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Calpains — non-lysosomal intracellular caleium-activated neutral proteinases, form
a family consisting of several distinct members. Two of the isoenzymes: u (calpain I)
and m {calpain II) responded differently to the injury during complete regeneration
of Extensor digitorum longus (EDL) muscle and partial regeneration of Soleus muscle.

In the crushed EDL the level of m-calpain on the 3rd and 7th day of regeneration was
higher than in non-operated muscles, whereas the activity of this calpain in injured
Soleus decreased. The level of p-calpain in EDL oscillated irregularly during
regeneration whereas in Soleus of both injured and contralateral muscles its level

rapidly rose.

Our results support the hypothesis that m-calpain is involved in the process of fusion
of myogenic cells whereas p~calpain plays a significant but indirect role in muscle

regeneration.

Muscle regeneration has been studied for a
long time. Mammalian skeletal muscle shows a
remarkable ability to regenerate following vari-
ous kinds of injury. It has been concluded that
the process of regeneration is similar essen-
tially, regardless of the cause of injury or dis-
ease [1]. The regeneration occurs in two steps:
myolysis and reconstruction. During myolysis,
intrinsic degradation precedes the breakdown
of the damaged myofibres. This process begins
with disappearance of Z-lines [2]. a-Actinin,
C-protein, troponin, tropomyosin and desmin
are cleaved by proteinases called calpains [3].

Muscle regeneration recapitulate embryonic
myogenesis: mononucleated myogenic cells
proliferate and fuse to form the myotube. Sat-
ellite cells, which are monucleated and lie be-
neath the basal laminae of the adult muscle
fibre, are the source of these myogenic cells.

Calpains (EC 3.4.22.17) are non-lysosomal in-
tracellular calcium activated neutral protei-
nases (CANDPs) [4], first characterised in pig
muscle [5]. Calpains form a family consisting of
several distinct members [6]. They can be
divided into two groups: ubiquitous and
tissue-specific. Current knowledge on the en-
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zymic and biological properties of calpaing
concerns only two of the ubiquitous enzymes
present in animal cells. They are designated:
p-calpain (calpain I) and m-calpain (calpain II).
These thiol-proteinases are Ca’" —dependent
with a half-maximum activity at 1-70 yM Ca”*
for i_x—ca]paln and 100-800 pM for m-calpain.

co-activates these enzymes [7]. Recently
a thll‘d specie of the ubiquitous type was ident-
ified in chicken muscle [8].

Five calpains are heterodimers composed of a
large catalytic subunit and identical 30 kDa
regulatory subunit present in all the calpain
family members. The p- and m-calpain enzyme
systems, the former consisting of the enzyme
and its inhibitor, have been identified in several
eukaryotic tissues including skeletal muscle, in
both vertebrates and invertebrates [9]. Calpains
participate in numerous cellular functions
through limited hydrolysis of various native
proteins [8] cleaving a defined number of spe-
cific sites and never releasing small peptides or
amino acids. Almost all cytoskeletal proteins,
several receptors, such as receptor of platelet—
derived growth factor (PDGF), L-type Ca*
channel proteins as well as some enzymes (e.g.
protein kinase C, pp39™®, phosphorylase ki-
nase), are known to be calpain substrates [10].
Recent studies have shown that both p- and
m-calpain are widely distributed within an ani-
mal cell. Their widespread presence, the char-
acter of substrates and the nature of activity
suggest that calpains may play a fundamental
role in the living cell but it is unclear what is the
advantage for a cell to generate two isoenzymes
so0 similar in their activities [11].

Subcellular localization of p- and m- calpains in
muscles was reviewed by Kumamoto ef al. [12].

Four members of the calpain family (y, m,
p/m and p94) are expressed in skeletal muscle
[6]. The newly discovered calpain isoenzyme
P94, is expressed exclusively in skeletal mus-
cles. This isoenzyme is present in muscle
usually below detectable levels because it
seems to undergo degradation immediately
after its being translated [8].

It has been evidenced that these enzymes play
an important role in the process of myofibrillar
protein turnover [13]. They participate in the
postmortem meat tenderization [14]. Also it has
been shown that the level of Ca“"-activated
proteinases dramatically increased at the early
stage of myogenesis [15].

In an attempt to clarify the roles of soveral
calpains in muscle regeneration, we have
examined their activities in the fast and slow
twitch regenerating rat muscles.

MATERIAL AND METHODS

Regeneration experiments. Adult white Wis-
tar rats (3 months old) were anaesthetized with
ether, the EDL or Soleus muscles were denerv-
ated and crushed as described in [16]. The non-
operated and contralateral muscles were used
as controls. After 3, 5, 7 or 14 days of regener-
ation, the animals were euthanized inether and
both the regenerating and contralateral mus-
cles were removed and weighed.

Calpains were isolated and then activity me-
sured as described by Savart et al. [17] with
some modifications.

Preparation of crude extract. Muscles were
homogenized in 5 vol. of 20 mM Tris/HCl buff-
er, pH 7.5, containing 2 mM EDTA, 10 mM
EGTA, 0.25 M saccharose, 1% Triton X-100, 10
mM 2-mercaptoethanol and 100 pg/ml leupep-
tin, using a Kinematica AG PT 1200 Warring
blender with two bursts of 30 s and ata 30 s
interval. Crude extracts were centrifuged at
10000 x g for 10 min and the obtained superna-
tants were filtered through glass wool. All oper-
ations were performed in an ice bath.

Partial purification of calpains. The superna-
tant was loaded onto DE-52 columns pre-
viously equilibrated with 20 mM Tris/HCI
buffer, pH 7.5, containing 2 mM EDTA and 2
mM EGTA. The calpains were eluted with in-
creasing concentration of NaCl in the same
buffer. Both p-calpain and its inhibitor, calpas-
tatin, were eluted with 0.2 M NaCl while m-cal-
pain with 0.4 M NaCl. In the 0.2 M NaCl
fraction the concentration of NaCl was ad-
justed to 1 M and calpastatin and p-calpain
were further separated on a phenyl-Sepharose
CL-4B column. The enzyme being finally
eluted from column with 20 mM Tris/HCl buff-
er, pH 7.5, containing 2 mM EDTA, 2 mM EGTA
and 1% ethylene g[z'm] The whole procedure
was performed at 4°C

Assay of calpain activity. 20 mM Tris/HCI
buffer containing 6.8 mg/ml FITC-caseinand 5
mM CaCly or 3 mM EGTA (control sample)
was incubated with a p- or m-calpain fraction
for 30 min at 25°C. The reaction was terminated
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with 10% trichloroacetic acid at 4°C. After cen-
trifugation at 3600 x g for 10 min, the fluores-
cence of the supernatant was measured in
Shimadzu spectrofluorophotometer at 495 nm
(excitation) and 520 nm (emission).

Specific activity was expressed as fluores-
cence units per mg muscle per min. The protein
concentration was determined by the method
of Bradford [18].

Gel electrophoresis and immunoblotting.
Proteins were analysed by SDS/PAGE on 11%
polyacrylamide slab gel, according to Laemmli
[19]. The calpains separated by electrophoresis
were transferred onto a nitrocellulose sheet
(Western blot) and detected with anti-calpain
polyclonal antibody (generous gift from Dr M.
Spencer [20]) and anti-p-calpain monoclonal
antibody (Chemicon, U.S.A.) by indirect immu-
noperoxidase staining. The Western blots were
pre-treated with 5% skim milk or 1% bovine
serum albumin (BSA) and 0.1% Tween 20 in Tris
buffered saline (TTBS) and were incubated for
30 min at room temperature with primary
antiserum diluted 1/200. The blots were then
washed with 3 changes of TTBS, followed by 30
min incubation with biotinylated anti-rabbit or
anti-mouse [gG antibody (Sigma) diluted
1/10000. After 3 washings (15 min) with TTBS,
the blots were incubated in solution of avidin
with biotinylated peroxidase ELITE (Vector,
U.S.A.). Finally, the blots were treated with per-
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oxidase substrate kit (Vector) and washed with
walter.

RESULTS

Calpain activity was determined on the 3, 7,
and 14th day of regeneration of crushed, con-
tralateral, and non-operated muscles. Regener-
ation progressed differently in EDL and in
Soleus. EDL regenerated quickly and complete-
ly whereas Soleus regenerated only partiaily
and sometimes not at all. In EDL normal struc-
ture was totally recovered after 16 daysafter the
injury while regeneration in Soleus, although
started at first, soon stopped and muscle be-
came fibrotic [16].

The presence of calpains in the extracts from
non-operated EDLand Soleus muscles was evi-
denced using two different types of antibodies
(Fig. 1). The polyclonal antibody, as it was pre-
viously shown by Spencer [20] recognized all
three isoforms of muscle calpains {(m, p, p94).
Consistently, Western blotting revealed three
bands: one of 100 kDa, corresponding probably
to the specific muscle p94 calpain, and two
other overlapping bands of about 80 kDa (Fig.
1A). The monoclonal antibody against p-cal-
pain large subunit (Chemicon), which does not
react with m-calpain, gave only one band with
either muscle extract (Fig. 1B).
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Fig. 1. Immunoblots of calpains (Calbiochem) and calpains from non-operated EDL and Soleus muscles (A)
with polyclonal antibody, and (B) with monoclonal anti-p-calapin antibody.

Comercial m-calpain (lane 1), and p-calpain {lane 2); calpains from non-operated EDL {lane 3), and from non-operated
Soleus (lane 4). Molecular mass markers: f-galactosidase (123 kDa), fructose-6-phosphate kinase (89 kDa), pyruvate

kinase (67 kDa) (Sigma products).
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[n the EDL extract from non-operated muscle
(day 0) the activity of m-calpain was 81 £9
units. In the injured muscle it was doubled as
early as on the 3rd day (189 £ 9 units) and more
than tripled on the 7th day (294 + § units) of
regeneration. After 14 days the m-calpainactiv-
ity dropped below the level detected in non-
operated muscle. In the contralateral muscle
slight, insignificant fluctuations of m-calpain
level took place between the 3rd and 7th day of
the experiment, followed by a marked decrease
after 14 days, thus resembling the decrease of
the activity in regenerating muscle. It should be
noted that in contralateral EDL muscle the ac-
tivity was from 2 to 3 times lower than in the
crushed muscle. In the non-operated Soleus
muscle a high level of the m-calpain isoform
was detected (189 * 26 units), twice as high as
in EDL (Fig. 2B), but it was reduced to about
40% of the control value on the 3rd day after
injury. In the following days the activity was
gradually increasing and on the 14th day of the
experiment it amounted to 229 + 23 units, but it
remained significantly lower than in EDL. In
contrast to EDL, the activity in contralateral
Soleus muscle was as high as in the crushed
muscle or even somewhat higher on the 3rd
day after crushing. After 14 days the activity in
the crushed Soleus became twice as high as in
the contralateral muscle.

The level of p-calpain in both non-operated
muscles was similar and amounted to about 28

units. [n regenerating EDL the level of this pro-
teinase was fluctuating; an increase observed
after 3 days was followed by a decrease on the
7th day and an increase 14 days after the injury
(Fig. 3A and B). On the 7th day of EDL regener-
ation, i.e. at the time of the highest m-calpain
activity, the level of the p-isomer was the lo-
west. At variance with EDL crushed muscle,
u-calpain activity in Soleus was raised 4- and 7-
fold on the 3rd and 7th day of the experiment
respectively, and reached a plateau after 14
days. The time course of changes in p-calpain
level in the contralateral muscle followed that
in the crushed muscle (Fig. 3B).

A comparison of calpains activities in the
injured muscles to the activities before crush-
ing shows not only distinct differences in the
response of the two muscles to the injury, but
also implies a different effect of injury on the
contralateral muscle (Fig. 4). One can see that
the effect of crushing was stronger in the con-
tralateral Soleus muscle, than in the EDL
muscle.

DISCUSSION

Mature skeletal muscles constitute a mosaic of
slow- and fast-twitch fibers. Fast relaxation is
characteristic of white fibers, whose cells con-
tain small amounts of myoglobin and few mi-
tochondria. These fibers generate energy by
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Fig. 2. The level of m-calpain in regenerating (open columns) and contralateral (closed columns) EDL (A)

and Soleus (B) muscles.

Polynomial tendence curve of the values in regenerating (solid line) and contralateral (broken line). Each value is the
mean from the extracts obtained from 6 animals, assayed in triplicate,
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Fig. 3. The level of u-calpain in regenerating (cross striated columns) and contralateral (longitudinal striated

columns) EDL (A) and Soleus (B) muscles.

means of anaerobic glycolysis. Red muscle
fibers, which relax slower and are more resis-
tant to fatigue, are rich in myoglobin and mito-
chondria. For these fibers, oxidative phospho-
rylation is the energy-generating process. Rat
EDL contains about 95% of “fast” fibers, where-
as Soleus is in 80-100% composed of “slow”
fibers [16]. Therefore, EDL could well be
referred to as the fast-twitch muscle, and Soleus
as the slow-twitch muscle. Another difference
between these two types of muscle is their dif-
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ferent ability to regenerate after being crushed.
EDL regenerates quickly and completely, and
after 14 days following the injury it already
contains new fibers and innervation. Soleus
restores its fibers hardly or even not at all and
by the 14th day following the injury it under-
goes degeneration manifested by overgrowth
of connective tissue [16].

As we have demonstrated previously [21],
protein kinase C (PKC) is involved in differen-
tiation of muscle cells during regeneration and
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Fig.4. The relative level of m-calpain (A) and u-calpain (B) in regenerating (open columns) and contralateral
(closed columns) EDL and in regenerating (cross striated columns) and contralateral (longitudinal striated

columns) Soleus muscles vs non-operated muscles.
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embryonic development. Taking into account
that calpain is one of the major activators of
PKC and, according to Savart et al. [22], a stable
and functional PKC-p-calpain complex exists
in skeletal muscles, we have decided to inves-
tigate changes in calpain levels in regenerating
and contralateral muscles.

Despite the major role played by the two in-
vestigated calpain isoforms in muscles [10],
their levels in this tissue are considerably lower
than in other tissues or organs [23]. The acti-
vities of both m- and p-calpain in rat spleen
were twice and five times as high as those in
muscle, respectively (notshown). Anextremely
high activity of m-calpain in Soleus muscle
from non-operated rats should be emphasized.
Other authors also found, in pigs, that m-cal-
pain was more abundant in the “slow” muscle
than in the “fast” muscle [24]. The response of
m-calpain activity to the injury in the two mus-
cles was distinctly different. During EDL re-
generation the level of m-calapin increased
concurrently with the key changes occuring in
the regenerating muscle. The 3rd day of the
regeneration marked the beginning of the dif-
ferentiation of new muscle cells and day 7
marked the beginning of most dynamic cell
fusion and myotube formation (not shown). As
can be seen (Fig. 2A) m-calpain was most abun-
dant during formation of muscle fibers. Brustis
et al. [25] provide evidence that extracellular
m-calpain is essential for myoblast fusion. It
has been previously demonstrated [26] that in
the in vitro regenerating myoblasts the level of
m-calpain is the highest at the initial stage of
cell fusion, Our present results support the as-
sumption that m-calpain is involved in the pro-
cess of fusion of myogenic cells.

In contrast to EDL in Soleus muscle, a reverse
time course of m-calpain level was observed.
Polynomial tendency curve (Fig. 2B) showed
the minimum at the time when myoblast fusion
took place. On the 3rd day of regeneration So-
leus muscle was still swollen and filled with
blood, and on the 7th day myoblast fusion
could be observed only sporadically [16]. So-
leus muscle from non-operated rats is very rich
in m-calpain, consistently with the results of
Elce et al. [27] and Kawashima et al. [23]. There
may be two reasons for the decrease in the level
of this enzyme during, the first three days after
crushing of muscle (Fig. 2B): proteolysis or

autolysis of the enzyme and /or lack of it syn-
thesis in damaged tissue.

Elce et al. [27] found a relation between the
activities of Ca”*-dependent proteinases in de-
nervated and contralateral rat Soleus muscles.
Their results, and our data on PKC in regener-
ating muscles (unpublished), indicate that a
muscle of one limb reacts to an operation per-
formed on the corresponding muscle in the
matching limb. Apparently, certain enzymes
respond to the operational stress by changing
their activity or the level of their synthesis
(Gautron, personal information). Parr ef al. [28]
demonstrated that stimulation of B-adrenergic
receptors in muscles resulted in an increase in
the synthesis of m-calpain and its inhibitor,
calpastatin, as well as in reduction of p-calpain
synthesis. Our data are consistent with these
conclusions. However, the effect of injury on
the contralateral muscle was different. In EDL
the activity of both m- and p-calpains in contra-
lateral muscle was of the same order of magni-
tude as in the non-crushed muscle, while the
activity in Soleus muscle generally followed
the same trend as in crushed muscle (Fig. 4).
Our results lead us to believe that the analysis
of changes in calpain level should be based not
on a comparison of the changes occurring in
regenerating vs contralateral muscles, since
both types of muscle undergo different pro-
cesses in response to the operation. The only
valid comparison seems to be between muscles
from operated and non-operated rats.

[n our opinion, p-calpain does not play a sig-
nificant, direct role at the early stage of muscle
regeneration as does m-calpain. Some conclu-
sions can be drawn from observing the changes
in the level of p-isoform in regenerating mus-
cles vs muscles from non-operated rats, and
from comparing the fast twitch muscle with the
slow twitch one. The level of p-calpain in the
muscles of non-operated animals is the same in
both EDL and Soleus but, contralateral EDL
hardly reacts at all to the operation, while oper-
ated EDL shows an increase in p-calpain activ-
ity on the days when m-calpain activity is low
and vice versa. Both in contralateral and oper-
ated Soleus a very strong activation of p-cal-
pain was noted. Possibly p-calpainis less prone
to undergo degradation since its level did not
decrease below that detected in the muscles
from non-operated rats. An increase in p-cal-



Vol. 43

Calpains activity in regenerating muscles 699

pain activity could be due to the presence of
blood cells such as platelets or granulocytes. In
myoblasts cultured in vitro [24] p-calpain is
synthesized throughout the whole period of
cell growth and differentiation and its level
rises systematically. It is hard to define at this
moment the role played by this isoenzyme in
the complex process of regeneration. Moreover,
the use of polyclonal antibodies against calpain
did not yield clear results. Three bands were
obtained (Fig. 1), one of which was situated
near a standard protein of 100 kDa and thus
could correspond to the new p94-calpain typi-
cal of the muscle tissue [13, 29]. Alternatively,
this band should be ascribed to yet another
calpain, namely the p/mone. The development
of specific antibodies and determination of in-
dividual mRNAs seems to be necessary for
elucidation of the role played by particular cal-
pain isoform during muscle regeneration.
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