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Abstract

New skeletal muscle is formed during embryogenesis, and in mature muscle regenerating in
response to injury. As part of this process there is a migration of mononucleated muscle
precursor cells (myoblasts) to the site of new muscle formation where they fuse into multinu-
cleated new muscle cells. The movement of myoblasts in response to a gradient of soluble
factors is the response of chemotaxis. During embryogenesis, the extracellular matrix is
important for myoblast adhesion and migration and there is evidence that platelet derived
growth factor, possibly produced by the vasculature located ahead of the myoblasts, may
provide a chemotactic signal to guide the embryonic myoblasts. During the regeneration of
mature skeletal muscle, chemotactic signals seem to be particularly important for attracting
myoblasts to the site of new muscle formation. The sequence of chemotactic events is as
follows: 1) Soluble factors produced by damaged muscle tissue attract polymorphonuclear
leukocytes (PMLs) to the injury site. These factors are produced within 30 minutes of injury,
they can persist for several days and their production is prevented by local irradiation of the
muscle prior to injury. 2) In turn, soluble factors produced by the PMLs enhance the attraction
of macrophages to the injury site. The damaged muscle tissue itself also directly chemoattracts
macrophages. 3) Myoblasts are attracted by soluble factors produced by macrophages (but not
by PMLs). 4) Myoblasts are also attracted by factors produced directly by the damaged muscle
tissue itself. The production of these chemoattractant factors is prevented by irradiation and
appears to require an intact vasculature.
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Chemotaxis is the movement of cells in a particular
direction in response to a gradient of solubilised attractant,
which implies that something must be producing the
chemoattractant signal at some distance from the cells of
interest. Similar directional cell movement in response (o
insoluble gradients of molecules bound to the substratum
is termed haplotaxis and the distinction is made as the
signals may be mediated by distinct transduction mecha-
nisms [4].

Movement of myoblasts in vivo

The formation of new skeletal muscle results from the
proliferation of mononucleated skeletal muscle precursor
cells (widely referred to as myoblasts) which fuse together
to form young multinucleated muscle cells called myotu-
bes that then mature into myofibres. This process requires
that the mononucleated myoblasts migrate to the site of
fusion where the new muscles is formed. Myoblasts clearly
have a good capacity to migrate in vitro [55] and also in

vivo during embryogenesis [reviewed 22]. In mature skele-
tal muscle, myoblasts are considered to arise from precur-
sor cells located between the external lamina and the
sarcolemma of myofibres and termed satellite cells. Evi-
dence that myoblasts/satellite cells can also migrate within
mature skeletal muscle tissue in vivo is discussed below.
In a classic paper, Lipton and Schultz in 1979, implanted
a pellet of cultured myoblasts under the connective tissue
fascia of skeletal muscles of growing young (30 day old)
rats and of juvenile or old quail [29], and showed extensive
dispersion, fusion and movement of the injected cells
through the external lamina of the host myofibres into a
satellite cell position. While equivalent migration of
myoblasts from an implanted cell pellet was reported in
both adult and juvenile quail muscles [29], it is recognised
that quail muscles have exceptional myogenicity and it is
unclear whether they are equivalent to the situation in adult
mammalian muscles. Whether similar migration of these
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donor myoblasts might also occur in mature muscles of
adult rats was not tested (E Schultz, personal communica-
tion). In more recent experiments with myoblast transplan-
tation where primary cultures of myoblasts were
introduced by direct intramuscular injection into adult rats
[43] or regenerating muscles of dystrophic mice [24, 48] it
is consistently reported that there was very little movement
of donor cells from the injection site and, in most experi-
ments, the injected cultured cells failed to survive [10, 13].
The exception to this is where host mice were immuno-
compromised, host muscles were irradiated, or donor myo-
genic cells were derived from immortalised myogenic cell
lines and, under these artificial conditions which were used
in the majority of myoblast transplantation studies [17],
extensive movement of donor cells was often reported. In
our laboratory we have demonstrated movement of donor
myoblasts into regenerating muscles of dystrophic mdx
host myofibres when slices of fresh muscle, rather than
cultured myoblasts, were implanted [12]. It is of consider-
able interest to determine why such differences exist be-
tween the migration of cultured and uncultured myoblasts
in these various experimental situations and whether
chemotactic factors might be involved.

Beyond these experiments with transplanted cells, there
is evidence to suggest that myoblasts in mature muscle may
migrate in vivo towards an injury site, presumably to
participate in the formation of new muscle to replace the
damaged myofibres. It appears that myoblast migration in
vive can occur by myoblasts/satellite cells “hopping out”
from beneath the external lamina and into the interstitial
space to move towards adjacent damaged myofibres. In
other situations satellite cells may remain beneath the
external lamina and rapidly migrate down the length of the
myofibre to an area ol damage on their parent myofibre.
These 2 situations might involve different types of poten-
tial chemotactic signals. For example, electron micro-
scopic studies on transverse sections of adult rat muscle
regenerating after injury by snake-venom, indicated that in
“apparently undamaged” myofibres (located in the central
core of the muscle and surrounded by a rim of damaged/re-
generating myofibres) satellite cells were activated and
replicating [26] and were apparently moving out of the
parent fibre into the extralibre space [30]. This raised the
possibility that they might be activated and then migrating
out through the external lamina into the interstitial space
in response to signals produced by nearby damaged myofi-
bres. Similar conclusions were reached from studies with
asplitautograft model of whole extensor digitorum longus
muscle in rats [41] where myotubes were found from 10
days in one half of the graft which had been devitalised by
freezing and thawing before reuniting it with the other
untreated half of the whole muscle graft. In crush-injured
myofibres from young (30 day) rat muscles, the change in
longitudinal distribution of labelled satellite cells along the
myofibre [50] suggested that there was a rapid (by 15
hours) migration of satellite cells along the length of the

myofibre (presumably down the space between the sar-
colemma and external lamina) towards the injury site.

Thus, during myogenesis in vivo, in both developing
skeletal muscles and in mature muscle regencrating after
trauma, there appears to be movement of the mononu-
cleated myoblasts. Information relating to the potential
importance of chemotactic signals during myogenesis in
these two different situations, and to the nature and source
of such signals is presented below.

Migration of myoblasts during embryogenesis

During muscle morphogenesis, myoblasts show direc-
tional cell movement but this is not necessarily in response
to a chemotactic signal. Instead it appears that this may be
largely the result of myoblasts crawling along a gradient
of extracellular matrix (ECM) molecules using contact
guidance. Fibronectin, possibly produced by fibroblasts
may be of particular importance [9] and there is evidence
that hyaluronic acid [7], the E8 fragment of laminin-1 in
combination with the receptor o7 integrin [11], and other
ECM components and their receptors [56] may also regu-
late this process. Whether cells lying ahead of the crawling
myoblasts might break down the ECM to fragments (see
below) which are chemotactic to myoblasts is a theoretical
possibility. although there seems no evidence to indicate
that this does indeed occur during embryogenesis.

The only study that appears to have identified a chemo-
tactic signal for embryonic myoblasts was by
Venkatasubramanian and Solursch in 1984 who used Boy-
den chambers in tissue culture to demonstrate that platelet
derived growth factor (PDGF), PDGF-like factors present
in horse serum and chick embryo extract were strongly
chemotactic for embryonic myoblasts but not for other
mesenchymal cells in quail [62]. Fibronectin (50 or 100
pg/ml) and collagen Type I (120 pwg/ml) were not chemo-
tactic. There was a dose response to PDGF with a maxi-
mum chemotactic response at 5 units/ml and the results
suggested that this response was due to a diffusible gradi-
ent of PDGF. PDGF is known to be produced by platelets,
macrophages and many other cell types. While the source
of this PDGF was not tested in vivo, they suggested that it
might be derived from endothelial cells of the established
vasculature and that the myoblasts migrate towards this
PDGF source using fibronectin as a substrate. This was
based on observations that myogenesis occurs in the devel-
oping limb in vascular-rich regions and fibronectin (which
mediates adhesion, alignment and migration of myoblasts)
accumulates near the vasculature.

Chemotaxis during myogenesis in mature skeletal mus-
cle

* In mature skeletal muscle, as indicated above, there is
some evidence that satellite cells (myoblasts) show direc-
tional movement in response to injury [26, 50]. Tissue
culture studies presented below indicate that these migrat-
ing myoblasts may be responding to a chemotactic signal
produced at the site of muscle damage. The questions that
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we seck 1o clarify are: (i) what cells produce these signals
and (ii) what are the chemotactic signals?

We used Boyden chambers (Figure 1) to measure the
chemotactic response of myoblasts derived from primary
cultures of mature SJL/J mouse muscle or from the myo-
genic cell line C2C12 [47]. Our data strongly supported the
PDGE results of Venkatasubramanian and Solursh [62]
with a strong chemotactic response being seen to the AB
and BB isoforms of PDGF, although no response was seen
to AA- PDGE. A very strong chemotactic response of
myoblasts was also seen to leukaemia inhibitory factor
(LIF), basic fibroblast growth factor (bFGF) and trans-
forming growth factor-p1.

In addition, these studies showed that exudate macro-
phages produced factors that were strongly chemotactic to
myoblasts, although this was not seen with resident (un-
stimulated) macrophages, polymorphonuclear leukocytes
(PMLs). tissue culture medium or conditioned medium.
Since activated exudate macrophages are known to pro-
duce a very wide range of enzymes, ECM molecules and
erowth factors including those listed above [39] it seems
likely that macrophages accumulating at the site of injury
may. at least in part, be responsible for producing these
factors that attract myoblasts to the injury site. It is well
established that many of these and other growth factors,
including an FGE-like molecule produced by crush-injured
muscle [6, 8], also enhance the proliferation of myoblasts
in vitro [reviewed 18].

To our knowledge no other factors have been shown to
be chemoattractants for myoblasts. However, there are
many candidates. For example. expression of the secreted
glycoprotein osteopontin (which affects cell adhesion and
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Figure 1. Summary of the results of experiments using
Boyden chambers in vitro to demonstrate the
chemotactic response of C2C12 myoblasts (placed
in the top chamber) to leukocytes or growth factors
(placed in the bottom chamber). These data are
based on the paper by Robertson et al (1993).

migration) by subsets of macrophages increases between |
and 4 days after injury to skeletal muscle and other tissues
[36]. There are a huge range of substances (chemokines,
growth factors and extracellular matrix proteins) produced
and secreted by macrophages and many other cells which
are chemotactic for a variety of cell types (see below) and
these remain to be tested for myoblast chemoattraction.

Candidate chemoattractants

Chemokines

Growth factors or cytokines which produce a chemotac-
tic response are called chemokines. These chemokines
have been shown to induce the directional migration of
various cell types including neutrophils, eosinophils, baso-
phils, monocytes, lymphocytes, fibroblasts and cancer
cells [, 59]. The infiltration and directional movement of
many of these cells types is an essential part of the general
response to tissue damage. The chemokine superfamily
consists of 2 distinct subfamilies which can be distin-
guished by the presence or absence of a single amino acid
residue separating 2 adjacent cysteines located at the N-ter-
minus of their amino acid sequences [5, 59]. The o class
of chemokines include IL-8/NAP-1, CTAP III/BTG/NAP-
2, platelet factor-4, GRO, ENA-78, SDF-1, SDF-2 and
[P-10. Many members of this family chemoattract neutro-
phils (PMLs) and, as discussed in more detail later, the
emigration of PMLs from the vasculature is a very impor-
tant early event in the regeneration of skeletal muscle. The
B class of chemokines includes macrophage chemotactic
and activating factor (MCAF)/MCP-1, MCP-2, MCP-3,
macrophage inflammatory protein-la (MIP-1o), MIP-1,
RANTES, [-309, C10 and fic. Thus there is a huge range
of candidate chemokine molecules which might also have
a direct effect on myoblasts.

ECM molecules and their fragments are chemotactic
for many cell types

Extracellular matrix proteins are secreted by many cell
types and are an integral part of the interstitial connective
tissues and of the external lamina (basal lamina/basement
membrane) surrounding myofibres. There is strong evi-
dence from many studies of developing muscles and other
tissues, particularly the nervous system [25] that fi-
bronectin and laminin [11] are powerful adhesion and
migration molecules. However, in developing tissues these
adhesion molecules do not appear to provide directional
cues; thus they may generally serve primarily as permis-
sive substrates, defining pathways but not providing infor-
mation about which direction the cells should move.

The situation appears to be different in mature tissues.
After tissue damage, proteases such as matrix metallopro-
teinase<1 (MMP-1) [63] produced by macrophages, fi-
broblasts, endothelial and other cell types, may rapidly
break down ECM proteins into fragments which chemoat-
tract leukocytes (and possibly myoblasts) to the injury site.
In addition to the locally cell-derived ECM, fibronectin
also circulates in plasma, it associates with fibrin upon
activation of the clotting system and is deposited in tissues
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at sites of wound healing. It has been shown that ECM
molecules or their fragments are chemotactic for a range
of cells. Both soluble and bound forms of fibronectin,
laminin and type IV collagen are chemotactic for human
malignant mesothelioma [27] and plasma cell lines [53].
Entactin, which is a major component of basement mem-
branes (such as the external lamina of myofibres), has been
shown to be a chemoattractant for PMLs [51]. Other com-
ponents of intact external (basal) lamina, such as laminin
and fibronectin, do not directly affect human PMLs, but
selected laminin peptide sequences [21] and fibronectin
fragments [37], which may be generated during proteolytic
digestion after injury, are chemotactic for PMLs. Further-
more, the interaction of fibronectin fragments with cytok-
ines such as IL-8 can regulate the chemotactic response of
neutrophils [19]. It has also been demonstrated that the
chemotactic response of fibroblastic cells to fibronectin
fragments can be dependent upon the concentration of the
fragment and the interaction with other factors [14]. It
seems likely that the breakdown of ECM components in
the external lamina surrounding myofibres may be respon-
sible, at least in part, for the rapid accumulation of PMLs
in injured skeletal muscle. It is important to note that
skeletal muscle does not make the o1 chain and laminin-1
which is found in most basal laminae, instead, laminin-2
(merosin) composed of the o2 polypeptide chain is the
predominant laminin form in the basal (external) lamina
surrounding myofibres [49, 64]. There is no published
information to date on the chemotactic effects of laminin
-2 or its fragments although this is clearly of central interest
with respect to the situation in skeletal muscle.

Source and nature of the factors which are chemotactic for
myoblasts

As indicated above, in developing muscle it is suggested
that endothelial cells in the vasculature may be the source
of PDGF and serve as a chemotactic signal to myoblasts
although this speculation has not been tested in vivo. Simi-
larly, on the basis of tissue culture studies using Boyden
chambers, it is suggested that something produced by the
damaged muscle may be a crucial source of chemotactic
signals in mature muscle regenerating in response to injury.
Leukocytes play a central role in new muscle formation in
mature muscle and it is essential to note that leukocytes do
not play a similar role in muscle formation during embryo-
genesis. Thus, the source of the factors, or perhaps the
factors themselves, controlling chemotaxis of myoblasts
clearly cannot be the same in these two different situations.
In the rest of this article we will concentrate upon the
situation in mature muscle where new muscle is formed in
response to experimental injury or transplantation.

A series of experiments have been carried out in our
laboratories over the last 5 years in order to try and ascer-
tain the importance of possible chemotactic signals in vivo
and the origin of such signals during skeletal muscle regen-
eration.

Chemoattractants for leukocytes produced by damaged
skeletal muscle

After muscle injury, it is well documented that PMLs
appear rapidly at the site of damage [47, 60], in rat muscle
they were seen within 30 to 60 minutes of injury [38].
Macrophages are the predominant cell from 24 hours after
injury. A similar response is seen after any general tissue
damage.

Our Boyden chamber studies [47] showed that uninjured
muscle had no effect on PMLs whereas muscle removed 3
hours after injury produced diffusible factors that were
chemoattractant for PMLs and to a lesser extent for macro-
phages. This effect was more pronounced in muscle re-
moved at 24 hours after injury. Thus it appears that the
leukocytes are actively attracted to the site of muscle
damage by some soluble factor that is produced rapidly
after injury. That undamaged muscle does not chemoat-
tract leukocytes is also supported by studies in pregnant
cows where other tissues were chemoattractant for neutro-
phils [23]. The venous blood of rabbit skeletal muscles -
injured by transient ischaemia for 2-3 hours and reperfu-
sion for | hour - contained PMLs with increased chemo-
taxis and phagocytosis [57]. This was not seen in venous
blood from the contralateral limb and confirms that fac-
tor(s) rapidly produced by injured skeletal muscle affects
PMLs [57]. This effect was not seen after only 1 hour of
ischaemia [58] and neither was a chemotactic response on
PMLs elicited by crushed muscle removed immediately
after injury in our studies [47] indicating that the “‘chemo-
tactic factor for PMLs” produced after skeletal muscle
injury takes some time to accumulate or be produced.

The nature of the chemoattractant(s) produced by the
injured skeletal muscle has not been determined. As dis-
cussed above, a wide range of chemoattractants have been
reported for leukocytes and many of these are probably
produced by damaged skeletal muscle: these include cy-
tokines [5] and ECM components such as entactin [51],
proteolytic fragments of laminin [21] and fibronectin [37].
Other strong chemotactic candidates for leukocytes are
products such as C3a and C5a resulting from activation of
complement at the site of damage. These fragments bind
to membranes of damaged cells and both attract PMLs [54]
and monocytes. The complement component C3 appears
rapidly after muscle injury: it was demonstrated within 30
minutes on rat muscle damaged by bupivacaine [38] and
within 1 hour on crush-injured mouse muscles [47]: there
was little binding of C3 antibodies to uninjured muscles,
but within 1 hour after crush-injury C3 was present in
damaged hypercontracted myofibres, by 6 hours it was
seen in the sarcoplasm of damaged myofibres and at later
times in necrotic tissue where it appeared to peak at 3 days
[Robertson TA, unpublished observations]. In these stud-
ies no binding was seen with antibodies to C9. The rapid
accumulation of mitochondria at the ends of damaged
myofibres [40] may contribute to complement activation
[16] at these sites.
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[n summary, possible sources of the chemoattractant(s)
for PMLs and macrophages produced by damaged skeletal
muscle tissue are:

1. Direct damage to resident cells in the muscle tissue itself
resulting in the release or increased expression of various
factors - the candidate cell types affected include:

- blood vessel cells - endothelial, smooth muscle cells or
pericytes;

nerves;

interstitial cells - macrophages [33, 42], dendritic cells
[42]. fibroblasts. mast cells;

the myofibres - component myofibrillary proteins, mito-
chondria or other cell organelles, membranes, heat shock
proteins etc. Changes in the electrical activity of the
plasmalemmal membrane;

2. Proteolytic breakdown of ECM components in the ex-
ternal lamina around myofibres or in the interstitial con-
nective tissue between the myofibres;

3. Vascular response to injury - clotting and the accumula-
tion of platelets, the complement cascade, other systemic
factors.

Ultrastructural studies of adult mouse muscle damaged
by chemical injury (a small transverse zone of the exposed
surface was painted with Karnovsky’s fixative - a mixture
of paraformaldehyde and glutaraldehyde - which preserves
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Figure 2. An electron micrograph of polymorphonuclear leukocytes (P) located be

the tissue structure) revealed rows of PMLs lined up be-
neath the external lamina of apparently undamaged myofi-
bres adjacent to damaged myofibres (Figure 2) within 12
hours [Robertson TA, unpublished observations]. This
suggests that the PMLs had been stimulated to move
through the external lamina onto the sarcolemmal surface
of the myofibre, in response to some factor produced by
the myofibre itself. What might such a factor be?

Other information is gleaned tangentially from experi-
ments with whole grafts of intact extensor digitorum lon-
gus (EDL) muscles in mice [44, 45]. In this situation, the
vascular and neural supply of the orthotransplanted EDL
is completely disrupted and the entire muscle is enclosed
in a connective tissue sheath. The muscle undergoes ne-
crosis followed by complete regeneration which is depend-
ent upon the zonal infiltration of leukocytes closely
associated with revascularisation of the graft. The first
infiltrating PMLs and macrophages are seen at the circum-
ference of the necrotic grafts at 2 to 3 days after transplan-
tation. This leads us to ask what is the factor associated
with the necrotic muscle that is clearly still presentat 2 days
and attracts the leukocytes to the graft?

Itis well documented that PMLs produce many diffusible
factors that actively attract macrophages to an injury site
and that these leukocytes in turn produce factors that attract

w

S

neath the external lamina (arrows) of

an “apparently normal” adult muscle fibres at 12 hours after chemical injury with Karnovsky’s fixative. Note the

myonucleus in the sarcoplasm of the myofibre (Bar = 1 wm). Inset: a light micrograph of the same region. A necrotic
myofibre resulting from the direct injury was located one myofibre away (not shown). Numerous polymorphonuclear
leukocytes can be seen in close alignment with the myofibre. Note the same myonucleus as depicted in the electron

micrograph (arrowhead) (Bar = 10 um).
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additional macrophages. The role of circulating leukocytes
is examined further in this paper.

In particular, we tested whether the damaged muscle
itself (i.e. in the absence of infiltrating leukocytes) pro-
duces diffusible factors that attract macrophages to the
injury site.

In these experiments, leukocyte-depleted mice were pro-
duced by whole body irradiation (WBI) 2 days prior to
injury.

Chemoattractants for myoblasts

As indicated above, the macrophages, but not the PMLs,
produce factors that attract myoblasts to the injury site. We
do not know whether the damaged muscle itself (i.e. in the
absence of infiltrating leukocytes) produces diffusible fac-
tors that attract myoblasts to the injury site. We therefore
carried out experiments in vitro using Boyden chambers
with damaged muscles removed 2 or 3 days after crush-in-
jury being placed in the bottom chamber, and tested against
myoblasts in the top chamber (Figure 3). To eliminate
bone-marrow derived leukocytes from regenerating mus-
cle. the body of the host mouse was irradiated 2 days prior
to injury. with only one leg being protected from irradia-
tion (Figure 4). Additional studies were carried out in vive
to obscrve directly the number and location of myoblasts
in crush-injured muscles of leukocyte depleted (WBI) host
mice, by using desmin antibodies to directly identify the
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Figure 3. Diagram of the modified Boyden chambers used
inthe invitro experiments. This arrangement shows
the filter sizes used to measure the chemotactic
response of myoblasts.

myoblasts in longitudinal sections of regenerating mus-
cles.
Strain-specific differences in the chemotactic response
There are marked strain-specific differences in muscle
regeneration between SJL/J and BALB/c mice, with SJL/J
mice having superior new muscle formation after crush
injury which is associated with twice the number of leuko-
cytes in regenerating lesions at 3 days [34]. Possible strain-
specific differences in the chemoattractant for leukocytes
produced by damaged skeletal muscles from these 2 strains
have been investigated in other studies and the results are
briefly presented here at the end of the Experimental Sec-
tion. One of these studies involved cross-transplantation of
whole muscle grafts between these 2 strains (Roberts P,
McGeachie JK, Grounds MD. Manuscript in preparation):
whole muscle grafts undergo necrosis in a situation where
the vascular and neural supply is completely disrupted and
regeneration depends on the zonal infiltration of leuko-
cyles starting at the periphery of the graft [44]. Another
study compared the chemotactic effect of crush-injured
muscles removed from these 2 strains of mice using Boy-
den chambers in vitro (Mitchell CM, McGeachie JK,
Grounds MD, unpublished observation).
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Figure 4. Diagram of the irradiation procedures on mice.
A. Whole body irradiation (WBI) with one leg pro-
tected. WBI eliminates all of the circulating bone-
marrow derived leukocytes prior to injury; local
cell replication is unaffected in the one leg (right)
that is protected from the irradiation source. B.
Local irradiation to one leg only. Local irradiation
prevents replication of all resident cells in the mus-
cle tissue (in response to injury). Mice were irradi-
ated 2 days prior to crush injury to TA muscles in
both legs. Muscles were sampled within 3 days of
the crush injury.
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Methods

Animal procedures

Inbred female specific pathogen free SJL/J mice aged 6-8
weeks were used in experiments unless otherwise indi-
cated. All animal procedures were carried out in strict
accordance with the guidelines of the National Health and
Medical Research Council of Australia. Injured muscle
resulted from a transverse crush injury to the tibialis ante-
rior (TA) muscles in the hind legs as described in detail by
Mitchell et al [34]. Grafts of whole intact extensor digi-
torum longus (EDL) muscle were transplanted orthotopi-
cally as described in detail elsewhere [44, 45]. Whole body
irradiation with 1600 rads, either with or without one leg
shielded by lead sheeting (2 mm thick). or local muscle
irradiation to only one leg of other mice (Figure 4), was
carried out on animals anaesthetised by intraperitoneal
injection of Nembutal (30 pg/gm body weight) as de-
scribed by Robertson et al [46].

Boyden chamber experiments

For the tissue culture studies of chemotaxis, a Boyden
chamber was set up as illustrated in Figure 3. The 2
chambers were separated by a sandwich of 2 polycarbonate
nucleopore filters (Costar No 110409, USA), one of a 0.8
um pore size placed immediately above the muscle and
another of 0.5 pm or 12 um pore size placed on top. A 5
um pore size was used in experiments where macrophages
were placed in the top chamber because of the small size
of macrophages (13-20 pm). The 12 pum pore size filter
(coated with fibronectin before use) was used in experi-
ments where myoblasts were placed in the top chamber
because of the diameter of the C2C12 myoblasts (15-40
Lm).

Exudate peritoneal macrophages (0.8 ml of 10° cells/ml)
used in the top chamber were obtained by harvesting
peritoneal macrophages 48 hours after injection of 0.5 ml
of sodium thioglycollate broth (Difco) into the peritoneal
cavity of female SJL/J mice (to stimulate cells from the
blood) [47]. At 48 hours post-injection, the exudate con-
sists of 80% macrophages and 20% polymorphonuclear
leukocytes. In experiments where myoblasts were p]du,d
in the top chamber, 0.8 ml of approximately 0.25 x 10°
C2C12 cells/ml were used. A sample of muscle (approxi-
mately 0.1 gm) was placed in the lower chamber with no
additional fluid (either I whole crushed TA muscle was
minced. or 2 EDL grafts were pooled and minced together).
Controls had 100 ul of Dulbecco’s modified Eagle’s me-
dium in the bottom chamber.

The Boyden chambers were incubated for 2 hours in a
CO2 incubator at 37°C. The filter was removed, fixed in
10% buffered formal saline, inverted so that the ‘lower
surface” was uppermost (the surface where migrated cells
would be attached), stained with haematoxylin and cosin
and mounted in DePeX medium (Gurr) for light micro-
scope examination. The filters were blind-coded and the
average number of cells on the ‘lower surface’ of each filter

(in fields viewed with a x 25 microscope lens), was scored
as: - (no cells), ((ouaxsmnal 1-2 cells), + ( 3-5 cells), ++
(6-9) or +++ many, [ 10 cells).

Desmin immunohistochemistry

Myoblasts were identified in tissue sections by staining
with desmin antibodies using an antigen retrieval method
on muscles fixed for 8 hours in 4% paraformaldehyde and
processed through paraffin wax. Antigen retrieval was
carried out on 8 pum longitudinal sections in 10 mmol/l
citrate buffer (pH 6.0) in a microwave using a method
modified from Shi et al 1991 [52] (This methodology is
described in detail in Lawson-Smith M, McGeachie JK,
Davies M , Maley MAM, Grounds MD, manuscript in
preparation). After antigen retrieval, desmin was detected
using a polyclonal rabbit antibody (1:200) prepared against
chicken gizzard smooth muscle (Biogenex Lab), followed
by biotinylated anti-rabbit antibody (1:200) raised in don-
keys (Jackson Immunoresearch laboratories), avidin D
peroxidase (1:200) (Vector Laboratories) and diami-
nobenzidine (DAB)/metal substrate (Pierce) to produce a
brown precipitate. Nuclei in sections were counterstained
blue with haematoxylin.

Experiments

Chemotactic response of macrophages to damaged mus-
cle in vitro

SJL/J mice were subjected to whole body irradiation with
the right leg shielded by lead from the irradiation source.
At 48 hours after irradiation, when the numbers of blood-
borne leukocytes are undetectable [46], the TA muscles of
both legs were crush injured. Blood was collected from the
tail tip at the time of surgery and blood smears examined
to confirm the absence of leukocytes. Control mice (with
circulating leukocytes) had the body and right leg shiclded
and only the left leg exposed to the irradiation source, and
all were similarly crush injured after 48 hours. Other
controls, were muscles with and without crush injury from
SJL/J mice with no irradiation, and also muscles from 10
week old dystrophic mdx mice, which have inherent mus-
cle necrosis and regeneration [32]. At 2 days after injury
(4 days after irradiation), TA muscles from th right (pro-
tected) and left (irradiated) legs were sampled, ‘ninced and
placed in the lower chamber of individual Boyden cham-
bers. Muscle from one leg was placed in each chamber and
2-4 chambers used for each experimental group. Exudate
macrophages from peritoneal washings were placed in the
top chamber for chemotactic analysis.

Chemotactic response of myoblasts to injured muscle
TA muscles of mice (either non-irradiated or irradiated
as above), crush injured at 3 or 2 days prior to sampling,
were placed in the lower Boyden chamber and tested
against myoblasts of the C2C12 myogenic cell line placed
in the top chamber for chemotactic analysis in vitro. In one
experiment, whole EDL muscle grafts removed at 3 days
after transplantation, were dissected free of the underlying

-475 -




Chemotaxis in myogenesis

TA, and the paired muscles from one mouse were minced
(to produce an equivalent amount of tissue to that used for
the crushed muscle experiments), placed in the lower Boy-
den chamber and tested against C2C12 myoblasts.

For in vivo observation of a possible “chemotactic re-
sponse of myoblasts towards a site of muscle injury in the
absence of infiltrating leukocytes”, 5 SJL/J mice received
local irradiation of the left leg (2 mice) or WBI with one
leg protected (3 mice) prior to crush injury as described
above. Whole TA muscles were sampled at 3 days after
injury, processed through paraffin wax and longitudinal
tissue sections stained with antibodies to desmin (in order
to visualise myoblasts). Muscles were sampled at 3 days,
as earlier experiments (unpublished) have shown that rela-
tively few desmin positive myoblasts can be identified
before this time.

Results and Discussion

QUESTION 1: Does the damaged skeletal muscle itself,
inthe absence of infiltrating leukocytes, produce chemo-
tactic factors that attract macrophages? The answer is
YES.

The Boyden chamber experiments (Table 1) confirmed
that muscle injury produces soluble chemoattractants for
macrophages. The dystrophic mdx muscle, which has in-
herent foci of necrotic and regenerating myofibres, also
elicited a strong chemotactic response. Local irradiation of
the muscle 2 days prior to crush-injury almost eliminated
the production of these soluble factors by the damaged
muscle (Table 1). This unexpected effect of local irradia-
tion is difficult to explain. Irradiation disrupts DNA repli-
cation and hence cell proliferation [46]. It is known that the
PML chemoattractant is normally produced very rapidly,
within hours of damage, well before replication can occur,
and presumably results from the release, breakdown or
synthesis of some local factor in the damaged muscle. It is
usually considered that irradiation does not destroy enzy-

matic activity and the general transcription and translation
of genes into proteins. However, the very high dose of
irradiation (1600 rads) administered 2 days prior to muscle
injury appears to have completely disrupted the critical
cellular function responsible for production of the soluble
chemoattractant.

In mice where circulating leukocytes had been elimi-
nated by WBI, there was no chemattractant effect of the
irradiated crushed muscle on macrophages, corresponding
with the results of local muscle irradiation only. In the
protected leg of the same mice, the chemoattractant for
macrophages produced by crush injury appeared unaf-
fected by WBI. This indicates that the circulating leuko-
cytes which normally accumulate at the site of muscle
damage are alone not responsible for attracting macro-
phages to the injury site. The results argue strongly for the
production of a chemoattractant factor(s) for macrophages
being produced directly by resident cells or other local
components of the damaged muscle itself.

QUESTION 2: Does the damaged skeletal muscle itself,
in the absence of infiltrating leukocytes, produce chemo-
tactic factors that attract myoblasts? The answeris YES.
Crushed muscles

The Boyden chamber experiments showed that C2C12
myoblasts were chemoattracted to soluble factors pro-
duced by skeletal muscle at 3 days after crush injury (Table
2). This chemotactic response of myoblasts to injured
muscle has not been demonstrated previously. Muscle
removed at 2 days elicited a greater response than muscles
removed at 3 days. With muscles removed at 1 day after
injury, some movement of myoblasts onto the underside of
the filter was seen and it was observed that many myoblasts
on the top surface of the filter were crowded around the
pores as though they were tempted to crawl through. This
strongly suggested that a weak signal was being detected
by the myoblasts. Such an accumulation of myoblasts
around the pores on the top surface of the filter was never

Table 1. Chemotactic response of macrophages to skeletal muscle. Exudate peritoneal macrophages were placed in the top
compartment of a Boyden chamber and TA muscles removed 2 days after crush injury were placed in the bottom
compartment (Figure 1). The muscles were removed from normal SIL/J mice, from mice where only the right leg was
subjected to irradiation and from mice which had received whole body irradiation (WBI) with one lgg protected prior to
crush injury. Note: Irradiation prevents replication of local cells and WBI removes leukocytes from the circulation. In
addition, muscles were taken from dystrophic mdx mice and uninjured SIL/J mice. The number of macrophages on the
underside of the filter is scored from +++ (many) to - (none).

non-irradiated left leg only WBI dystrophic control control
SIL/] irradiated. right leg protected. mdx SIL/ DMEM
Crushed Crushed Crushed Uncrushed
left  right left right
bt ++ - e +++ + -
++ ++ - ++ +++ + -
ot s - + -
++ +4++ +4+ + -
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Table 2. Chemotactic response of myoblasts to skeletal muscle. C2C12 myoblasts were placed in the top compartment of a Boyden
chamber and TA muscles removed at 1-3 days after crush injury were placed in the bottom compartment (Figure 1). The
muscles were removed from normal SIL/J mic at 1, 2 or 3 days, and thereafter at 3 days from mice where only the right
leg was subjected to irradiation and from mice which had received whole body irradiation (WBI) with one leg protected
priorto crush injury. Note: Irradiation prevents replication of local cells and WBI removes leukocytes from the circulation.
As a control, muscles were taken from uninjured SIL/J mice. Data from EDL grafts sampled at 3 days are also included.
The number of myoblasts on the underside of the filter is scored from +++ (many) to - (none).

non-irradiated WBI Control Control
right leg protected.
Crushed EDL Crushed Uncrushed DMEM
day 1 day 2 day 3 day 3 left right
4+ 4 & ++ + =
+ i - - - g - -
4 ++ 4 ++ + -
ot ++ - ++ - -

noted in controls such as MEM or uninjured muscle. Since
our earlier studies have already shown that macrophages
produce soluble factors that chemoattract myoblasts it
seemed likely that the myoblasts were responding to the
presence of these inflammatory cells. Whether damaged
muscle itself (in the absence of infiltrating inflammatory
cells) produces signals which are chemotactic for
myoblasts, was tested in vitro using injured muscle from
mice which had received WBI with one leg protected 2
days prior to crush injury. The results showed that there
was astrong chemotactic response elicited by the leg which
had been protected from irradiation, demonstrating that
soluble factors produced by the damaged muscle itself, in
the absence of inflammatory cells, were strongly chemo-
tactic for myoblasts. Irradiation of the muscle ablated this
chemotactic signal.

The chemotactic response of myoblasts in such irradiated
mice was also assessed in tissue sections stained with
desmin (Figure 5). In normal SJL/J mice, an extensive zone
of inflammatory cells was present with removal of much
of the necrotic damaged tissue, corresponding to earlier
descriptions of crushed muscle after 3 days [34]. Desmin
staining revealed many myoblasts throughout this regen-
erating zone with many concentrated at the tips of damaged
myofibres near the central necrotic zone [Figure 5 a, b).
Muscles which had been irradiated prior to injury showed
weak desmin staining of cells with little cytoplasm
throughout the regenerative muscle, these cells were few
in number presumably because proliferation had been pre-
vented by the irradiation. In WBI mice (where circulating
leukocytes had been eliminated), there was no zone of
inflammatory cells and no removal of the necrotic tissue,
although some breakdown of the sarcoplasm of damaged
myofibres was apparent (Figure 5 c-f). In the irradiated leg
of these mice, weakly staining desmin-positive cells were
seen scattered throughout the muscle (Figure 5d). In the leg

of these WBI mice which had been protected from irradia-
tion, strongly staining desmin positive cells were present
and in several instances they were seen concentrated at the
edge of the necrotic zone within the ends of longitudinal
sections of “relatively undamaged segments” of the injured
myofibres (Figure 5 c, e, f). Such concentrations of
myoblasts were not apparent in other areas of the TA
muscle away from the injury site. This result strongly
supports the idea that the myoblasts had migrated down the
length of the myofibres from regions distant to the injured
segment in response to factors produced by the damaged
tissue itself (this is clearly independent of any chemotactic
effect of infiltrating macrophages as they were not present
in this experiment).

Candidate chemotactic signals

In situ examination of injured muscles is necessary to
reveal potential changes in amounts of candidate chemoat-
tractants and to identify the cells responsible for producing
them. Such studies carried out with riboprobes [20] or
antibodies to bFGF [2] in regenerating adult muscle show
a marked increase in bFGF within the damaged myofibres,
in inflammatory cells and in myoblasts [15]. Tjme course
studies of crush-injured muscles reveal that by 1 hour there
was no detectable change in bFGF staining, at 3 hours
increased amounts of bFGF were localised at the ends of
sealed stumps of damaged myofibres and bFGF increased
in damaged myofibres from this time [3]. This pattern of
expression of bFGF is compatible with a role for both
damaged myofibres and leukocytes in producing such a
chemoattractant for myoblasts (and for leukocytes).

An increase in LIF and IL-6 mRNA was also demon-
strated by 3 hours in crush injured mouse muscle [28].
Levels of LIF were higher than IL-6 and peaked at 24
hours, 1 day earlier than IL-6. The time course of this in
vivo increase, combined with the potent chemotactic effect
of LIF on myoblasts demonstrated in Boyden chambers
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[47] indicates that LIF might be a significant chemoattrac-
tant for myoblasts in vivo. The source of this rapid increase
was not determined although LIF is known to be produced
by many mononucleated cells as well as myoblasts and,
perhaps to some extent, by regenerating myofibres. Further
information on the possible role of LIF comes from polym-
erase chain reaction amplification of mRNA for LIF and
[L-6 mRNA [28] in crushed muscles from mice where one
leg was irradiated or mice received WBI with one leg
protected prior to injury (as in the present experiments).

&

This was a collaborative study between our laboratory and
Dr L Austin and J Kurek in Melbourne in 1993 [unpub-
lished observations]. At 3 days after crush injury, a marked
increase in LIF and IL-6 mRNA was seen compared to
levels in uninjured muscles. This increase was unaffected
by any of the irradiation treatments. Since this increase
after injury is not ablated by irradiation, this indicates that
neither of these factors play a central role as chemoattrac-
tants in vivo.

Members of the TGF-P family are also potent chemoat-
tractants for myoblasts and inflammatory cells and studies
with antibodies to these growth factors have been carried
out on segmentally injured muscles [McLennan IS, per-
sonal communication; manuscript under revision]. The
results showed a rapid increase in TGF-2 immunoreac-
tivity within 5 hours after injury and this accumulated in
the damaged myofibre at the junction between the intact
and necrotic portion of the myofibre.

While the precise source and nature of the chemoattrac-
tant(s) is not yet known, the relative importance of candi-
date molecules can be tested by comparing their levels in

Figure 5. Longitudinal sections of muscles removed at 3
days after crush injury and stained with desmin
antibody. Similar fields are shown at the junction
of the remaining necrotic muscle [N] resulting from
the direct injury (on the left hand side) and the
adjacent regenerating muscle zone [R]. The brown
peroxidase reaction product identifying the bound
desmin antibody unfortunately cannot be distin-
guished from the blue nuclear counterstain in the
black and white photographs. Magnification of the
photographs is x 160 apart from e and f which are
x 400. a, b. In non-irradiated muscles (from 2
different mice) many inflammatory cells are present
and some of the necrotic muscle has already been
removed by phagocytosis. At the junction of the
necrotic muscle and the zone of inflammatory cells,
many darkly staining nuclei line the contours of the
damaged myofibres; these are the desmin-positive
myoblasts c-f Crush injured muscle from mice sub-
Jjected to whole body irradiation 2 days prior to
injury: note the lack of inflammatory cells in ¢ and
d. In the protected (right) leg, ¢, desmin stained
myoblasts were conspicuous within the ends of
damaged myofibres at the edge of the necrotic
muscle zone. Further away from this area (off to the
right hand side) relatively few desmin positive cells
were seen. High powered views of desmin positive
myoblasts within the end of a damaged myofibres
(arrow) near the necrotic muscle, and a similar
zone from the protected leg of a second mouse, are
shown in e and f respectively. d. In the irradiated
(left) leg, desmin positive cells were not noted at the
edge of the necrotic muscle zone, although pale
staining desmin positive myoblasts were distributed
throughout the adjacent muscle (not shown).
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normal crush-injured skeletal muscle with muscles that
have been irradiated prior to crush injury (as production of
the soluble chemoattractants is prevented by such irradia-
tion). In addition, whole muscle grafts at 1 and 3 days after
transplantation elicited no chemotaxis by myoblasts (see
below) and therefore it would be expected that levels of
candidate chemoalttractants would also be low or non-ex-
istent in this model, compared with crush-injured muscles.

Whole muscle grafts

Examination of whole muscle grafts offered an alter-
native approach to examining the chemotactic signals
produced by damaged muscle in the absence of infiltrat-
ing leukocytes. Whole muscle autografts of EDL mus-
cles were removed at 3 days, placed in the lower
compartment of a Boyden chamber and tested against
C2C12 myoblasts (Table 2). No migration of the
myoblasts was seen. An identical result was seen with
EDL grafts removed at only | day after transplantation.
This result strongly suggests that connection with the
vascular supply (or an intact nerve supply) is necessary
to generate the chemotactic signal for myoblasts. (Al-
though it was not tested, it would be expected that such
EDL grafts would produce chemotactic signals for leu-
days as emigration of these cells is seen in
vive at the periphery of grafts at this time.)

kocytes at 3

Strain specific differences in chemotaxis
The capacity for regenerating muscle to chemoattract
leukocytes was compared between 2 strains of mice using

whole muscle grafts [Roberts P, McGeachie JK, Grounds
MD; manuscript in preparation]. In autotransplants of
whole EDL muscles, earlier revascularisation, infiltration
of PMLs and macrophages, and activation of myoblasts
were consistently seen in at 2 and 3 days in SJL/J mice in
comparison with the BALB/c mice. However, when
BALB/c muscles were implanted into the SJL/J hosts, the
regenerating muscles had a similar histological appearance
to that of the SJL/J autografts at 3 days. This lack of
difference between 2 strains of grafts implanted into the
SIL/J hosts indicated that it is not the muscle itself that is
determining the timing of the regenerative process, and it
appears that there is little difference between muscle from
the 2 strains in their chemotactic capacity to attract leuko-
cytes in this situation. The reverse cross-transplantation
experiments using BALB/c hosts confirmed that the pat-
tern of regeneration was determined by the host environ-
ment. These cross-transplantation experiments indicate
that it is the avidity of the PMLs and/or macrophages in
the SIL/J host mice that results in the more rapid cellular
activity in EDL grafts transplanted into this strain of mice.
This critical role of the host environment in determining
the timing and efficiency of muscle repair between strains
is reminiscent of the differences in muscle repair seen
between old and young animals [31].

The conclusion that leukocytes from SJL/J mice have
a more vigorous chemotactic response than those from
BALB/c mice is supported by Boyden chamber studies
using combinations of crushed muscles and exudate
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Figure 6. Summary of probable chemotactic pathways during skeletal muscle regeneration in response to crush injury.
Polymorphonuclear leukocytes (PMLs) are chemoattracted very rapidly to the injury site by soluble factors produced
by the damaged tissue (1). The macrophages respond to soluble factors produced by the PMLs (2) and also to factors
produced directly by the damaged skeletal muscle itself - this might be from damaged myofibres, muscle nuclei or
other resident cells (3). The myoblasts are attracted to factors produced by macrophages (but not PMLs) (4) and
the damaged muscle tissue itself (5). Likely chemotactic signals are C3, chemokines, growth factors like bFGF and

ECM fragments (see text).
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macrophages from these 2 strains of mice [C. Mitchell C,
McGeachieJK, Grounds MD, unpublished observations].
Thisdifferenceinleukocytechemotacticresponseisprob-
ably regulated by some factor in the host environment, as
whole body irradiation/bone marrow replacementstudies
show that the macrophage activity is not dependent upon
the genotype of the bone-marrow derived cells [35]. In
confirmation of the results of Robertson et al [47] crush-
injured muscle from both strainsremoved after 3 days was
significantly (p < 0.0001) more chemoattractant for
exudatemacrophagesthanwasuninjuredmuscles, withthe
chemotactic index (CI) being 2-3 fold higher (mean CI of
0.291and0.068respectively)[Mitchelletal.,unpublished
observations]. Thecrush-injuredSJL/Jmusclewasslightly
butsignificantly (p <0.05) more chemattractive for SJL/J
macrophages than the equivalentinjured BALB/c muscle
(mean CI of 0.291 and 0.251 respectively). This slight
differenceinthein virro chemotactic capacity of crushed
muscle from the 2 strains, contrasts with the in vivo
situation with whole muscle grafts (above),. This differ-
ence can be attributed to the larger number of leukocytes
in crushed SJL/J muscles sampled for the Boyden cham-
ber studies, as it is known that twice the number of
inflammatory cells are present in crushed SJLJ/J com-
pared with BALB/c muscle at 3 days [34]. In contrast,
there is no immediate infiltration of leukocytes into
whole muscle grafts as the vascular supply is completely
disrupted at the time of transplantation.

Conclusions (see Figure 6)

Leukocytes

1. After injury to mature skeletal muscle, soluble factors

which chemoattract leukocytes are produced by the dam-

aged muscle. These factors are:

- produced very rapidly - within 30 minutes.

- prevented by irradiation of the muscle 2 days prior to
crush-injury.

- long-lasting - they appear to persist in whole muscle grafts
which are isolated from the vascular supply for several
days before leukocyte infiltration

- produced locally - the whole muscle transplants show that
the chemoattractant factors are produced in the absence
of a vascular supply.

Polymorphonuclear leukocytes
As with general tissue damage, PMLs very rapidly move

out from the vasculature and are chemoattracted to the

injury site. Factors produced locally by the muscle damage
are largely responsible for this.

Macrophages

I. Macrophages are probably chemoattracted by factors

produced by the PMLs at the damage site.

2. Macrophages are also strongly chemoattracted by fac-

tors produced directly by the damaged skeletal muscle

itself (in the absence of infiltrating leukocytes): this might
involve myofibres, cells resident in the interstitial connec-
tive tissue, or serum derived factors.

Myoblasts

1. The factors responsible for attracting myoblasts to sites

of muscle damage are:

- produced rapidly: they are present by day I, highest at
day 2 and still pronounced at day 3 after crush injury

- prevented by irradiation.

- dependent on an intact vasculature (or intact innervation)
as they were not detected in whole muscle grafts tested
at 1 or 3 days after transplantation

2. Myoblasts are chemoattracted to factors produced by

activated macrophages (but not by PMLs).

3. Myoblasts are also attracted directly by soluble factors

produced by the necrotic/damaged muscle itself (in the

absence of infiltrating macrophages).
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