]. The number of PCR cycles was 
adjusted carefully to avoid saturation of the amplification system 
Amplification products were identified by their sizes. Additionally 
the fragmentation pattern obtained with the selected restrictior 
enzymes listed in Table 3 was checked for conformity with thos< 
predicted from the published rat cDNAs. To radiolabel the PCf 
fragments for quantification, 5 ¡A (i.e. one-tenth of the volume 
of the primary PCR mixture was transferred to a new tub 
containing 50 ¡A of the same amplification buffer except that [a 
3aP]dCTP was added. Two additional PCR cycles were execute, 
with the same cycle parameters used in the primary PCR 
Quantification of SERCAla/SERCAlb, SERCA2a/SERCA2 
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) wa 
done on the full-length amplified fragments. The SERCA 1 
SERCA2 and SERCA2/SERCA3 ratios were obtained from tfc 
corresponding digestion fragments obtained with the enzyme 
listed in Table 3, as described in [4]. The amplification produc 

Table 2 Oligonucleotide primers and PCR conditions osed for amplification of reverse-transcribed RNA 

Primer Name Sequence PCR cycles 

SERCA1/SERCA2 8 
9 

SERCA2/SERCA3 12 
13 

SERCA1a/SERCA1b 20 
23 

SERCA2a Uf 
c, 

SERCA2b u. 
Cr 

GAP0H G + 
G -

5'-GAC/TGAGTTTGGGGAACAGCT-3' (nt 760-779": fit 1264-1283f) 
5'-GAGGTGGTGATGACAGCAGG-3' (nt 934-953": nt 1436-1457f) 
From [4] 

5'-TTCCATCTGCCTGTCCATGTC-3' (nt 2805-2825)" 
5'-CTGGTTACTTCCTTCTTTCGTCTT-3' (nt 3029-3052)" 
From [13] 

From [13] 

5'-TCCTGCACCACCAACTGCTTAGCC-3' (nt 528-551JÎ 
5'-TAGCCCAGGATGCCCTTTAGTGGG-3' (nt 880-904)j 

* Positions in the sequence ot the SERCA1 cDNA [23]. 
t Positions in the sequence of the SERCA2 cONA [24], 
t Positions in the sequence of the GAP0H cONA [251. 

94-60-72 °C/1-1-1 min/21 cycles 

94-55-72 °C/1-1-1 min/22 cycles 

94-60-72 °C/1-1-1 min/21 cycles 

94-55-72 °C/1-1-1 min/22 cycles 

94-55-72 °C/1-1-1 min/22 cycles 

94-60-72 "C/1-1-1 min/22 cycles 
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were analysed by electrophoresis on 6 % (w/v) acrylamide gels. 
The gels were air-dried and 32P spots quantified by means of a 
Phosphorlmager model 425 (Molecular Dynamics, Sunnyvale, 
CA, U.S.A.). Because [a-32P]dCTP was used for labelling, the 
band intensities were corrected for the CG content of the 
amplified sequence. 

RESULTS 

Strategy for PCR analysis of the samples 

Ratios of two similar mRNA species can be obtained by 
means of similar ratio RT-PCR [4]. In this analysis PCR 
primers are designed in such a way that they exactly match 
sequences in the reverse-transcribed cDNA separated by a few 
hundred base pairs. Fragments of both cDNAs are then co-
amplified and discriminated from each other by restriction 
analysis. We have used this principle for the analysis of the 
SERCA1 /SERCA2/SERCA3 forms of the rat. For each of these 
the corresponding cDNA sequences have been published and are 
available from the EMBL Database. Figure 1 shows the position 
of primers 8/9 used to co-amplify SERCA1 /SERCA2 fragments 
and of primers 12/13 used to co-amplify SERCA2/SERCA3 
fragments. Table 3 lists the enzymes and fragment sizes used to 
discriminate SERCA1 from SERCA2, and SERCA2 from 
SERCA3. To measure relative SERCAla/SERCAlb and 
SERCA2a/SERCA2b ratios we had to follow a different ap-
proach. SERCAla (the adult fast-twitch skeletal muscle form) 
differs from SERCA lb (the neonatal form) because it has a 42 bp 
optional exon. By using primer set 20/23 we could amplify 
fragments differing in length by 42 bp. The longer fragment 
represents the adult form. To determine the SERCA2a/ 
SERCA2b levels we used a set of three primers. U,/C,/Cj. The 
U,/C2 couple amplifies the SERCA2b (non-muscle form, classes 
2-4 cDNA); the U j / Q couple amplifies the SERCA2a form 
(muscle form, class 1 cDNA). 

-* A A * ~ adult 

SERCA1 HZHZH / ^ ï E H m ^ B i ^ , , 

S E R C A 2 

S E R C A 3 

- »*u 
Ça nun muscla 

(class 2-4) 

/ - D E H j D V 

Figure 1 Position of primers used to emplHy the SERCA1/SERCA2, 
SERCA2/SERCA3 ratio and SERCAla, SERCAlb and SERCA2a (class 1) and 
SERCA2b (class 2) transcripts 

Partial gene structures of the SERCA1. SERCA2 and SERCA3 genes are depicted. Constitutive 
or optional exons are shown as boxes. The thin lines represent constitutive introns. Large boxes 
represent translated exon sequences. The numbering ol the exons is copied from the numbering 
in SERCA1 [8], because the exon/intron layout seems to be largely conserved between the 
SERCA genes. The positions oi primers 8 and 9 used to co-amplify SERCA1 and SERCA2 and 
of primers 12 and 13 used to co-amplify SERCA2 and SERCA3 are indicated as arrows between 
the amplified sequences. For SERCA1 primers 20 and 23 are used. Exon 22 is retained only 
in the adult transcript because exon 21 is spliced to exon 23 in the neonatal form. In the muscle-
specilic transcript of SERCA2 (class 1, amplified by U, and C, primers) exon 21 is spliced to 
exon 25, whereas flc non-muscle transcripts (classes 2-4, amplified by U, and C2 primers) 
might contain exons 22-24 (detailed in [13]). The drawing is not to scale. pA„ and pA„ are 
upstream and downstream polyadenylation sites respectively. 

Changes in total RNA and GAPDH mRNA level during muscle 
regeneration 

The total RNA (rRNA, tRNA and mRNA) level of the soleus 
changed during notexin-induced regeneration (Table 1). There 
was no increase during the first 3 days, but there was an increase 
on days 5,7 and 10 and, later, a decrease on days 21 and 28. The 
level of housekeeping enzyme, GAPDH, gave an estimate of the 
general rate of transcription. In the normal muscle the GAPDH 
mRNA level was slightly higher than in the regeneration stages, 
but this level was variable from muscle to muscle. Throughout 
regeneration the level of the transcript of this important glycolytic 
enzyme remained remarkably constant, except that it declined 
slightly at the end (Figure 2F). This might be an indication of 
change from fast-glycolytic to the slow-oxidative metabolic 
character. 

Changes in SERCA1/SERCA2 mRNA ratio during muscle 
regeneration 

The fresh weight of one soleus was about 220 mg. After injection 
with notexin, this decreased to about one-half of the original 
value on the third day but thereafter increased again and regained 
about the original weight on day 28. cDNA made from aliquots 
representing 2 % of total muscle RNA was used for the PCR 
reactions. A first pair of primers was designed to amplify 194 bp 
homologous fragments of SERCA 1 and SERCA2. The primers 
were carefully selected such that they had identical binding sites 
both in SERCA 1 and SERCA2, but the amplified sequences in 
between the primers, although of the same length, showed some 
differences in composition. The distinction between fragments 
amplified from SERCA 1 and SERCA2 could therefore be made 
by digestion with restriction enzymes (Figure 3). Note, however, 
that this analysis does not permit discrimination between the 
SERCAla and SERCAlb splice variants, nor between the 
SERCA2a and the SERCA2b splice variants, because the ampli-
fied SERCA 1/SERCA2 fragments each belong to parts of the 
transcripts that are common in the respective splice variants 
(Figure 1). Ncol hydrolysed the SERCA 1 fragment (sum of 
SERCAla- and SERCA lb-related messengers) into 102 bp and 
92 bp fragments, leaving the SERCA2 fragment intact. The 
SERCA2 amplification product (sum of SERCA2a-and 
SERCA2b-related messengers) was hydrolysed by Msel into 
127 bp and 67 bp fragments, leaving the SERCA1 fragment 
intact. The total amount of radioactivity incorporated from [z-
"PJdCTP in the uncut amplified fragments was measured, 
corrected for CG content and used for the calculations (Figure 
2A). In this way the transcript of the slow-type Ca3+-pump 
(SERCA2) was found to be more than twice as abundant in the 
normal soleus as that of the fast-type pump (SERCA1). On the 
first day of regeneration the level of both transcripts was very-
low: it started to rise from the fifth day. In the first stages of 
regeneration, the fast-type SERCA1 mRNA showed a higher 
level than that of the slow type until day 21, when the fast 
isoform decreased by 40 % while the slow isoform increased by 
60 °0 and reached its maximum. This resulted in the slow 
isoform's reaching a level twice that of the fast isoform. On day 
28 the level of both isoforms declined, but the slow isoform still 
dominated over the fast one. 

Changes in the SERCA1a/SERCA1b mRNA ratio during muscle 
regeneration 

The SERCA1 transcripts undergo a developmental-stage-de-
pendent splicing. A 42 bp optional exon is removed from the 
neonatal SERCAlb isoform but is retained in the adult 
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Figure 2 Reverse transcriptase-PCR-detected changes in SERCA and GAPDH mRNA levels during notexin-induced regeneration of the rat soleus muscle 

The column labels represent: N. normal soleus; 1-28, days after administration of the toxin. The values given in tre ordinate are relative values that cannot be compared between panels. Note, 
from (A), that during regeneration an initial expression of SERCA1 is gradually replaced by SERCA2. (B) Early sages of regeneration express predominantly the neonatal SERCA1 b isoform. SERCA2a 
expression (C) shows greater changes during regeneration than SERCA2b (D). (E) The ratio of SERCA2 arc 3ERCA3; note that only in the normal soleus, and on days 7, 21 and 28 after the 
administration of the toxin. SERCA3 is slightly above the detection level. (F) Expression of the GAPDH in (liferent sages of regeneration. Three different animals were used for each time point; 
vertical bars indicate the S.EM. 

SERCAla form. The ratio of both forms of transcripts can be 
measured by using primers that encompass the optional exon. A 
set of such primers used in our experiments amplified a 248 bp 
adult fragment and a 206 bp neonatal fragment. In the control 
soleus the adult transcript predominated (Figure 4). On the third 
and fifth days of regeneration, at the time when SERCAI 
expression again became apparent, first the neonatal SERCAib 
form showed up and dominated over the adult form, and later 
the adult form became again dominant (Figure 2B). Hence in its 
initial stage of regeneration the soleus muscle recapitulates the 
ontogeny of the fast-twich skeletal muscle. Splicing of SERCAI 

transcripts is controlled similarly during regeneration and normal 
development. 

Changes in SERCA2a and SERCA2b levels during muscle 
regeneration 

As with SERCAI, the SERCA2 transcripts are also subject to an 
alternative splicing process. However, in contrast with SERCAI, 
the SERCA2 splicing is dependent on the tissue not the de-
velopmental stage. In addition, in SERCA2 this splicing involves 
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Figure 5 R T - P C R amplification of SERCA2a and S E R C A 2 b mRNA species 

(A) SERCA2a amplitication products; (B) SERCA2b amplification products. The identity df the 
amplification products was ascertained by restriction enzyme coest as indicated in the 
Materials and methods section. A typical experiment of three is illustrated. Lanes are labelled 
as follows : N, normal soleus; 1-28, days after notexin administration. 
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Figure 3 R T - P C R amplification of SERCA1 and SERCA2 mRNA species 
during the notexin-induced regeneration of the soleus 

Lanes of a single amplitication are grouped as follows : N, normal soleus; 1-28. days after 
administration ol the toxin. In each group the left lane shows the combined amplifies:»- product 
ot SERCA1 and SERCA2 mRNA species. In the second lane the SERCA2 amplification product 
was selectively cut by MseI into 127 bp and 67 bp fragments (numbers shown at the left), 
leaving the SERCA1 product intact. In the third taneSERCAl was cut by Nco\ into 102 bp and 
92 bp fragments, the SERCA2 remaining undigested. In the fourth lane (only given for the 
normal and the 28-day regenerating soleus) both enzymes were added. Note that no 
amplitication product remained undigested. A 5 portion ot the amplitication product was 
labelled with (a-32P)dCTP in two cycles; 5 yzl of this reaction mixture was digestec with the 
aDove-indicated restriction enzymes. The total volume of the restriction digest mix was analysed 
on polyacrylamide gel as indicated in the Materials and methods section. A typica: experiment 
of three is illustrated. 
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complicated by the use of a polyadenylation site located between 
the splice donor and acceptor sites in the class 2 mRNA but not 
in the class 3 mRNA (see Figure 1). Because of the complicated 
nature of this transcript processing we had to rely on a system of 
three PCR primers (U(, C2 and C2). The class 1 mRNA was 
detected as a 231 bp fragment amplified with the U, and C2 
primers hybridizing with parts of exon 20 and 25 respectively. 
The level of SERCA2a was low on days 1-5 of regeneration, 
after which it increased on day 7, reached a maximum on day 21 
and declined again on day 28 (Figures 2C and 5A). Interestingly 
the level of SERCA2b, the non-muscle isoform (detected as a 
328 bp fragment by the U, and C2 primers), was very low in 
control soleus, and the largest increase occurred shortly after 
injection of the toxin (days 1 and 3). However, these changes 
observed on days 1 and 3 seemed to be variable from muscle to 
muscle (Figures 2D and 5B). 

Changes in SERCA3/SERCA2 mRNA ratio during muscle 
regeneration 

To estimate the ratio of SERCA2 and SERCA3 mRNA species 
[4] another ratio RT-PCR experiment was performed. Except 
for the low amount of expression in the normal soleus and on 
days 7, 21 and 28 after the injection of the toxin, no SERCA3 
transcript was detected during regeneration. The changes in 
relative levels of SERCA2 throughout the regeneration process 
deduced from these experiments showed a similar time course to 
that found in the study of the SERCA1 /SERCA2 ratio (Figures 
2E and 6). The total SERCA2 levels declined after the injection, 
remained low on the day 1, 3, increased from day 5 until day 28. 

Figure 4 R T - P C R amplification of the adult S E R C A I a and the neonatal 
S E R C A l b mRNA species 

Lanes are labelled as follows: N, normal soleus; 1-28, days after toxin administratior. Numbers 
a; the left indicate lengths in base pairs. The 248 bp bands represent the adutt (SERCAIa) 
isoform. The 206 bp bands correspond to the neonatal (SERCA1 b) isoform. which is shorter 
because it lacks a 42 bp exon. The identities ot the expected amplification products were 
ascertained by restriction digest as described in the Materials and methods section. A typical 
experiment of three is illustrated. 

the removal of an optional exon in muscle (SERCA2a mRNA; 
class 1 transcript) and its retention in non-muscle cells 
(SERCA2b; class 2-4). The transcript processing is further 

DISCUSSION 

The injection of notexin completely degrades the myofibres of 
the soleus muscle and as a result the transcripts of the slow and 
fast types of Ca2+ pump quickly disappeared from the muscle. 
This enabled us to study the regeneration-stage-dependent ex-
pression of the different SERCA mRNA species. Because the 
sarcoplasmic/endoplasmic-reticulum Ca2+ pumps are essential 
for muscle function, one might expect that considerable trans-
itions in the levels of SERCA transcripts accompany muscle 
necrosis/regeneration. In support of this assumption the levels of 
SERCA mRNA species were found to rapidly recover during the 
regeneration of the rat soleus. In the freshly necrotized muscle 
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Figure 6 Reverse transcriptase-PCR amplification of SERCA2 and S E R C A 3 
mRNA species 

Lanes of a single amplification are grouped as follows: N, normal soleus: 1-28, days after 
administration of the toxin. In each group the left lane represents the combined amplification 
product of SERCA2 ind SERCA3 mRNA species. The second lane shows the SERCA3-specific 
digestion by S/yl. eaung the SERCA2 mRNA intact. The third lane shows the SERCA2-specific 
digestion with BsaHI. eaving the SERCA3 fragment intact. In the fourth lane (shown only for 
the normal and the 23-day regenerating soleus) both Sty\ and BsaW\ were used [4], A typical 
experiment of three Is Illustrated. 

the SERCA transcripts normally found in the adult muscle 
subsided and at the beginning of regeneration were first replaced 
by a relatively small peak of the ubiquitous non-muscle 
SERCA2b transcript and later on by an early rise in the neonatal 
SERCA lb mRNA. In the normal soleus muscle controls we 
found slightly higher levels of SERCA2 transcript than of 
SERCA 1 (ratio 2.8:1). There exists some discrepancy in the 
literature on the relative expression levels of SERCA 1 and 
SERCA2 in soleus. Some authors [26] found a similar ratio 
between the two isoforms to that described here, whereas others 
[5,23] detected more SERCA1 than SERCA2 transcript. This 
might be ascribed to the difference in methodology. However, we 
consider that the ratio RT-PCR method used in our experiments 
is one of the most reliable methods now available for assessing 
the ratios of expression of similar transcripts (i.e. in our case 
SERCA 1/SERCA2 or SERCA3/SERCA2) and has proved to 
be successful [4,13,14]. 

The main prerequisite for quantitative application of this 
method is that the efficiency of PCR amplification must be the 
same for the fragments of both isoforms for which the ratio is 
determined. To fulfil this condition, the binding sites of the 
primers are selected to be identical in both isoforms, such that 
the efficiency of primer annealing is rigorously the same. More-
over the length of the fragments amplified for both isoforms is 
also the same. Although there are some differences in the 
nucleotide composition of the sequences encompassed by the 
primers, these minor differences are unlikely to influence the 
relative efficiency of PCR amplification for both isoforms. 

However, the efficiency of amplification is not guaranteed to be 
the same when comparison is made between splice variants of a 
single SERCA isoform (e.g. when SERCAla/SERCAlb or 
SERCA2a/SERCA2b ratios are compared). This is certainly 
true when a different set of primers is used, as with the SERC.A2 
isoforms. However, even in those cases a lateral comparison of 
the intensity of the amplified bands between the different time 
points of the regeneration process is still possible. During the first 
week of regeneration the activated satellite cells proliferate, form 
myotubes and become innervated [18-20]. In myotubes. which 
are at the initial stage of innervation at day 5, the SERCA lb 
mRNA was found to be the dominant SERCA isoform. This 
isoform was earlier reported to be characteristic of the neonatal 
tissue, although it is present in a small amount in the adult 
muscle as well [7,8]. Our results therefore suggest that also during 
regeneration the expression of SERCA lb precedes that of 
SERCA la, similar to what has been reported to occur during 
normal development of fast but not of slow muscles. 

Necrosis of the soleus depressed both the levels of SERCA 1 
and SERCA2 mRNA species and their levels remained low until 
day 5, whereafter they increased again. This increase coincides 
with the onset of innervation [18-20] as could be expected 
because Ca2+ transport in muscle is indirectly regulated by 
neuronal activity [27]. Denervation of slow-twitch muscle of rats 
and rabbits was reported to lower the levels of SERCA2 mRNA 
and protein without affecting the expression of SERCA1. In-
versely, the SERCA 1 mRNA and protein levels decrease in fast-
twitch muscle of rats and rabbits after denervation, leasing the 
expression of SERCA2 unchanged [28,29]. This suggests that 
although the regeneration process as such elicits some expression 
of Ca2"-pumps, a functional innervation is a prerequisite for the 
expression of the proper ratio of isoforms. In the regenerating 
soleus the largest increases in the transcript levels of SERCA la 
and SERCA2a were observed at day 7, when the re-innervation 
of the new fibres had almost recovered to normal. However, at 
this stage the SERCA la isoform was still most prominent. Only-
after 3 weeks of regeneration did the slow SERCA2 form become 
dominant over the fast SERCA 1 and at that time reached a 
situation (ratio 3.9:1) found in the normal adult soleus. which 
contains 90 % slow-twitch myofibres [23]. This suggests that 
during the later stages of redifferentiation SERCA1 gene ex-
pression is suppressed whereas SERCA2 expression is stimulated. 

A similar switch from SERCA 1 to SERCA2 isoform was 
observed after chronic low-frequency stimulation of fast-twitch 
muscle [30,31]. In addition, chronic mechanical overload of rat 
fast-twitch muscle increased the expression of SERCA2 (mRNA 
and protein) 2-fold and decreased the SERCA 1 level [32]. 
Remarkably similar changes in expression patterns to those that 
we observed for the SERCA pumps were also reported for the 
myosin isoforms. Here, too, from the multiple myosin isoforms, 
i.e. the embryonic, neonatal, fast and slow isoforms, only the 
slow one became exclusively expressed in the final stage of the 
notexin-induced regeneration of the innervated soleus [19]. 
Regeneration of the denervated soleus, however, culminates only 
in the expression of the fast type of myosin. The interpretation 
given in [19] was that the regeneration of the soleus started from 
a homogeneous population of satellite cells that were determined 
for expression of the fast myosin. Under the influence of 
innervation these cells changed phenotype and expressed only 
the slow-myosin isoform. In accordance with this interpretation, 
the fast SERCA 1 type of mRNA appeared first (neonatal 
SERCA lb followed by adult SERCAla respectively) also in our 
experiments, but after reinnervation the slow SERCA2a isoform 
became dominating. A change from one SERCA transcript 
isoform to another during normal development (although in the 
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opposite direction to that which we observed, i.e. from the fast 
to the slow isofoim) has to our knowledge been documented only 
for the fast-twitch quadriceps muscle but could not be seen in the 
slow-twitch soleus muscle. In the initial stages of quadriceps 
development the transcript level of SERCA1 is lower than that 
of SERCA2a. Later, first SERCAlb is temporally up-regulated 
and gradually replaced by SERCAla, whereas the SERCA2a is 
down-regulated [17]. 

In conclusion, the expression of Ca2+-pump isoforms in the 
regenerating soleus recapitulates some aspects of the developing 
muscle and, in the later stages, of the low-frequency stimulated 
fast-twitch muscle. This is in agreement with other studies 
suggesting that the determination of the type of myoblasts that 
take part in the process of muscle differentiation/regeneration 
varies according to the muscle type and depends both on intrinsic 
factors and on external conditions [33]. 
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Summary 

Myostatin is a newly described member of the TGF-P superfamily acting as a secreted negative 

regulator of skeletal muscle mass in several species, but whose mode of action remains largely 

unknown. In the present work we followed the myostatin mRNA and protein levels in rat soleus 

and E D L muscles regenerating in vivo f rom notexin-induced necrosis, and the myostatin 

transcript levels in two different in vitro myogenic differentiation models: i.e. in mouse BC3HI and 

C2C12 cultured cells. The in vivo regenerating rat skeletal muscles showed a characteristic time-

dependence of myostatin m R N A expression. After notexin injection, the transcript levels 

dropped close to or below the detection limit, reappeared after 3 days in soleus and after 10 days 

in EDL, increased to a maximum 2- to 2.5-fold above control and then declined for both 

muscles to control values after 28 days. In contrast, the myostatin protein level increased 

dramatically on the first day of regeneration in both muscles, when the transcript was not 

detectable and none of the tested muscle-specific markers were expressed, suggesting exogenous 

source(s) for the factor. Later on the myostatin protein level gradually declined to normal in the 

soleus meanwhile in the E D L it dropped suddenly on days 3-5, increased on days 7-21 and 

decreased to normal on days 28. A comparison of five white, mixed or red muscles (EDL, soleus, 

gastrocnemius, semimembranosus and plantatis) showed that there is no correlation between the 

fiber-type composition and the level of myostatin transcripts and protein in these muscles. 

Proliferating myoblasts produced low level of myostatin mRNA in vitro, which increased upon 

induction of differentiation suggesting that functional innervation is no prerequisite for myostatin 

expression. Myostatin production in vitro seems not to be dependent on myocyte fusion, since it is 

observed in differentiated BC3HI cells, which are defective in myofiber formation. 

Key words: myostatin, RT-PCR, muscle regeneration, myogenic cell culture 
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Introduction 

Myostatin (previously designated as growth/differentiation factor 8 (GDF-8)) is a new member 

of the TGF-P superfamily first described in the mouse (McPherron et al., 1997). Although low 

levels of myostatin mRNA and protein have recently been described in cardiac muscle (Sharma et 

al., 1999), adipocytes (McPherron and Lee, 1997) and mammary gland (Ji et al, 1998), the 

regulator shows its predominant expression in skeletal muscle. Myostatin is produced as a pre-

proprotein in muscle and subsequendy secreted. The active factor can form a dimer and acts in 

an as yet unknown manner on the muscle cells. During embryogenesis myostatin expression in 

muscle is first restricted to the myotome but later it can be found in many different axial and 

paraxial muscles. Myostatin knock-out mice are significandy larger than wild-type animals mainly 

due to an increase in muscle mass resulting from a combination of cell hyperplasia and 

hypertrophy (McPherron et al, 1997). Another hypermuscular mouse mutant (the compact 

mutant {Cmplf) shows a mutation in the putative propeptide region of the myostatin gene. 

Although this mutation does not affect the actual secreted carboxy-terminal growth factor-

domain, it possibly prevents the proper folding and/or dimerization of the mature factor (Szabo 

et al, 1998, Varga et al, 1997). These results indicate that myostatin can function as an important 

negative regulator of muscle growth and development in mouse. In order to gain insight into the 

potential therapeutic and agricultural applications of the increased muscle mass resulting from the 

inhibition of myostatin activation, myostatin function has been examined in several other animals 

(Grobet etal, 1998, Grobet etal, 1999, ICambadur etal, 1997, McPherron et al, 1997, McPhcrron 

and Lee, 1997, Smith et al., 1997). The myostatin gene appears to be highly conserved among 

several species (McPherron and Lee, 1997). Moreover, some breeds of catde characterized by 

increased muscle mass (double-muscling) e.g. the Belgian Blue and the Piedmontese, have 

mutations in the mh locus, which corresponds to the myostatin coding sequence. The similarity in 

phenotypes of double-muscled catde and myostatin-mutant mice suggests that myostatin 
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performs an ubiquitous role in controlling muscle mass and development, although it remains 

largely unknown how this biological effect is mediated (McPherron et al., 1997, Slack, 1997). 

Evidence is also lacking regarding the possible role played by myostatin in muscle regeneration 

(McPherron et al., 1997). Therefore, we compared the time-dependent expression pattern of 

myostatin transcript and protein in the slow-twitch soleus and in the fast-twitch extensor 

digitorum longus (EDL) rat muscles regenerating from notexin-induced necrosis. These 

regeneration models were chosen since they have been thoroughly characterized in many aspects 

(Mendler et al., 1998, Zador et al., 1996 and 1998). Hence, we could relate the myostatin 

expression pattern in vivo to the already known events marking the phases of regeneration. 

Moreover, the quasi instantaneous massive necrosis elicited by notexin, provides an easy method 

to activate the majority of satellite cells in synchrony. To investigate whether and to what extent, 

myogenic cells are able to express myostatin during in vitro differentiation, we assessed the 

myostatin mRNA levels in mouse myogenic cell lines BC3HI and C2C12. These cell lines are 

widely used model systems for muscle differentiation (Arai et al., 1992, Brennan et al., 1990, De 

Smedt et al., 1991, De Smedt et al., 1997, De Smedt, Parys et al., 1991), however, BC3HI cells, in 

contrast to C2C12 cells, are not able to express MyoD and, therefore do not fuse into myotubes 

(Brennan et al., 1990). This enabled us to test whether a relationship does exist between myostatin 

expression and myotube formation. Here we provide data concerning the myostatin levels during 

in vivo regeneration of skeletal rat muscles and compare them to those in different myogenic cell 

cultures. Furthermore, it has been observed that myostatin mRNA expression correlates with the 

myosin heavy chain (MHC) IIB content of the muscles (Carlson et al., 1999). Here we report in 

five different hindlimb muscles that the ratio of IIB fibers does not correlate exacdy with the 

level of myostatin and its transcript. 
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Materials and methods 

Animal treatment, induction of regeneration 

Experimental procedures including the notexin administration, muscle dissection, haematoxylin 

staining were carried out as described in Mendier et al. (1998) and Zador et al. (1996). 

RT-PCR analysis of myostatin mRNA levels 

Regenerating soleus and EDL muscles. RNA isolation and reverse transcription (RT) reaction were 

described in Zador et al. (1996). 2 (J,g of total RNA from both control and regenerating muscles 

were used for cDNA synthesis. The PCR primers (forward primer: 479-ATC TGA GAG CCG 

TCA AGA CTC C-500; reverse primer: 818-CAG TCA AGC CCA AAG TCT CTC C-797) were 

based on the rat myostatin cDNA sequence (access number: EMBL:AF019624, McPherron and 

Lee, 1997). After optimizing the PCR conditions and adjusting the number of cycles to be in the 

linear range of the amplification (between 25 and 45 cycles, depending on the experiment) we 

amplified the 340-bp long myostatin fragment from the soleus and EDL muscles in 40 and 32 

cycles, respectively, using 2 U/tube of Taq polymerase (Pharmacia). The PCR cycle parameters 

were: 94 °C 1 min, 58 °C 1 min, 72 °C 1 min. The identity of the amplified fragment was 

confirmed by sequencing. In order to correct for the variability in mRNA recovery, the myostatin 

levels were normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA 

amplified from the same reverse transcription reaction. The transcription rate of this 

housekeeping enzyme is known to remain relatively constant throughout the regeneration 

(Mendier et al., 1998, Zador et al., 1996). The primers and PCR conditions for GAPDH, as well as 

the quantification of the amplified fragments were described in Zador et al. (1996). The grouped 

t-test was used to test for the significance of the statistical difference between the transcript levels 

of the controls and the regenerating muscles. 
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BQH1 and C2C12 cell cultures. The total RNA from undifferentiated (cultured in growth medium, 

on day 0) and from differentiating cultures (day 1, 3, 7, 9, 11 for BC3HI cells and day 2, 4, 7, 9, 

14 for C2C12 cells after the switch to differentiation medium) were kindly provided by H. De 

Smedt (Lab. Physiology, K. U. Leuven, Belgium). The culture conditions and isolation of RNA 

were described previously (De Smedt et al., 1991, De Smedt et al., 1997), 1 |Xg of the total RNA 

has been used for cDNA synthesis for each time point of differentiating cultures, as well as from 

undifferentiated cells. The primers based on the mouse myostatin sequence (access number: 

EMBL:U84005, McPherron and Lee, 1997) were identical with rat primers except the forward 

primer differed in two bases from the corresponding rat sequence (582-ATC TCA GAC CCG 

TCA AGA CTC C-603). We applied 35 PCR cycles for BC3HI cells and 40 cycles for C2C12 

cells. The transcript levels of adult and neonatal fast type SERCAs (SERCAla and b) were also 

assessed as markers of the differentiation process (data not shown). 

Normal rat muscles. The myostatin mRNA levels of normal, non-injected soleus and EDL muscles 

were compared to those of some other rat muscles of different fiber-type composition, i.e. the m. 

gastrocnemius, m. plantaris and m. semimembranosus by amplifying myostatin at 32 cycles from 

each muscle. The identity of the dissected muscles was confirmed by checking the characteristic 

fiber composition (Delp and Duan, 1996) by means of antibody against the myosin heavy chain 

IIB isoform (method described in Mendler et al., 1998). 

Myostatin immunoblots 

The protein of normal and regenerating muscles was extracted, the immunoblots were made and 

the intensity of the bands was measured as reported previously (Zador et al., 1999), except that 

the first antibody was directed against the C-terminal peptide of myostatin (Santa Cruz 

Biotechnology, 1:250). For the regenerating muscles equal fractional amounts and for the normal 

muscles mass-aliquots of the extracts were loaded per lane. The myostatin band proved to be 
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specific since the band disappeared when the antibody was preincubated with the myostatin 

blocking peptide (Santa Cruz Biotechnology) (data not shown). 

Results 

Myostatin mRNA andprotein levels in regenerating soleus muscles. The transcript levels of myostatin were 

measured by RT-PCR and normalized to those of the house-keeping enzyme GAPDH as an 

internal control for RNA yield and for the variability of RT-reaction. It has been previously 

shown that the GAPDH mRNA levels remain relatively constant throughout the regeneration of 

both muscles, proving the reliability of GAPDH as an internal control in this regeneration system 

(Zador et al., 1996, Mendler et al., 1998). A relatively low level of myostatin mRNA was detected 

in control, non-injected soleus muscles (Fig. 1). However, on the first day after notexin 

administration it disappeared almost completely from the necrotized muscle and reappeared only 

on the third day, but still at a significantly lower level. From day 3 on the expression level of 

myostatin increased until it reached the maximum two and a half-fold above the control value on 

day 7. From this time on the myostatin mRNA level declined gradually and returned to the 

normal level at the completion of regeneration, i.e. 28 days after notexin injection. 

Surprisingly, on the first day after administration of the toxin the myostatin protein level was 

about sixteenfold higher than in the normal soleus muscle (Fig 3). However, it was still eightfold 

higher than normal on the third day and later it declined gradually to the normal level (which was 

fairly low). This clearly shows that the level of myostatin protein does not follow its mRNA level 

in the regenerating soleus. 

Myostatin mRNA and protein levels in regenerating EDL. muscles. EDL muscle showed a largely similar 

expression pattern of myostatin mRNAs upon induction of necrosis/regeneration, with the 

notable difference that the reappearance of the transcript was delayed compared to soleus 
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(Fig. 2). On the first day after notexin treatment of EDL, the mRNA level declined dramatically 

and remained almost immeasurable until day 10. Then it reappeared again, increased to a 

maximum above control on day 21 (although statistically not significant) and finally reached 

roughly the same value as in control muscles on day 28. 

The level of myostatin protein was almost not detectable in the normal EDL muscle (Fig 4), 

however, on the first day after toxin administration it became about eightfold higher, then it 

declined to the normal level on days 3-5. On days 7-21 the myostatin level was increased over a 

hundredfold above the normal level in some of the regenerating muscles resulting in a mean 

increase with a large scatter of the data. 

Myostatin transcript levels in BC}H1 and C2C12 cell cultures. BC3HI and C2C12 cells are mouse 

cultured cell lines which can be forced to switch from proliferation to the myocyte phenotype by 

serum deprivation. However, BC3HI cells also show an altered differentiation pattern: the mature 

myocytes express several skeletal muscle-specific proteins and receptors, but they do not fuse 

into myotubes (Brennan et al., 1990), unlike C2C12 cells. This difference allowed us to compare 

the in vitro "myocyte" (BC3HI) and "myotube" (C2C12) differentiation states. The expression of 

the myostatin mRNA differed in the two cell lines. BC3HI cells did not produce myostatin 

mRNA when cultured in growth medium, whereas it was upregulated gradually along with the 

differentiation process and reached its highest level on days 9-11 (Fig. 5a). Since BC3FII cells are 

defective in myotube formation, these results indicate that myotube formation is not a 

prerequisite for myocytes to express myostatin. In C2C12 cells we could detect myostatin 

transcripts in proliferating myoblasts only at a low level (Fig. 5b). After switching to 

differentiation medium, the first sign of an increase in its mRNA level was observed only on day 

4 (when fusion was already established), reached a maximum on day 7, and then decreased again. 

This pattern seems to be similar to that observed in regenerating muscles. 
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Myostatin mRNA and protein levels in different muscle types. It has been reported that the myostatin 

transcript is predominantly expressed in IIB fibers of mice (Carlson et ai, 1999). In order to test 

further this correlation we compared the myostatin mRNA levels of both soleus (with the 

estimated population of 84% I, 7% ILA and 9% IID/X fibers) and EDL (4% I, 20% IIA, 38% 

IID/X and 38% IIB fibers) to some other rat muscles of different fiber-type composition (Delp 

and Duan, 1996), i.e. the mixed m. gastrocnemius (3% I, 6% IIA, 34% IID/X and 57 % IIB 

fibers) and m. plantaris (6% I, 14% IIA, 33% IID/X and 47 % IIB fibers) and the white m. 

semimembranosus (6% IID/X and 94 % IIB fibers). Both m. semimembranosus and m. plantaris 

showed 86% and 84% of the myostatin mRNA level of m. gastrocnemius (100%), respectively, in 

spite of the differences in their fiber-type composition (Table 1). On the other hand, the 

myostatin transcript levels in these latter muscles proved to be much higher than in EDL (2%) 

which shows a similar fiber composition to m. plantaris. The myostatin mRNA level in m. soleus 

was about 0.5% of that of m. gastrocnemius. However, myostatin protein reached the highest 

level in the soleus (225 % of gastrocnemius) and the lowest one in the plantaris muscles (12 %) 

(Table 1). The rest of the muscles contained myostatin in the following order of increase: EDL 

(46 %), semimembranosus (98 %), mixed gastrocnemius (100 %). It is therefore likely that the 

myostatin level is not exclusively determined by the fiber-type composition but that other 

unspecified factors must control its expression. 

Discussion 

The changes in myostatin mRNA levels were largely similar in both soleus and EDL muscles 

regenerating from notexin-induced necrosis, except that the uprise of myostatin occurred some 

days earlier in the soleus than in the EDL. This could be partially explained by a difference in the 

dynamics of regeneration. As others (Harris et ai, 1975) and we (Mendler et aL, 1998) described 

previously, the mitochondria-poor glycolytic fibers of EDL appear to be more resistant to the 
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toxin than the mitochondria-rich oxidative fibers of the soleus. It cannot be excluded that 

apoptosis also plays a role in notexin-induced degeneration as it is known to take part in die 

pathogenesis of muscle dystrophies (Tews and Goebel, 1997), however, in this case the relative 

contribution of necrosis versus apoptosis may differ in the various muscle types. Indeed, notexin 

could elicit a complete necrosis on the first day after its administration in the soleus muscle, 

whereas in the EDL apparendy intact muscle fibers often persisted for up to three days. This 

presumably elicited a more synchronous in vivo activation of satellite cells in soleus than in EDL. 

At this time, the myostatin mRNA, similar to other muscle-specific transcripts, like those of a -

skeletal muscle actin and SERCAs (Mendler et al., 1998, Zador et al., 1996), completely 

disappeared from both muscles. In soleus, cell proliferation showed a maximum on day 3 (based 

on BrdU incorporation, unpublished data), followed by fusion and formation of new myotubes 

and myofibers from day 5 onwards, while in EDL these phenomena occured two days later, as is 

also revealed by the delayed appearance of the desmin-positive myoblasts-myotubes and of new 

motor endplates (Zador et al., 1996, Mendler et al., 1998). The level of myostatin mRNA began to 

increase around this time, i.e. after the fusion of myoblasts to myotubes, consequendy, it reached 

the maximum when myotubes and myofibers were actively growing and differentiating then 

decreased again to the normal level when both types of regenerating muscles regained the size 

and morphology similar to the controls. Therefore, the different time-course of the myostatin 

expression in soleus compared to that in EDL seems to be the consequence of the different 

dynamics of regeneration, rather than of the difference in myoblast composition as we described 

it earlier for the mRNA levels of myogenic regulatory factors as well (Mendler et al., 1998). 

The dramatic uprise of the protein level of myostatin on day 1, when the transcript is not 

detectable and virtually every muscle fiber is necrotized suggests that myostatin may have an 

origin outside the damaged muscle. Our explanation for this phenomenon is that since myostatin 

is produced specifically by skeletal muscles (McPherron et al., 1997) it is possible to be 

transported to and accumulate at the place of regeneration presumably as one of the factors 
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controlling growth (Lee and McPherron, 1999). The level of myostatin in the blood must be 

delicately balanced and kept very low, since it is virtually not detectable in the normal and 

notexin-injected animals (data not shown). Myostatin protein follows the level of its mRNA only 

in the second half of regeneration in soleus and EDL muscles. It is only after day 5 in the soleus 

and day 7 in the EDL, that the transcript levels seem to be high enough to support translation. It 

looks like the sum of exogenous and endogenous myostatin gradually declines in the regenerating 

soleus muscles. However, in the EDL muscles, the peaks of imported and in situ produced 

myostatin are separated by a valley on days 3-5. 

In contrast to the in vivo findings, where the expression of myostatin mRNA was confined to the 

late phase of the regeneration characterized by differentiation rather than active cell proliferation, 

low levels of myostatin transcripts were also detectable in proliferating C2C12 cells. However, 

the myostatin mRNA levels increased during differentiation both under in vivo and in vitro 

conditions. The expression pattern observed in the course of regeneration, i.e. the initial up-

regulation of myostatin after myoblast fusion followed later on by the gradual decrease to the 

normal level, shows similarities to that found in porcine skeletal muscles during normal 

development Qi et al., 1998). Based on these data, it could be concluded that myocyte fusion 

might be important for upregulating the myostatin expression in vivo, but at least in vitro, it seems 

not to be essential since the fusion-defective BC3HI cells continuously increase myostatin 

mRNA levels along the differentiation. It is worth considering that the changes of myostatin 

transcript levels in regenerating muscles occur in parallel with those of insulin-like growth factor 

(IGF)-I receptor and of IGF-II, which were correlating with myotube formation (Levinovitz et 

al., 1992, Marsh et al., 1997). In contrast, other growth factors: FGF, TGF-01 and IGF-I were 

shown to play a role in myotube formation of primary myoblasts (Lefaucheur and Sebille, 1995), 

although their mRNA levels were not changing at that time. Despite these similarities, there is no 

evidence for a regulating factor controlling myostatin expression during muscle regeneration. 

Since the essential role of re-innervation is well-known, one might expect that the formation of 
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new endplates could somehow modulate the myostatin mRNA levels in the regeneration process. 

In our in vivo experiments the increase of myostatin transcript levels coincided with the time of 

re-innervation (Zador et al., 1996, Mendler et al., 1998) both in EDL and soleus muscles and it 

decreased when the new endplates were established. However, the relation between the two 

events is not likely to be causative, because in in vitro cell cultures the myostatin mRNA levels also 

changed in spite of the absence of neural influence. 

Although we found that white EDL contained higher myostatin mRNA levels than red soleus, 

their protein levels were even reversed. Moreover, using other white and mixed muscles we could 

not relate the transcript and protein levels of myostatin to a specific fibre-type. Indeed, there are 

contradictory data in the literature regarding the correlation between the muscle type and 

myostatin expression. Our results are in accordance with those of McPherron et al. (1997), who 

found that the myostatin mRNA abundance differs among muscles of adult mice, but there was 

no clear correlation between the muscle types and the myostatin mRNA levels. Furthermore, an 

immunohistochemical study revealed recently (Gonzalez-Cadavid et al, 1998), that type I and 

type II fibers expressed the same level of myostatin protein both in mouse and in human. In 

contrast, Ji etal (1998) reported earlier, that in pigs, the red (deep) semitendinosus contained only 

half as much myostatin mRNA as the white longissimus and superficial semitendinosus muscles. 

In line with this Carlson et al. (1999) also seemed to correlate myostatin expression and the fast-

glycolytic myosin IIB content of different muscles of mice. These contradictions may result from 

the different methods and species used by the authors. Another explanation could be that as yet 

unknown factors, but different from fiber type may contribute to the determination of the 

myostatin level in different muscles. 

In summary, we found that the regenerating soleus and EDL muscles show a largely similar 

characteristic change of the myostatin mRNA level which is different from that of the myostatin 

protein suggesting an exogenous source and/or a pretranslational control. Moreover, the 

expression of myostatin mRNA in in vitro myogenic cell cultures proves that the functional 
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innervation or the myoblast fusion are dispensable for its expression. Our experiments suggest 

that myostatin is not only a regulator of prenatal muscle growth (Slack, 1997, Lee and 

McPherron, 1999) but seems to be a good candidate for the same function in regeneration. 
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Legends 

Figure 1 Myostatin mRNA levels in regenerating rat soleus muscles. The upper panel shows a 

typical RT PCR amplification of the 340 bp-long myostatin mRNA fragment. The diagram 

summarizes myostatin mRNA levels normalized to those of GAPDH and expressed as 

percentage of the level in control muscles during regeneration. The columns represent mean 

values of data obtained from three different animals; vertical bars indicate the S.E.M., asterisks 

show significant changes (** p<0.01, * p<0.05). Labels represent: control, non-injected muscle; 

1-28, days after notexm-administration. 

Figure 2 Myostatin mRNA levels in regenerating rat EDL muscles. The symbols of the upper 

panel and the diagram are as in Fig. 1. 

Figure 3 The myostatin protein level during regeneration of soleus muscles. The insert shows a 

typical immunoblot of the 20 kDa myostatin protein. N=3, vertical bars on the columns indicate 

± S.E.M, * means a statistical difference (p<0.05) from the control. 2 volume % of the extract of 

each muscle was loaded per lane. Labels represent: C, control, non-injected muscle; 1-28, days 

after notexin administration. 

Figure 4 The myostatin protein levels in the regenerating EDL muscles. Insert and symbols are 

as in Fig. 3. 
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Figure 5 Myostatin mRNA levels in differentiating BC3HI (a) and C2C12 (b) cell cultures. The 

columns represent relative values expressed as the percentage of the maximum value. The 

column labels show: day 0: undifferentiated cell culture in growth medium; days 1, 3, 7, 9, 11 for 

BC3HI and days 2, 4, 7, 9,14 for C2C12 cells: days after the change to differentiation medium. 

Figure 6 Fiber composition of different rat muscles. Immunohistochemistry with antibody 

against the IIB myosin heavy chain isoform in the white m. semimembranosus (A), the mixed m. 

plantaris (B) and m. gastrocnemius (C). Glycolytic IIB fibers stain dark (lOx objective). 
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Table 1 Myostatin mRNA and protein levels of hindlimb 

muscles of various fiber-type composition. The values are 

expressed in % of that of the mixed gastrocnemius muscle 

mRNA* protein 

m. soleus 0.5 225 

m. EDL 2 46 

m. plantaris 84 12 

m. semimembranosus 86 98 

m. gastrocnemius 100 100 
(mixed) 
*myostatin mRNA was normalized to the mRNA level of 
GAPDH 
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