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Abstract

In shearing injury both the myofibres and connective tissue framework are breached and the muscle—tendon continuity is disrupted. During
regeneration the firm myofibre to extracellular matrix (ECM) adhesion must be re-established. We have analysed the expression of selected
molecules implementing this adhesion in regenerating myofibres 2-56 days after transection of rat soleus muscle using quantitative
immunohistochemistry and Northern blotting. 81 integrin mRNA level and «7 integrin and vinculin immunoreactivities were transiently
increased in both the intact and regenerating parts of the transected myofibres by day 5—7 with normalization by day 10-14. After day 14, a7
integrin and vinculin accumulated at the tips of the regenerating myofibres, indicating formation of new mini-myotendinous junctions
(mMT]J). Immunoreactivities for dystrophin and associated proteins as well as merosin appeared in regenerating myotubes by day 3—4
reaching control levels by day 56. Our results suggest that integrin and dystrophin associated molecules are complementary in myofibre-
ECM adhesion. During regeneration, ruptured myofibres temporarily reinforce their integrin mediated lateral adhesion until mMTJs are
formed. Thereby the load on the newly formed scar and the risk of rerupture are reduced. Dystrophin associated molecules appear later and
replace integrin on the lateral aspects, while both complexes are abundant at the mMT]Js. These molecular events correspond to our previous

results on tensile strength. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In our previous study, we developed a muscle injury
model, in which unipennate muscle, rat soleus, is transected,
and determined the restoration of tensile strength in rela-
tionship to histopathological changes during the natural
course of the muscle repair process [1]. In this shearing
type of injury [2] not only the myofibres but also their base-
ment membrane (BM) and the mysial sheaths are transected
which causes a disruption of the functional continuity of the
muscle-tendon complex. Optimal repair necessitates a
balanced interaction between the regenerating muscle cells
and extracellular matrix (ECM). On one hand, the proximal
and distal stumps of the transected myofibres must restore
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their structural integrity and, on the other hand, the regen-
erating myofibres must also bind firmly to the ECM to re-
establish the functional continuity.

The adhesion of myofibres to the surrounding ECM is
accomplished by two main complexes of adhesion mole-
cules, integrin and dystrophin associated, which connect
the contractile proteins of sarcomeres to laminin in the
BM, reviewed in [3-9]. In the integrin associated complex,
sarcomeric actin binds via several subsarcolemmally
located molecules, such as «-actinin, talin, vinculin, paxil-
lin and tensin to the B1 subunit of the muscle specific [10]
integrin a 731 [4,11-13]. Integrin o731 is enriched in the
myotendinous junction (MTJ) with only minor amounts
being present on the lateral aspects of the myofibre plasma
membrane [14]. Integrin a781 is a receptor for merosin, the
muscle specific laminin-2 [15-18].

In the dystrophin associated complex, actin binds to
subsarcolemmally located dystrophin [19-25], which is
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also enriched in MTJs and neuromuscular junctions (NMJ)
[26-29]. Dystrophin is associated with three protein
complexes [30-33], dystroglycans, sarcoglycans and
syntrophins [34]. Dystrophin binds with its C-terminus to
the transmembrane S-dystroglycan (8-DG) [35,36], which
is linked to the extracellular a-dystroglycan (a-DG) [34].
«-DG in turn binds to merosin in the BM [37,38]. The
transmembrane «-, -, y- and O-sarcoglycans associate
with dystrophin but their role in mediating the interaction
with extracellular molecules is not yet understood [32,34].

The purpose of this study was to investigate the re-estab-
lishment of integrin and dystrophin associated adhesion
during the regeneration process following shearing type of
skeletal muscle injury. Results were correlated with the
biomechanical and histopathological changes reported in
our previous study [1].

2. Materials and methods
2.1. Animals and muscle injury

Seventy two adult male Sprague—Dawley rats were used
in this study. The average age at the time of traumatization
was 12 weeks and the body weight 413 g. The animals were
housed in cages and fed with commercial pellets and water
ad libitum. The research protocol was accepted by the ethi-
cal committee for animal experiments of the University of
Tampere.

Animals were randomly divided into ten subgroups on the
basis of the postinjury interval (see below, n = 8 in each
subgroup, except for those of days 2 and 4 in which n = 4),
each including bilaterally and unilaterally traumatized
animals. Animals were anaesthetized with an intraperitoneal
injection of pentobarbital (Mebunat; Orion-Farmos, Turku,
Finland) solution. Under anaesthesia, a longitudinal incision
was made along the lateral aspect of either right or both
calves (unilateral or bilateral trauma). The soleus muscle
was gently exposed avoiding detaching it from the
surrounding fascia. Thereafter, the soleus muscle was
completely transected with microscissors in a transverse
plane (Fig. 1). The stumps were covered and kept aligned
by suturing (Vicryl; Johnson & Johnson Ethicon, Norder-
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stedt, Germany) the overlying fascia and finally, the skin
was closed. The contralateral intact limbs of the unilaterally
traumatized animals served as controls. Postoperatively
animals were allowed to move freely in the cages. Animals
were sacrificed 2, 3, 4, 5, 7, 10, 14, 21, 28 and 56 days
postoperatively with an overdose of carbon dioxide.

2.2. Histology and immunohistochemistry

The muscle samples were collected and frozen in isopen-
tane cooled with liquid nitrogen. Longitudinal frozen
sections were stained with hematoxylin & eosin (H&E)
and Herovici for morphological examinations. Immunohis-
tochemistry was performed with mouse monoclonal antibo-
dies to the following molecules: a7 integrin (a kind gift
from Dr Stephen Kaufman, University of Illinois, Urbana,
IL) and vinculin (Serotec Ltd, Oxford, UK), and dystrophin
2, B-DG, a-SG and merosin (all from Novocastra, Newcas-
tle, UK). The bound antibodies were visualized using
avidin-biotin peroxidase kit (Vectastain, Vector Labora-
tories, Burlingame, CA) with diaminobenzidine as the chro-
mogen and hematoxylin as the counterstain.

2.3. Quantification of immunohistochemistry

The maximal intensity (relative optical density, ROD) of
the immunoreactivity associated with the plasma membrane
or BM was measured using Microcomputer Imaging Device
version M4 (Imaging Research Inc., Brock University, St.
Catharines, Ontario, Canada). Measurements were
performed on captured digital pictures by scanning the
intensity of immunopositivity in a band of selected width,
which is perpendicular to the plasma membrane and BM
(Fig. 2). In addition, the staining of sarcoplasm was
measured. Measurements in each sample were made in ten
different areas.

The intensity of immunoreactivity was measured in each
traumatized muscle sample both in the regenerating part
(i.e. in the regeneration and central zones, (RZ and CZ),
see Fig. 1) and intact part of the muscle (i.e. in the survival
zone, (SZ) see Fig. 1). Corresponding intensity was also
measured in sections from the contralateral intact control
muscle of the unilaterally traumatized animals, which
were immunostained on the same slide with sections from
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Fig. 1. A schematic illustration of the injury. Soleus is a unipennate muscle, in which all myofibres extend parallelly from the proximal to the distal tendon. The
muscle was cut transversely slightly distal to the point where the nerve enters the muscle belly. For definitions of the three zones, central zone (CZ),

regeneration zone (RZ) and survival zone (SZ) see Section 3.
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Fig. 2. A captured picture of myofibres stained with dys-2 antibody. The
square exemplifies the area within which the intensity of the immunoreac-
tivity was measured as an average over the range of plasma membrane or
BM perpendicularly cross the myofibre.

the traumatized muscle. The intensity of immunoreactivity
of each molecule in the RZ and CZ of the regenerating
myofibres was expressed as a percentage of the intensity
in intact muscle, i.e. in either SZ or control muscle.
Average value of the non-specific staining of sarcoplasm
in the intact area was used as the backround error value
(BEV). The BEV in the same section was subtracted from
the average intensity of immunostaining of the plasma
membrane or BM in both the regenerating and intact area
(see formula). The formula of the calculation used was:

Intensity of true immunoreactivity (%)

= 100 X (RODregeneralion - BEVintact)/(RODimact

- BEVintact)~

ROD;, ¢ represents the intensity of immunoreactivity
either in the SZ of the same tissue section (for dystrophin
and associated molecules) or in a control section from the
contralateral muscle immunostained on the same slide (for
integrin associated molecules). Contralateral intact muscles
had to be used as reference values for the integrin associated
molecules because a trauma induced upregulation occurred
in the SZ.

The reproducibility of the quantification of immunohis-
tochemistry by image analysis was determined by compar-
ing data from two repeated measurements on 28 different
immunohistochemical sections of dystrophin staining.
Reproducibility was defined as the 95% limit of agreement
for the differences observed in repeated measurements (i.e.
average bias * twice the standard deviation of the differ-
ences) [39]. The 95% limit of agreement was used as a
measure of reproducibility in order to make certain that
the observed differences during the observation period of
56 days were significantly larger than those occuring by
chance.

2.4. Data analysis

Analysis of variance (ANOVA), followed by Bonferroni
correction for multiple comparisons, was performed for
each molecule to compare the intensity of immunostaining
between different time points of regeneration. Analysis of
variance, using subject, i.e. rat as a random factor, was also
used to compare the intensity of immunostaining between
different molecules at each healing time point.

2.5. RNA extractions and Northern blot hybridizations

Total cellular RNA was isolated using the guanidium
thiocyanate/CsCl method [40]. 20 wg of total cellular
RNA was separated in formaldehyde-containing 1% agar-
ose gels, transferred to nylon membranes (ZETA-probe,
Biorad), and hybridized with **P-labelled (Amersham)
cDNAs for rat a1 (I) collagen [41], rat 81 integrin, rabbit
dystroglycan [37] and rat glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; a ‘‘house keeping’’ enzyme
used as a control) [42] probes. Dystroglycan cDNA was a
kind gift from Dr Kevin Campbell (Iowa City, [A). Rat 81
integrin c¢cDNA corresponding to nucleotides 45-994
(unpublished sequence in Gene Bank, accession number
U12309) was amplified by RT-PCR using total RNA
isolated from rat granulation tissue cells. Autoradiograms
were quantified with Microcomputer Imaging Device
version M4 (see above), and results corrected for GAPDH
mRNA levels.

3. Results
3.1. Histology

The histopathological pattern of regeneration after this
shearing type of injury followed the same scheme as
described previously in detail [1,43,44]. In short, immedi-
ately after injury the myofibre stumps retracted and the gap
between them formed the central zone (CZ, Fig. 1). This
was first filled by a haematoma, which was later replaced by
connective tissue. Myofibres became necrotized from the
site of transection over a distance of 1-2 mm inside their
preserved BM cylinders. In the next stage the new demarca-
tion membrane limited the extension of necrosis and deli-
neated the regeneration zone (RZ) from the survival zone
(SZ), where myofibres survive with certain reactive changes
(Fig. 1).

By day 2 satellite cells had proliferated and become
myoblasts. On day 3 the myoblasts had begun to fuse to
form myotubes. By day 5 these had filled the old BM cylin-
ders in the RZ up to the boundary between the RZ and the
CZ. On day 7 the tips of the regenerating myotubes
extended from the BM cylinders into the connective tissue
of the CZ, attempting to pierce through the scar. Maturation
of myotubes into myofibres had commenced by day 14,
when cross-striation was already visible. From day 14



124 M. Kddridinen et al. / Neuromuscular Disorders 10 (2000) 121-132

onwards the connective tissue of the CZ contracted and
continuously decreased in amount. Thereby the stumps
with newly formed mMTIs at their tips were pulled closer
to each other and they became more interlaced and better
organized. Yet, even on day 56 the stumps remained sepa-
rated by a thin layer of scar tissue (cf. Fig. 5C).

3.2. Immunohistochemistry

3.2.1. a7 integrin and vinculin in intact parts of injured
myofibres (in the SZ)

In the control muscles, strong immunoreactivities for a7
integrin and vinculin were observed in MTJs (not shown),
whereas the plasma membranes stained very faintly (Fig.
3A). Remarkably, intact parts of the myofibres in the SZ
showed strong increases in the intensity of immunoreactiv-
ities for a7 integrin (Figs. 3B and 4A) and vinculin (Figs.
3C and 4B) in the plasma membrane from day 4 onwards.
The increase in intensity of a7 integrin was similar along
the whole length of the myofibres in the SZ reaching its peak
of about 170-180% of that in the contralateral intact soleus
on day 7 (Fig. 4A). Thereafter, the intensity rapidly returned
to normal levels by day 10. The increase in the intensity of
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vinculin immunoreactivity in the SZ displayed a clear gradi-
ent along the injured myofibre and it was most marked next
to the injury site reaching a maximum of 186% on day 7
(Fig. 4B). Close to the MTJs in the proximal and distal SZ,
i.e. farthest away from the lesion, the maximum increase
was only 117% on day 5 (Figs. 3D and 4B).

3.2.2. a7 integrin and vinculin in regenerating parts of
injured myofibres (in the RZ and CZ)

On day 3 after the injury, the immunoreactivity for a7
integrin was mainly localized to the cytoplasm of regener-
ating myotubes in the RZ as granular staining with accent-
uation close to the plasma membrane. Cytoplasmic staining
was still relatively strong during days 4-7, but by day 14 it
had more or less completely disappeared. Cytoplasmic
staining for vinculin was not measurable either on day 3
or later during the muscle regeneration process.

Immunostaining of the plasma membrane for a7 integrin
in the RZ was weak and focal on day 3, but it became
progressively more intense (Figs. SA and 6) increasing
from 86% on day 3 to a maximum of 175% on day 7
(Fig. 6). Thereafter the immunoreactivity along the lateral
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Fig. 3. (A) In the contralateral non-lesioned control muscle the immunoreactivity along the sides of myofibres is very weak for a7 integrin. (B) In the intact
part of the transected myofibres (i.e. in the SZ) the intensity of a7 integrin immunoreactivity on day 5 is clearly increased (cf. Fig. 4A) as compared to the
control muscle. (C) In the proximal SZ (close to the RZ) the intensity of vinculin immunoreacivity is clearly increased on day 5 (cf. Fig. 4B). (D) In the distal
SZ (distant to the RZ) the intensity of vinculin immunoreactivity is similarly weak as for a7 integrin in the control muscle. Immunoperoxidase with

haematoxylin counterstaining. X115.
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Fig. 4. The intensities of a7 integrin (A) and vinculin (B) immunoreactiv-
ities (=SD) in the SZ close to (prox) and distant to (dist) the injury. The
results are expressed as percentages of the control values in the intact
contralateral muscles. Immunoreactivity for a7 integrin on day 7 differed
significantly from days 3 and 10-56 (P < 0.01) and immunoreactivity on
day 5 from days 3, 14, 28 and 56 in the proximal part of the SZ (P < 0.05)
and from days 10-56 in the distal part of the SZ (P < 0.05) (ANOVA).
Immunoreactivity for vinculin on day 7 differed significantly from days 3,
14 and 21 (P < 0.01) and from days 10, 28 and 56 (P < 0.05).

aspects returned to control levels by day 14, whereas at the
tips of the regenerating myofibres it became accentuated
suggesting formation of new mMTJs (Fig. 5B,C)

The pattern of changes in the intensity of vinculin immu-
noreactivity was very similar (Figs. 5C and 6), but the
increase for vinculin was more rapid, somewhat greater
(maximum 241% on day 5), and lasted longer than for a7
integrin (Fig. 6). After day 5 the immunoreactivity returned
to control levels by day 28. Vinculin immunoreactivity also
became accentuated at the tips of the regenerated myofibres.

On day 56 the staining patterns for a7 integrin and vincu-
lin were compatible with an independent adhesion of the
proximal and distal stumps of the regenerated myofibres
to the intervening connective tissue instead of becoming
fused with each other (Fig. 5C).

3.2.3. Dystrophin, B-dystroglycan and a-sarcoglycan

In the control muscles, the immunoreactivities for dystro-
phin (Fig. 7A) and the two associated proteins, 3-DG and
a-SG (data not shown) were identified as a distinct, contin-
uous line delineating the plasma membrane. The intensities
of their immunostaining in the SZ of regenerating myofibres

remained similar to that in control sections throughout the
observation period.

Immunoreactivities for these three molecules were not
seen in the RZ until the regeneration had progressed to the
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Fig. 5. (A) On day 5, the intensity of a7 integrin immunoreactivity on the
plasma membrane of the regenerating myotubes (i.e. in the RZ) is clearly
increased (cf. Fig. 6) as compared to the control muscle. (B) On day 14, a7
integrin immunopositivity on the regenerating myofibres in the RZ shows
focal accentuations indicating clustering and incipient formation of
mMT]Js. The stumps have become interlaced due to contraction and resorb-
tion of the interposed scar tissue. (C) On day 56, the new mMTJs are clearly
seen as foci of accentuated a7 integrin immunoreactivity. Further away
from the tips of regenerating myofibres the intensity of a7 integrin immu-
noreactivity is weaker. The results for vinculin were identical to these for
a7 integrin (data not shown). Immunoperoxidase and haematoxylin coun-
terstaining. X180.
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Fig. 6. The intensities of a7 integrin and vinculin immunoreactivities
(£SD) in the RZ. The results are expressed as percentages of the control
values in the intact contralateral muscles. Immunoreactivities for a7 integ-
rin on days 5 and 7 were significantly stronger compared to day 10
(P < 0.05) and days 3 and 14-56 (P < 0.01) (ANOVA). Immunoreactivity
for vinculin on day 5 differed significantly from days 3, 4 and 14-56
(P < 0.01) and immunoreactivity on day 7 from day 14 (P < 0.05) and
days 21-56 (P < 0.01).

myotube stage, for 3-DG and «-SG on day 3 and for dystro-
phin on day 4. At the early stage immunoreactivities also
appeared in the cytoplasm of myotubes as granular staining
often located close to the plasma membrane and the immu-
nodecoration of plasma membranes was irregular, indicat-
ing that much of these proteins had not yet been
incorporated to the plasma membrane. The cytoplasmic
immunoreactivities tapered off after day 5 and disappeared
by days 10, 14 and 5 for dystrophin, 8-DG and «-SG,
respectively, to leave only very weak diffuse background
positivity.

Even though the onset of dystrophin expression was
slightly delayed compared to that of 8-DG and «-SG, it
was ahead of them after day 5 with a-SG being the slowest
to recover (Figs. 7B-E and 8). The dystrophin immunoreac-
tivity on the plasma membrane in the RZ and CZ rapidly
increased and reached a 50% level of the corresponding
intensity in the SZ by approximately 8 days. 8-DG and
a-SG did not reach 50% level until days 17 and 22, respec-
tively. By the end of the observation period on day 56, the
differences between intensities of dystrophin, 8-DG and «-
SG immunoreactivities had disappeared, with all of them
having almost reached the control values, i.e. 92, 95 and
85%, respectively (Fig. 8). The relative intensity of the
dystrophin immunoreactivity was significantly greater
than that of B-DG on days 10, 14 (P < 0.01) and 21
(P < 0.05), and that of «-SG on days 7-28 (ANOVA).
The B-DG immunoreactivity also differed significantly
from «-SG on day 28 (P < 0.05).

3.2.4. Merosin

The merosin antibody stained the BM in both the control
muscles (Fig. 9A) and in the SZ of injured myofibres simi-
larly as a distinct continuous line throughout the observation
period. Because the BM in the RZ around the necrotized

part of the transected myofibres is not phagosytosed, the
merosin antibody persistently stained the preserved, old
corrugated BM (Fig. 9B), in contrast to the early negative
immunostaining for a7 integrin, vinculin, dystrophin, SB-
DG and «-SG. The first sign of the formation of new
BMs around the regenerating myofibres appeared on days
4-5, when weak merosin immunoreactivity was detected
inside the old BMs in the RZ. Between days 5 and 21 the
expression of merosin was parallel to that of 8-DG, reach-
ing an intensity of 50% approximately on day 17 (Figs. 9C
and 8). After day 21, the increase in merosin immunoreac-
tivity was slower, reaching an intensity of 82% by day 56.
The relative intensity of the merosin immunoreactivity was
significantly weaker compared to that of dystrophin on days
7 (P < 0.05), 10, 14 and 28 (P < 0.01) (ANOVA). In addi-
tion, it differed significantly from that of 8-DG on day
28.

3.3. Reproducibility of the quantification of
immunohistochemistry

The mean difference of the repeated measurements was
3.9% and the SD of the differences was 11.2%. Therefore,
the calculated 95% limits of agreement for the repeated
measurements by image analyser were 26% and 19%.

3.4. Northern blot analysis

The mRNA levels of al(I) collagen, 81 integrin and
dystroglycan measured by Northern blot hybridizations
are illustrated in Fig. 10a. Collagen a1(I) mRNA levels
were very low in normal muscle but there was a huge upre-
gulation (more than 150-fold) by day 7 (Fig. 10b). The
levels were back to control on day 28. These observations
were in accordance with those we published previously
[45,46]. Integrin B1 mRNA levels were upregulated about
4-fold by day 5 and returned to control levels by day 10,
indicating a response that was faster and more transient than
that for a 1(I) collagen (Fig. 10b). Corresponding to the slow
increase in the immunoreactivities for dystrophin associated
molecules no early rise in dystroglycan mRNA levels
occurred, instead the changes were relatively small during
the healing process.

4. Discussion
4.1. General aspects

Shearing injury is the most common and, thus, clinically
most important type of muscle injury [2]. In shearing injury
the connective tissue sheaths are also ruptured in contrast to
the in situ necrosis type of muscle injury in which the myofi-
bres are necrotized within their intact BM. Consequently,
the regeneration process in shearing injury is more compli-
cated, because regenerating myofibres must also re-estab-
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Fig. 7. (A) In the non-lesioned control muscle the dys-2 antibody delineates the myofibres by a strongly immunoreactive line. (B) On day 5, the dys-2
immunoreactivity is just barely visible in the RZ. C-E: On day 14, immunoreactivity with dys-2 antibody has reached over 60% of the control intensity (C),
immunoreactivity for 8-DG is about 45% of the control intensity with more diffuse staining pattern (D) and immunoreactivity for @-SG has increased most
slowly being about 35% (E). (Cf. Fig. 8). Immunoperoxidase with haematoxylin counterstaining. X180.

lish their attachment to the ECM. Integrin and dystrophin
associated complexes of adhesion molecules are pivotal in
the implementation of this attachment by connecting the
contractile proteins of sarcomeres to the extracellular
connective tissue, reviewed in [3-9]. These complexes
have to bear extensive loads during the muscle contraction
when they transform the force generated by the contractile
proteins to movement [47,48]. Therefore, the restitution of
these molecular complexes during the muscle regeneration
process is essential for restoring the tensile strength of
injured muscle.

4.2. Reliability of the quantification of results

Quantitative immunohistochemistry is the only method
which allows analysis of the expression of the integrin
and dystrophin associated molecules at their functional
site, i.e. being associated with the plasma membrane and
connecting the cytoskeleton to the ECM. It was also deemed
important to assess changes in all three zones of regenera-
tion (i.e. CZ, RZ and SZ, Fig. 1A) so as to fully understand
the process. The immunohistochemical analyses were
complemented by Northern blotting analysis of one repre-
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significantly from day 56. Immunoreactivity for merosin on days 5-14 was significantly weaker compared to day 56 (P < 0.01). Days 5 and 7 (P < 0.01) and
10 (P < 0.05) also differed significantly from day 28 and day 5 (P < 0.01) from day 21.

sentative molecule of each complex, i.e. 81 integrin and
dystroglycan.

We emphasize that the intensities of the immunoreactiv-
ities were measured with an image analyser and quantified
as a relative value (%) of the internal standard on the same
microscopic slide, for dystrophin and associated molecules
in the SZ of the lesioned muscle, and for a7 integrin and
vinculin in the section from the contralateral non-lesioned
muscle of the same unilaterally traumatized animal. The
latter standard was needed, because the intensities of a7
integrin and vinculin immunoreactivities in the SZ of regen-
erating myofibres were significantly increased (for the
biological significance, see below), whereas those of dystro-
phin and associated molecules as well as merosin remained
at the control level. Even though the exact relationship
between the level of expression and the intensity of immu-
noreactivity for each molecule is not known, the relative
(percentile) intensities give a reliable estimate of the accu-
mulation of each molecule as evidenced by the high statis-
tical significances reached for this accumulation (see the
legends of Figs. 4, 6 and 8). Similarly, even if the relation-
ship between the amount of protein and intensity of immu-
noreactivity were not linear, our analysis gives a fairly good
estimate of the rates of accumulation of different molecules,
because we made the comparisons between the relative (not
absolute) intensities of each molecule at different time

points. The statistical analysis revealed that the reproduci-
bility of these quantifications was good, considering the
marked intensity changes.

4.3. a7 integrin and vinculin in regenerating parts of
injured myofibres (in the RZ and CZ)

The a7 integrin subunit forms a heterodimer with §1
integrin. The formation of this a/B complex in the endo-
plasmic reticulum seems to be critical in the transport of the
B1 integrins to the cell surface [49]. Our analysis of the
steady state levels of 1 integrin mRNA demonstrated a
maximal increase in the regenerating parts (in the RZ and
CZ) before day 5. This indicates that the upregulation of
integrin expression is faster and at the same time more
transient than for example the stimulation of collagen synth-
esis in the adjacent scar tissue. Correspondingly, a7 integrin
and vinculin immunoreactivities appeared in the plasma
membrane of the regenerating parts of the myofibres
early, reaching their maximal intensities already at the
myotube stage around days 5-7. Apparent, although non-
quantified, increases in the immunoreactivities for 81 integ-
rin [50] and vinculin [51] have been previously reported in
regenerating myofibres after contusion injury of muscle.

The normalization of «7 integrin and vinculin immunor-
eactivities over the lateral aspects and their accentuation at
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Fig. 9. (A) Intact myofibres in non-lesioned control muscle are surrounded
by merosin immunoreactive rim of BM. (B) By day 5 the old BM in the RZ
is depicted by slightly corrugated immunoreactivity for merosin, that is
often open towards the CZ (arrows). Within this BM cylinder there are
numerous nuclei of proliferated myogenic cells. (C) By day 14 the old
BM cylinders in the RZ have become fragmented (short arrows) and the
regenerating myotubes have become surrounded by newly formed BM
(three marked with a long arrow). Immunoperoxidase with haematoxylin
counterstaining. (A,B) X115; (C) X180.

the tips of the regenerating myofibres began around day 14,
at which time the regenerating fibres have extended out of
the old BM cylinders and penetrated into the scar tissue
between the stumps. Remarkably, this timing coincides
with the formation of new mMT]Js at the tips of the regen-
erating myofibres as previously demonstrated by our group

[43]. It is conceivable that when regenerating myofibres are
still growing into the scar tissue their tips cannot yet be
firmly attached and instead they reinforce their lateral bind-
ing. Later, when the outgrowth ceases and firm adhesion is
required, a7 integrin and vinculin molecules most likely
move along the plasma membrane to new mMTJs at the
tips of the regenerating myofibres, and consequently lateral
immunopositivity decreases. In fact, Felsenfeld et al.
recently described such lateral movement of 1 integrins
along cell surface, possibly guided by ligand binding [52].

4.4. a7 integrin and vinculin in intact parts of injured
myofibres (in the SZ)

We found an early and rapid increase in the intensities of
a7 integrin and vinculin immunoreactivities not only in the
regenerating part (in the RZ and CZ) but also in the intact
part of the injured myofibre in the SZ with similar magni-
tude and timing as in the RZ and CZ. It may be speculated
that injury signals for intensified lateral adhesion from the
regenerating part of the myofibre into the intact part in the
SZ. By means of this extension, the surface area for integrin
associated adhesion becomes vastly larger. Functionally this
may be very important, because lateral adhesion strengthens
the binding between regenerating myofibres and the
surrounding ECM (see Section 4.6). Similarly as in the
RZ, the intensity of lateral immunoreactivity decreases in
the SZ, when the reinforced lateral adhesion is no longer
needed after formation of new mMT]Js.

4.5. Dystrophin, B-dystroglycan, a-sarcoglycan and
merosin

In our study, the expression of dystrophin-associated
molecules during regeneration followed the same sequence
as has been reported during the development of skeletal
muscle [53,54], with the expression of subsarcolemmal
proteins preceding that of transmembrane and extracellular
proteins. This suggests that during regeneration, the subsar-
colemmal proteins play an essential role in the assembly of
transmembrane and extracellular components. It may also
be interpreted that internal linking of the cytoskeleton to the
plasma membrane must be established before the myofibres
can be linked to the ECM. In the light of the recently estab-
lished pivotal role of DG in the assembly of laminin [55], it
is logical that the relative increase of 3-DG occurred ahead
of merosin.

In discordance with our results, Vater et al. [56] reported
that B-DG reappeared first during regeneration and was
only later followed by dystrophin. It was suggested that
““‘dystrophin and the glycoprotein complex are synthesized
separately, both temporally and spatially, and only become
associated at the plasma membrane during the later stages of
regeneration.”” Vater et al. [56] used a model of in situ
necrosis induced by notexin in which the BM and mysial
sheaths remain intact. The presence of preserved BM in in
situ necrosis as opposed to disrupted BM in shearing injury
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Fig. 10. (a): Northern blots of integrin 81 subunit, a 1(I) collagen and GAPDH. (b): Quantifications of the Northern blots.

may well modulate the sequence of molecular expression,
which possibility is supported by the role ascribed to dystro-
glycan in BM assembly [55].

The timetables of the expression of integrin and dystro-
phin associated molecules were markedly different: a7
integrin and vinculin appeared early but after 2 weeks
when the intensity of the dystrophin associated molecules
increased to remain at a high expression level on the lateral
aspects of myofibres, a7 integrin and vinculin were redis-
tributed to the tips of the myofibres. Functionally this may
mean that these two complexes of adhesion molecules have
complementary roles in myofibre-ECM adhesion. Analo-
gous to this, an enhanced expression of a7 integrin has
been reported in disease entities with dystrophin deficiency,
i.e. in the muscle of mdx mouse and in patients with Duch-
enne or Becker muscular dystrophy [57]. Muscle of the mdx
mouse has also been shown to upregulate expression of
vinculin [58].

4.6. Correlation between the biomechanical and molecular
findings

In our previous study [1] we found that, on pulling, the
regenerating muscle ruptured at the scar between the stumps
until day 10. During that period the tensile strength of regen-
erating muscle was rapidly augmented (Fig. 8) and, as
shown here, the expressions of a7 integrin and vinculin
were enhanced. These molecules most likely contribute to
the improved tensile strength, because reinforced lateral
adhesion of myofibres reduces the load on the scar tissue
overbridging the gap between the stumps and thereby
lowers the risk of rerupture and allows use of the injured
muscle already before the healing is complete. From day 14
onwards, the pulled muscles failed within myofibres either
close to the newly formed mMTJs or next to the original
proximal or distal MTJs, the latter being the sites where
failure occurs in intact muscles [1]. Thus, after 2 weeks
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the distribution and function of the adhesion molecules
appear to have attained a more or less normal pattern,
although the quantitative normalization and remodelling
still continue over a longer period of time.
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