
Abstract Leukaemia inhibitory factor (LIF) has been re-
ported to specifically enhance myoblast proliferation in
vitro and increase the number and size of myotubes in
regenerating skeletal muscle in vivo. The present study
specifically tests the effect of LIF on myoblast replica-
tion in vivo. Administration of exogenous LIF by slow
release alginate gels in vivo sustained the level of myo-
blast proliferation at 2 days in regenerating crush-injured
muscle. Since the extracellular matrix (ECM) plays an
important role in regulating the effects of many growth
factors, the hypothesis was tested, both in vivo and in
vitro, that some of the beneficial effects of LIF are medi-
ated by modulation of the ECM. The effects of LIF in vi-
vo on the amount and localisation of the ECM mole-
cules, fibronectin, tenascin-C, collagen type IV and lam-
inin were assessed by immunohistochemistry on regener-
ating skeletal muscle but no influence of LIF on ECM
composition was observed. In tissue culture, LIF in-
creased BALB/c myoblast proliferation at day 3 on cul-
ture dishes coated with Matrigel and also increased the
viability in vitro of BALB/c myoblasts grown under sub-
optimal conditions. Quantitation of the ECM produced
by cultures (enzyme-linked immunosorbent assay)
showed that LIF affected the amount of fibronectin, ten-
ascin-C, collagen type IV and laminin produced by fus-
ing myoblasts. No significant affect of LIF was seen on
myotube formation either in vitro or in vivo. These com-
bined in vitro and in vivo studies show an effect of LIF
on ECM production in vitro, on myoblast survival and
on in vivo myoblast replication.

Keywords Leukaemia inhibitory factor · Extracellular
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Introduction

The excellent regeneration of post-natal skeletal muscle
results from the activation of muscle precursor cells,
which are normally present as quiescent satellite cells,
beneath the basement membrane of myofibres. Activated
satellite cells, widely called myoblasts, then proliferate,
differentiate and eventually fuse into myotubes that ma-
ture into myofibres (Grounds 1991). Skeletal muscle re-
generation is regulated by growth factors and these inter-
act with components of the extracellular matrix (ECM;
Martins-Green 2000). Growth factors that appear to be
of key importance in muscle regeneration include leu-
kaemia inhibitor factor (LIF), insulin like growth fac-
tors I and II, fibroblast growth factors (FGF) 1 and 6,
platelet-derived growth factor and hepatocyte growth
factor (Kurek et al. 1998; Grounds 1999; Miller et al.
2000). This study focuses on the actions of LIF, which
has been shown to enhance several aspects of new mus-
cle formation both in vitro and in vivo.

LIF stimulates the proliferation of myoblasts (but not
fibroblasts) in vitro, although the response to LIF ap-
pears to differ from other mitogens because of an ex-
tended lag period (Austin and Burgess 1991; Austin 
et al. 1992). In addition to the mitogenic action, it is re-
ported that LIF enhances myotube formation and that
larger myotubes are formed in vitro (Vakakis et al.
1995). LIF is an autocrine survival factor for Schwann
cells (Dowsing et al. 1999), is associated with the surviv-
al of skin allografts (Akita et al. 2000) and is considered
to be anti-apoptotic (Fukada et al. 1996). Furthermore, in
vivo, LIF is up-regulated in diseased and injured muscle
(Barnard et al. 1994; Kurek et al. 1996a) and after sciatic
nerve transection (Kurek et al. 1996a). Exogenous LIF
enhances skeletal muscle regeneration after crush injury
and in the mdx mouse model of Duchenne muscular dys-
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trophy (Kurek et al. 1996b, 1997) and the regeneration
of transected peripheral nerve (Tham et al. 1997). LIF
slows the rate of degeneration in mdx diaphragm; it has
been suggested that this may be the result of a strength-
ening of the cell membrane around myofibres and inter-
action with adjacent ECM (Austin et al. 2000). It is not
clear whether the enhanced skeletal muscles regeneration
reported with LIF is attributable mainly to increased
myoblast proliferation or to superior myotube formation.
Therefore, the effect of LIF on myoblast proliferation is
specifically assessed by using autoradiography in mus-
cles of BALB/c mice regenerating after crush injury in
the present study.

ECM remodelling (Kherif et al. 1999) together with
myoblast migration, proliferation and fusion are essential
aspects of skeletal muscle formation in vivo during re-
generation. The ECM modulates many aspects of cell
behaviour during tissue formation in development and
regeneration (Martins-Green 2000). Since many diffus-
ible factors have to cross the basement membrane before
reaching the cell surface receptors, this interaction may
be proceeded by intermediate binding to components of
the ECM. For example, cell-surface heparin-sulphate
proteoglycans bind to FGF-1, acting as a reservoir and
thus changing the half-life and increasing the cellular re-
sponse. LIF in vivo is localised to the ECM via interac-
tion with a 140-kDa ECM-localised binding protein
(Mereau et al. 1993) suggesting that the mechanism for
LIF is similar to the regulation of bFGF by the ECM. In
contrast to the apparent lack of importance of ECM on
mitogenic effects of growth factors (Schollmann et al.
1992; Maley et al. 1995), there is strong evidence that
the nature of the ECM substrate substantially influences
myotube formation (Maley et al. 1995). Therefore, the
pronounced effect of LIF on myotube formation might
be mediated (in part) by modification of the ECM envi-
ronment.

Whereas changes in ECM expression during regener-
ation have been described (Dodson et al. 1996; Grounds
et al. 1998; Sorokin et al. 2000), the influence of exoge-
nous growth factors, such as LIF, on ECM production
has not been examined. The present study tests the ef-
fects of combinations of LIF and various ECM substrates
on myoblast proliferation and also the influence of LIF
on ECM production by myogenic cells of BALB/c mice
in vitro. We have also investigated, in vivo, possible al-
terations in ECM composition in response to LIF, at vari-
ous times after in crush injury to skeletal muscle of
BALB/c mice. Furthermore, immunohistochemistry with
a wide range of antibodies has been used to examined
ECM components found in the interstitial connective tis-
sue, viz. fibronectin and tenascin-C, and ECM molecules
closely associated with the basement membrane of myo-
fibres, viz. laminin and collagen type IV (Grounds et al.
1998; Ringlemann et al. 1999; Sorokin et al. 2000).
These combined studies on skeletal muscle have been
designed to provide precise information on the mecha-
nism of action of LIF in vivo.

Materials and methods

Animals

Experiments were conducted in strict accordance with the guide-
lines set out by the Animal Ethics Committee of The University of
Western Australia. Inbred BALB/c mice aged 4–6 weeks were ob-
tained from the Animal Resource Centre, Murdoch, Western Aus-
tralia, housed in individual cages under a 12-h day/night cycle and
allowed access to food and water ad libitum.

In vivo studies

Surgical procedure for crush injury

The mid section of both tibialis anterior (TA) muscles of 36
BALB/c mice was crushed in a standarised manner (Mitchell et al.
1992). Briefly, anaesthesia was achieved with inhaled Halothane
(1.5%–2%) delivered in O2, both legs were shaved and a longitu-
dinal incision in the skin was made over the TA. At the mid belly
of the TA, the muscle was dissected free of the tibia, taking care
not to disturb either the nervous or blood supply to the tissue. One
arm of a pair of artery forceps was inserted between the TA and
tibia and a 5-s crush injury was delivered to the muscle. The re-
sulting lesion was approximately 4 mm wide in all cases. The skin
was closed with a 6–0 braided silk suture.

In vivo delivery of LIF

Recombinant mouse LIF was kindly provided by AMRAD, Mel-
bourne. Alginate rods containing LIF were prepared as described
previously (Austin et al. 1997). The rods were cut to 15 mm
lengths and implanted subcutaneously immediately adjacent to the
TA on the outside of the leg. In all cases, the rods were implanted
at the time of surgery and were left in place throughout the experi-
mental period. Each LIF rod contained 1 µg LIF and the release
rate was approximately 5 ng LIF per day, based on previous data
(Austin et al. 1997).

Autoradiographic analysis of cell proliferation

LIF-treated and controls groups each consisted of four muscles
(from two mice). At 3, 5 and 7 days after surgery, four mice (two
treated with LIF and two controls) received a single intra-peritone-
al injection of 3H-thymidine (1 µCi/g body weight). The crush in-
jured TA muscles from each mouse were sampled 10 days after in-
jection, fixed in buffered formalin saline and processed for resin
embedding and autoradiography (see below).

The sampling of muscles at 10 days after 3H-thymidine injec-
tion was designed to allow time for the replicating myoblasts that
had incorporated 3H-thymidine (within 30 min) to cease prolifera-
tion and to fuse into multi-nucleated myotubes, where the labelled
centrally located muscle nuclei could be readily identified as myo-
genic. This approach allowed retrospective analysis of the pattern
of myoblast replication at the time when 3H-thymidine had been
injected. Autoradiography on resin-embedded muscle sections was
performed essentially as described previously (Grounds and 
McGeachie 1989; Roberts et al. 1989). In brief, all tissues were
post-fixed in 1% OsO4 in 0.1 M phosphate buffer for 60 min,
washed in 70% ethanol and block-stained in 1% para-phenylenedi-
amine in 70% ethanol for 60 min. Tissues were infiltrated and em-
bedded in a 1:1 Araldite/Epon mixture and 1 µm sections were cut
for autoradiography. Sections were coated with Kodak dipping
emulsion and exposed in the dark in light tight boxes at 4°C for
2 weeks. Sections were developed in Kodak D19, fixed in acid-
hardener fixer, washed and air-dried.

Sections were viewed under a Leica DMLS light microscope
with a 100× oil immersion lens. In each section, at least 500 myo-
genic nuclei were counted and the number of centralised muscle
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nuclei and peripheral muscle nuclei (assumed to correspond to sat-
ellite cells) labelled with three or more autoradiographic grains
(Fig. 1a) were expressed as a percentage of the total number of
muscle nuclei. This conservative labelling level of three grains
was used previously to allow for an adequate margin of error giv-
en a background labelling of 0.05 grains per 10 µm2 (Grounds and
McGeachie 1989).

In vivo production of ECM molecules

At 3, 5, 7 and 10 days after crush injury and implantation of the
rods, six muscles (from three mice) were sampled from LIF-treat-
ed and control mice. The injured TA muscles from both legs were
removed and either frozen immediately in liquid-nitrogen-cooled
isopentane (four samples) or immersion-fixed in 4% paraformal-
dehyde (two samples). Frozen tissues were stored at –80°C until
required.

For frozen muscles, longitudinal sections were cut at a thick-
ness of 8 µm on a Leica cryomicrotome and placed onto silanated
glass slides. Paraformaldehyde-fixed samples were processed for
paraffin embedding and 5 µm transverse sections were cut and
stained with haematoxylin and eosin for routine microscopy and
morphometric analysis.

Immunohistochemistry

Details of the antibodies used to stain the various ECM molecules
are outlined in Table 1. In addition, antibodies to the cytoskeletal
protein desmin were used to identify myoblasts and myotubes
within the crush lesion (White et al. 2000). The primary antibodies
were detected by using either Cy3-conjugated or ALEXA-546-
conjugated anti-rabbit or anti-rat secondary antibodies (see Ta-
ble 1).

Frozen sections were allowed to equilibrate to room tempera-
ture before being rehydrated in phosphate-buffered saline (PBS)
for 20 min. Non-specific binding was blocked with 5% fetal calf
serum (FCS), PBS, 0.1% glycine, 0.1% bovine serum albumin
(BSA) for 60 min at room temperature. Primary antibodies were
diluted in wash buffer (0.5% BSA, 0.1% glycine, PBS) and incu-
bated with the sections at room temperature for 60 min. After be-
ing washed in buffer, the bound primary antibody was detected by
using secondary antibodies (diluted in wash buffer) at room tem-
perature for 60 min. Nuclei were stained by means of Hoechst
33342 and sections were mounted in polyvinyl acetate.

Morphometric analysis of regeneration

A single transverse 5-µm-thick section was cut from each paraffin-
embedded sample and stained with haematoxylin and eosin. Se-
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Table 1 Details of primary and secondary antibodies used in immunohistochemistry

Specificity Species/ Conjugate Streptavidin Dilution Source
primary source

Primary antibodies
Fibronectin Rabbit – – 1:400 Sigma
Tenascin C Rat – – 1:200 Sigma
Laminin Rabbit – – 1:400 Sigma
Collagen IV Rabbit – – 1:200 Biodesign
Desmin Goat – – 1:75 Santa Cruz

Secondary antibodies
Rabbit Cy3 N/A 1:500 Amersham
Rat Biotin (1:200) ALEXA546 1:10,000 Molecular Probes
Goat ALEXA 488 N/A 1:1000 Molecular Probes

Fig. 1a, b Autoradiographic labelling of myotube nuclei in a re-
generating crush-injured BALB/c muscle in which myoblasts were
labelled with 3H-thymidine at 5 days after injury and sampled
10 days later. The silver grains in the photographic emulsion are
shown (in focus) overlying labelled centrally (a) or peripherally
(b) located myotube nuclei (arrows). Interstitial non-myogenic nu-
clei are often labelled, especially in the central core of the crush
lesion. Bar 20 µm



quential non-overlapping images of the entire area of each section
were taken by using Stage Pro computer software and a Hitachi
HV–C20 M 3CCD camera. Morphometric analysis of each image
was performed by using Image Pro Plus 4.0. The morphometric
parameters considered were the cross-sectional area of fibres with
centralised and peripheral nuclei and the maximum and minimum
area observed for this total population of myofibres. At least 500
myofibres were counted in each section.

In vitro studies

Establishment of primary myoblast cultures

Primary cultures of skeletal muscle were established essentially as
described previously (Maley et al. 1994, 1995). In brief, the hind-
limb and lower back muscles from eight BALB/c mice aged
4 weeks were removed and minced. Sequential enzymatic diges-
tion with collagenase, dispase and trypsin was used to break down
the tissue structure. The digestion mixture was washed and coarse-
filtered to remove tissue debris. The resulting cells were seeded
into flasks coated with 1% (v/v) gelatin in Ham’s F10 supplement-
ed with 20% (v/v) FCS and 25 ng/ml bFGF.

Myoblast proliferation in vitro

The effect of LIF on the proliferation of myoblasts grown on vari-
ous culture substrates was evaluated by measuring the level of in-
corporation of tritiated thymidine essentially as described previ-
ously (Pavlath et al. 1998).

Cell culture

The surfaces of 24-well culture plates were either left uncoated or
coated with gelatin (denatured collagen type I, 1% w/v; Sigma),
fibronectin (50 µg/ml; Sigma), collagen type IV (50 µg/ml; Sigma)
or a “thin layer” of Matrigel (Becton Dickison), as described by
the manufacturer. Matrigel is a basement-membrane-like substrate
composed mainly of laminin-1, collagen IV, proteoglycans, entac-
tin and nidogen and some growth factors. Some wells were first
coated with gelatin and then washed and fibronectin was bound to
the gelatin layer, as the substrate that fibronectin binds to has been
shown to affect myogenic C2C12 proliferation significantly (Garcia
et al. 1999). Equal numbers (1×104) of BALB/c myoblasts in
Ham’s F10 supplemented with 5% FCS were plated into each well
and LIF was added to half of the wells. In all the in vitro studies,
LIF was used at 0.3 ng/ml, as previous studies have shown that
this elicits an optimal response by myoblasts (Austin and Burgess
1991; Austin et al. 1992).

H3-thymidine incorporation

After 3, 5, 7 and 10 days, the cells were pulsed with 1 µCi/ml
[6–3H] thymidine (Amersham; specific activity 24 Ci/mmol) for 2 h
at 37°C. Excess [6–3H] thymidine was washed from the wells with
two changes of cold PBS. Cells were treated with cold 20% (w/v)
trichloroacetic acid for 30 min at 37°C and lysed for 10 minutes
with 0.1 M NaOH and 0.1% sodium dodecyl sulphate (SDS). Ly-
sates were mixed with Emulsifier-Safe scintillation fluid (Packard)
and counted in a Packard 1500 Tri-Carb liquid scintillation counter.
Quadruplicate wells were assayed for each experimental condition.

Myoblast viability

Since the absolute number of cells in a culture can represent a bal-
ance between cell proliferation and cell death, the effect of LIF on
myoblast viability was assessed in culture. Trypan blue dye (Sig-
ma) exclusion was used to quantitate the viability of myoblast cul-

tures. Equal (3×104) numbers of primary BALB/c myoblasts were
seeded into gelatin-coated 24-well plates in Ham’s F10 plus 5%
(v/v) FCS. At time 0, half the wells were treated with 0.3 ng/ml
LIF and the remaining wells were used as controls (no LIF). At 1,
3, 5, 7 and 10 days, all cellular material was removed from each
well, including attached cells after trypsinisation and all cellular
material floating free in supernatant, and pelleted. The pelleted
cells were suspended 50 µl in Ham’s F10 plus 20% FCS. A 20-µl
aliquot was transferred to a sterile microfuge tube and diluted 1:5
with 0.4% (w/v) trypan blue in sterile saline. Viable cells had an
intact membrane; they did not take up the dye and appeared clear
by light microscopy. The total number of cells, both viable and
not, in a defined volume (1×10–4 ml) was counted by using a
haemocytometer and the number of viable cells was expressed as a
percentage of the total number of cells.

Quantitation of ECM production

Myotube formation

A total of 1×104 primary BALB/c myoblast in Ham’s F10 medium
supplemented with 20% (v/v) FCS were plated into 96-well plates
coated with 1% (w/v) gelatin and allowed to adhere. Half the
wells were treated with 0.3 ng/ml LIF at the time of seeding. After
48 h, the medium was removed, the cultures were washed in PBS
and “fusion medium” consisting of DMEM supplemented with 2%
(v/v) horse serum was added to induce differentiation and fusion
(0.3 ng/ml LIF was again added to wells at seeding). Time 0 was
defined as the point at which fusion medium was added. The fu-
sion media was replenished daily.

Enzyme-linked immunosorbent assay

The amount of fibronectin, tenascin-C, laminin and collagen
type IV bound to the cultured cells was quantitated by using en-
zyme-linked immunosorbent assay (ELISA) directly on the cell
layer as outlined below. Assays were performed in five separate
wells derived from common source cultures (for antibodies and di-
lutions, see Table 2. After 4 and 7 days in fusion medium (as de-
scribed above), the presence of myotubes was confirmed under
phase microscopy, the excess medium was washed from the wells
with PBS, and non-specific binding was blocked with 10% FCS,
PBS, 1% BSA. Primary antibodies were diluted in PBS, 0.1%
BSA and incubated with the cells for 60 min at 37°C. After a
washing step in PBS, horseradish-peroxidase-conjugated second-
ary antibodies were diluted in PBS, 0.1% BSA and incubated with
the cells for 60 min at 37°C. To detect the presence of bound sec-
ondary antibodies, 100 µl fresh o-phenylenediamine (Sigma) dis-
solved in methanol and tri-sodium citrate buffer (pH 4) was added
and left for up to 15 min at room temperature. The yellow colour
reaction was stopped with 50 µl 12.5% sulphuric acid. The optical
density (OD) of each well was read at 490 nm. The OD for each
well was then expressed as a ratio to the amount of DNA present
(see extraction protocol below) to correct for any variation in cell
numbers that may have occurred.

DNA extraction

After the ELISA procedure (see above), cells were lysed with
200 µl DNA extraction buffer (50 mM TRIS, 150 mM NaCl,
2 mM EDTA) and SDS was added to a final concentration of 0.5%
(w/v). After incubation at 65°C for 20 min, proteinase K
(200 µg/ml) was added and the mixture incubated at 37°C over-
night. The digestion volume was brought to 500 µl with 10 mM
TRIS-HCl, 1 mM EDTA (TE buffer) and the protein was extracted
by using equilibrated phenol at pH 8. Contaminating phenol was
removed from the aqueous phase with an equal volume of chloro-
form:iso-amyl alcohol (24:1). DNA was precipitated from the
aqueous phase with two volumes of cold ethanol at –20°C over-
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night and the DNA pellet was resuspended in TE buffer and quan-
tified by reading the OD at 260 nm.

Statistical analysis

In all cases, differences were compared between LIF-treated and
control groups. The significance of any difference was analysed
by using Student’s t-test.

Results

Effect of LIF in vivo after crush injury

Myoblast proliferation in crush-injured muscle

At 3 days after injury, the numbers of labelled central-
ised myotube nuclei (Fig. 1a) in crush-injured muscle
were similar in LIF-treated and control muscles
(Fig. 2a). At 5 days after injury, the number of labelled
centralised myotube nuclei was significantly higher
(P<0.05) in regenerating muscles exposed to exogenous
LIF (Fig. 2a). At day 5, LIF maintained the level of la-
belling seen at day 3, whereas there was a decrease in
myotube nuclear labelling (indicative of myoblasts that
had been replicating at this time) in untreated muscle at
5 days after crush injury. At 7 days, the number of la-
belled centralised myotube nuclei had decreased in LIF-
treated crush-injured muscles to a level comparable with
that of the control muscle samples (Fig. 2a). The num-
bers of labelled nuclei in myotubes that were peripheral-
ly located (Fig. 1b) were not significantly different at
any time between LIF-treated and untreated control mus-
cle samples (Fig. 2b).

Histology of crush-injured muscle

In crush-injured BALB/c muscles, three distinct regions
were noted including the central necrotic zone, the adja-
cent zone of regeneration where active myotube forma-
tion was occurring, and the surrounding undamaged
muscle, as described by Mitchell et al. (1991). Morpho-
metric analysis of muscles sampled 3 days after crush
injury showed that the initial size of the lesions did not
vary significantly between LIF-treated (i.e. sustained re-

Fig. 2a, b Autoradiographic analysis of myotube nuclei in regen-
erating crush injured skeletal muscle. a Histogram showing pro-
portions (%) of labelled centralised myotube nuclei in LIF-treated
and control crushed muscle at 3, 5 and 7 days after surgery. At
5 days after surgery, there was a significant increase in the level
of myoblast proliferation in LIF-treated muscles. b Histogram
showing proportions (%) of labelled peripheral myotube nuclei in
LIF-treated and control crushed muscle at 3, 5 and 7 days after
surgery

Table 2 Details of primary and
secondary antibodies used in
ELISA

Specificity Species/ Conjugate Dilution Source
primary source

Primary antibodies
Fibronectin Rabbit – 1:1000 Sigma
Tenascin C Rat – 1:500 Sigma
Laminin Rabbit – 1:100 Sigma
Collagen IV Rabbit – 1:500 Biodesign

Secondary antibodies
Rabbit Peroxidase 1:2000 DAKO
Rat Peroxidase 1:1000 DAKO
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lease of LIF from alginate rods) and control (untreated)
muscles. No myotubes were seen at 3 days. Myotubes
were present at day 5 and many well-developed myo-
tubes were present at days 7 and 10. The morphometric
analysis of the cross-sectional area of myotubes in the
regenerating zone of crush-injured muscle after 7 days
is summarised in Table 3. There was no significant dif-
ference in the mean, maximum and minimum cross-sec-
tional area of myotubes between LIF-treated and control
(no LIF) groups at day 5 (data not shown) or day 7 (Ta-
ble 3).

Immunohistochemical staining and analysis

Immunohistochemical staining for fibronectin, tenascin-
C, laminin and collagen type IV was examined in crush-
injured BALB/c muscle at day 3 (early stages of regener-
ation), day 5 (mid stages of regeneration), day 7 (late re-
generation) and day 10 (regeneration essentially com-
plete). No striking differences in the staining pattern
were noted for any of the ECM molecules in LIF-treated
regenerating muscles compared with control (no LIF)
muscles (Fig. 3). Brief comments on the staining pattern
for the different ECM antibodies follow.

Fibronectin. Strong interstitial staining for fibronectin
was seen in the central necrotic core at all times in both
LIF-treated (Fig. 3a) and control (Fig. 3b) muscles. In-
terstitial staining between relatively undamaged fibres at
the edge of the crush lesion was also noted.

Tenascin-C. At the early stages of regeneration, little or
no interstitial staining for tenascin-C was observed in the
central necrotic core (not shown). Strong staining was
noted at the edge of the crush injury and in areas of ac-
tive myotube formation (Fig. 3c, d). Interstitial staining
was weak around mature myotubes and also around
myofibres in the undamaged regions.

Laminin. Very strong staining for laminin was seen in
the basement membrane of undamaged muscle fibres and
blood vessels (Fig. 3e, f). In the necrotic core of the
crush lesion, staining was weaker and interrupted (not
shown). As regeneration progressed, strong expression
reappeared in capillaries in the central core and around
developing myotubes.

Collagen type IV. Strong collagen type IV immunoreac-
tivity was noted in undamaged muscle and blood vessels

(not shown). At the early stages of regeneration, the
staining in the necrotic core became patchy. Staining was
strong around newly formed myotubes and blood vessels
within the zone of regeneration (Fig. 3g, h).

Effect of culture substrate on BALB/c myoblast 
proliferation

The mitogenic effect of LIF (0.3 ng/ml) in vitro on the
proliferation of primary BALB/c myoblasts grown on
various ECM substrates (gelatin, fibronectin, collagen
type IV and Matrigel) was quantified by measuring DNA
replication by means of 3H-thymidine incorporation
(Fig. 4) and compared with control (no LIF) cultures.

Combined effects of LIF and ECM substrate

There was no effect of LIF on the rate of myoblast repli-
cation at any time in uncoated (Fig. 4a) wells and wells
coated with gelatin, fibronectin or collagen type IV (data
not shown). The addition of LIF to cultures grown on
Matrigel (Fig. 4b) showed a highly significant increase
in DNA replication (P<0.01) at 3 days, after which time,
no differences were noted. The rate of cell replication of
myoblasts grown in control (no LIF) media was signifi-
cantly higher in uncoated wells compared with wells
coated with Matrigel. This was not observed to any sig-
nificant level for any other substrate used (data not
shown).

Effect of LIF on BALB/c myoblast viability

The in vitro thymidine incorporation studies described
above were conducted under sub-optimal conditions (5%
v/v compared with 20% v/v FCS). To examine the con-
tribution of cell death in the decline in incorporation lev-
els after day 3, the effect of LIF on BALB/c myoblast vi-
ability in cultures was examined over the same 10-day
period. Control (no LIF) cultures showed a gradual de-
cline in the viability of cells over the 10 days (Fig. 5)
dropping from 75% at day 1 to 32% at day 10. In the
LIF-treated cultures, the decrease in myoblast viability
was less significant, dropping from 89% on day 1 to only
54% by day 10. There was no statistical difference be-
tween the viability of cultures in control and LIF-treated
cultures during the first 5 days but differences were not-
ed at 7 and 10 days. At day 7, the viability of myoblasts

Table 3 Morphometric analy-
sis of myotube cross-sectional
area (µm2) in regenerating
BALB/c skeletal muscle at
7 days after injury. Two TA
muscles were analysed for each
mouse and the data for each
mouse are presented

LIF (5 ng/day) Control (untreated)

Animal 1 Animal 2 Animal 3 Animal 4

Mean fibre area (±SD) 443 (±207) 436 (±227) 450 (±225) 376 (±209)
Maximum fibre area 1452 1808 1800 1567
Minimum fibre area 127 102 89 76
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Fig. 3 Immunohistochemical staining of crush-injured BALB/c
skeletal muscle at 5 days after surgery for LIF-treated (a, c, e, g)
and control (no LIF) crushed muscles (b, d, f, h). Longitudinal
frozen sections were stained with antibodies for fibronectin (a, b),
tenascin-C (c, d), laminin (e, f) and collagen type IV (g, h). The

central necrotic core (asterisks) of the crush lesion is indicated
and, in many instances, surviving ends of damaged myofibres at
the end of the crush lesion are present (left). Myotubes (arrow-
heads) and blood vessels (arrows) are also visible. Bar 100 µm
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in LIF-treated cultures was significantly higher, viz. 71%
compared with 40% in control cultures (P<0.05). The vi-
ability on day 10 in the LIF-treated cultures was 54%
(the same as at day 5) but this was still significantly
higher (P<0.01) than the 33% viability seen in control
(no LIF) cultures at day 10. Overall, in both LIF-treated
and control (no LIF) cultures, there was a statistically
significant decline in myoblast viability from days 1 to
5. However, in LIF-treated cultures, myoblast viability
stabilised with no significant drop in myoblast viability
between days 5 and 10. In control (no LIF) cultures, the
viability of myoblasts continued to fall with a significant
drop in viability from days 5 to 7 and from days 7 to 10
(Fig. 5).

Production of ECM components by myotubes

After 4 and 7 days in fusion media, myotubes were noted
in all cultures grown on gelatin. No striking difference in

Fig. 4a, b The effect of LIF
(0.3 ng/ml) on the proliferation
of primary myoblast cultures.
Thymidine incorporation was
used to measure DNA replica-
tion at 12 h, 24 h, 2, 3, 5, 7 and
10 days after seeding primary
BALB/c myoblast cultures
grown on uncoated tissue cul-
ture plastic (a) or on Matrigel
(b). All cultures were seeded in
Hams F10 plus 5% (v/v) FCS.
Error bars Standard deviation
(n=4). Statistical differences
between groups at a single time
are shown (*P<0.05,
**P<0.01)

the number and size of myotubes was observed between
LIF-treated and control cultures at 4 or 7 days.

ELISA was used to quantify the expression of fibro-
nectin, tenascin-C, laminin and collagen type IV, relative
to the DNA content, by fusing BALB/c cultures in the
presence and absence of LIF at 4 days (Fig. 6a) and
7 days (Fig. 6b) after the addition of fusion media. The
standardisation with respect to DNA for the ELISA re-
sults took into account any variation in the number of
nuclei between cultures (but did not indicate whether nu-
clei were present in myoblasts or myotubes). It should be
noted that ELISA, as used here, only detects ECM mole-
cules bound to the surface of cells or the culture dish and
does not measure molecules in suspension. The cultures
were observed closely and the analysis was performed
on cultures that were not confluent and showed no evi-
dence of cells piling up and allowing ready access for
the antibody.

The production of fibronectin by LIF-treated cultures
(Fig. 6a, b) was significantly higher than that by control
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cultures at day 4 (P<0.01) and day 7 (P<0.05). The pro-
duction of tenascin-C, laminin and collagen type IV in
LIF-treated cultures at day 4 (P<0.01) and day 7
(P<0.01) was also significantly increased.

Discussion

Myoblast proliferation, ECM and LIF

Modulation of the ECM is a critical component of the re-
generative response in skeletal muscle (Velleman 1998;
Kherif et al. 1999). The present study addresses possible
interactions between the ECM and LIF during myogene-
sis in vivo and in vitro. The in vitro data show no marked
influence of various ECM substrates on myoblast prolif-
eration in the absence of LIF, although some effects of
ECM on the response to LIF have been seen (discussed
later). We have not observed an increased rate of myo-
blast proliferation in LIF-treated cultures grown on un-
coated tissue culture plastic, in apparent contrast to earli-
er reports (Austin and Burgess 1991; Austin et al. 1992).
Whereas Austin and his colleagues reported an increased
numbers of myoblasts (12-fold) at 4 days in LIF-treated
mouse and human muscle cultures (grown on uncoated
dishes), the numbers of myoblasts actually replicating at
different time points were not quantitated. An increase in
the number of myoblasts in a culture is a balance between
previous myoblast replication/division and cell death. A
greater number of myoblasts replicating at day 3 would
result in more myoblasts at day 4 (assuming no cell

death), even if replication subsequently decreases. In-
deed, the present studies did show increased myoblast
replication at day 3 (but not at day 5) in LIF-treated
BALB/c myoblast cultures (compared with controls),
grown on Matrigel. Whereas the numbers of replicating
cells (myoblasts) were measured in the present study, the
absolute numbers of myoblasts present at any time were
not counted. LIF was also shown to maintain myoblast
viability in the low serum conditions used here. Studies
in other cell systems that show LIF signalling through
gp130 and that STAT3 activates bcl-2 and decreases apo-

Fig. 5 The effect of LIF on myoblast viability was examined by
using trypan blue exclusion. At time 0, equal number of myoblasts
were seeded into 24-well plates and grown under sub-optimal con-
ditions. At 1, 3, 5, 7 and 10 days in LIF-treated (0.3 ng/ml) and
control (no LIF) cultures, the numbers of live cells were expressed
as a percentage of the total number of cells in the culture (includ-
ing free floating and attached cells). Error bars Standard deviation
(n=4). Statistical differences between groups at a single time are
shown (*P<0.05, **P<0.01)

Fig. 6a, b ELISA quantitation (expressed as OD490nm/µg DNA) of
the amount of fibronectin, tenascin-C, laminin and collagen
type IV bound in fusing BALB/c primary cultures. The effect of
LIF (0.3 ng/ml) was compared with control (no LIF) cultures at 4
or 7 days after addition of fusion media. a BALB/c cultures at
4 days. b BALB/c cultures at 7 days. Statistical differences be-
tween groups at a single time are shown (*P<0.05, **P<0.01)



ptotic cell death (Fukada et al. 1996) might help to ex-
plain our in vitro “rescue” of myoblasts by LIF, although
no direct measure of apoptosis has been undertaken. It is
tempting to speculate that LIF affects myoblast cultures
(largely or in part) as a survival (anti-apoptotic) factor.
Therefore, it is possible that the transient increase in
DNA replication (at 3 days) combined with enhanced via-
bility (or a lower level of cell death) in the presence of
LIF, as noted here, could result in an increased absolute
number of myoblasts present, as previously reported
(Austin and Burgess 1991; Austin et al. 1992). Such dif-
ferent approaches to analysis (combined with variations
in the types of myoblasts used) may well account for the
apparent discrepancy in results from studies relating to
the timing of the proliferative response of myoblasts to
LIF. A combined survival (and mitogenic) effect mediat-
ed by LIF associated with increased myoblast replication
induced by bFGF might also account for additive effect
of these two factors on myoblast number as reported pre-
viously (Austin et al. 1992).

The kinetics of myoblast proliferation in response to
LIF in vitro appear to differ from other mitogenic growth
factors such as bFGF, as the initial proliferative response
to LIF is delayed by 2–3 days and is sustained (Austin
and Burgess 1991; Austin et al. 1992) compared with the
rapid (within 48 h) and transient increase in proliferation
seen with bFGF (Gospodarowicz et al. 1976; Allen et al.
1984). Previous autoradiographic studies show that the
onset of myoblast replication normally occurs approxi-
mately 30 h after crush injury of BALB/c muscle and
replication increases between 48 h to 72 h after which
time replication declines (Grounds and McGeachie
1989). This is consistent with the pattern of myoblast
replication seen in regenerating LIF-treated and control
muscles in the present study (retrospectively derived
from the autoradiographic analysis of labelled myotube
nuclei). The increased myoblast proliferation seen at
5 days but not 3 days in LIF-treated muscles suggests
that, after the initial activation and proliferation of satel-
lite cells, LIF transiently stimulates myoblast replication
but this effect is short lived as differences are not appar-
ent between test and control muscles at 7 days. These in
vivo data of a “delay” in LIF stimulation of myoblast
proliferation resemble the in vitro observations in our
study.

Despite the extended proliferation noted in LIF-treat-
ed muscles, in vivo histological evaluation of myotube
formation indicates no delay in the fusion of myoblasts
to form myotubes in vivo. This contrasts with animal
models such as the MyoD(–/–) mouse where a sustained
level of myoblast proliferation results in a very marked
2- to 3-day delay in myotube formation (White et al.
2000). It is interesting to note that although myoblast
numbers are significantly increased in MyoD(–/–) mus-
cle, this does not result in enhanced new muscle forma-
tion (Megeney et al. 1996; White et al. 2000). Two other
studies in which myoblast replication is increased by he-
patocyte growth factor (Miller et al. 2000) or ultrasound
(Rantanen et al. 1999) also report that increasing the

number of myoblasts does not necessarily result in im-
proved regeneration, although studies by DeRosimo et
al. (2000) in which the addition of exogenous myoblasts
does enhance overall regeneration provide support for
such an approach.

Myotube formation and LIF in vitro and in vivo

No effect of LIF on myotube formation has been ob-
served with respect to myotube size or timing of myo-
tube formation, either in vitro or in vivo, in contrast to
earlier reports (Vakakis et al. 1995). Previous in vitro
studies showing a beneficial effect of LIF on myotube
formation have involved the use of uncoated tissue cul-
ture plastic and C57BL10/ScSn myoblasts (Vakakis et al.
1995), whereas we have employed gelatin (denatured
collagen-1) and myoblasts derived from BALB/c mice.
Thus, the differences might be attributable to the culture
substrate and the strain of myoblasts used. Although a
number of significant differences have been seen in the
amount of ECM produced in the presence of LIF (see be-
low), these differences do not appear to affect myoblast
fusion significantly in vitro. The most striking differ-
ences in ECM production in response to LIF have been
noted at 4 days, a time when mainly myoblasts rather
than myotubes are present in the cultures. Since LIF re-
ceptors are only expressed on myoblasts but not myo-
tubes or fibroblasts (Bower et al. 1995; Kami et al.
2000), it seems unlikely that LIF directly affects myo-
tube growth or maturation.

Morphometric analysis has not revealed any effect of
LIF on the size of myotubes formed in regenerating skel-
etal muscle of BALB/c mice. This observation is in di-
rect contrast to earlier studies in which LIF treatment af-
ter crush injury increases the size of regenerated myofi-
bres (Barnard et al. 1994; Kurek et al. 1997). However,
in support of our observations, recent studies in rat skel-
etal muscle regenerating after bupivacaine injection re-
port that LIF has no effect on regenerating myofibre size
or functional capacity (Gregorevic et al. 2000a, 2000b).
There are two main technical differences between these
reports that may contribute to the contradictory observa-
tions. Barnard et al. (1994) and Kurek et al. (1997) used
C57Bl/10ScSn and mdx mice, whereas we investigated
BALB/c mice and Gregorevic et al. (2000a, 2000b) stud-
ied rats. It is well documented that the regenerative ca-
pacity of BALB/c mice after crush injury is less effective
than for SJL/J mice (Mitchell et al. 1992) and C57Bl
muscle shows an intermediate capacity (unpublished da-
ta). The lack of any effect of LIF on myotube size in this
study might reflect a lack of sensitivity of BALB/c skel-
etal muscle to LIF, although other data indicate similar
responses of myoblasts from various mouse strains to
growth factors. The second technical difference is that
different delivery systems for LIF were employed, al-
though it seems unlikely that this is crucial. In our study,
LIF was released from alginate gels, whereas the other
studies used osmotic pumps (Barnard et al. 1994; Kurek
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et al. 1997) or systemic intra-peritoneal administration
(Gregorevic et al. 2000a, 2000b). Alginate gels lie in in-
timate contact with the damaged muscle, whereas osmot-
ic pumps deliver LIF directly into the crush injury via a
cannula; both of these approaches rely on the local diffu-
sion of LIF into the muscle compared with intra-perito-
neal injection, which relies on delivery via the circula-
tion. All three techniques have been effective in previous
studies (Barnard et al. 1994; Ikeda et al. 1996; Kurek et
al. 1996a, 1996b, 1996c, 1997; Gregorevic et al. 2000a,
2000b) and LIF released from alginate rods clearly in-
creases myoblast proliferation at 5 days (discussed
above) in the present study. Furthermore, related investi-
gations on dystrophic muscle show no effect of LIF on
myotube size in diaphragms of dystrophic mdx or control
C57BL10/ScSn mice after 3 months (J. D. White et al.,
in preparation). Overall, these data do not support a con-
sistent and major role for LIF in enhancing myotube for-
mation in vivo.

LIF and expression of ECM in vivo and in vitro

Extensive remodeling of the ECM, detectable by immu-
nohistochemistry, is found during tissue repair and in-
flammation including inflammatory bowel disease (Mac-
Donald et al. 1990; Riedl et al. 1992) and wound healing
(Raghow 1994) during crush injury of skeletal muscle
(Grounds et al. 1998). The changes in ECM expression
during skeletal muscle regeneration have been well de-
scribed elsewhere and our observations correspond
closely with these published in vivo data (Grounds et al.
1998; Sorokin et al. 2000). Overall, no affect of LIF on
the pattern of ECM expression in vivo has been noted in
the present study.

In both LIF-treated and control (no LIF) crush-injured
muscles, fibronectin and tenascin-C are highly up-regu-
lated in necrotic and regenerating areas and, as observed
in other tissues (Kaarteenaho-Wiik et al. 2000), tenascin-
C is prominent in areas of newly formed fibrosis. The 
interstitial ECM components, fibronectin and tenascin-C,
are up-regulated in inflammation and often co-localise 
in tissues (Chiquet-Ehrismann et al. 1988; Chiquet-
Ehrismann 1990) and abundant tenascin-C expression in
adult tissues has been noted under conditions that are as-
sociated with high rates of cell turnover and migration
(Haapasalmi et al. 1996) of incoming fibroblasts, endo-
thelial and myogenic cells. Increased tenascin-C has also
been reported in the vicinity of new myotubes (Mackie
et al. 1988; Daniloff et al. 1989; Irintchev et al. 1993;
Grounds et al. 1998). The pattern of expression of tenas-
cin-C in several muscular dystrophies correlates with t
he presence of macrophages and muscle regeneration
(Settles et al. 1996) and it is of interest that in situ hy-
bridisation does not reveal any production of tenascin-C
by muscle cells, indicating that non-muscle cells synthe-
sise the majority of tenascin (Gullberg et al. 1998). This
suggests that, in our primary muscle cultures, fibroblasts
must be largely responsible for the production of tenas-

cin-C. The proportion of myoblasts in such cultures (as
calculated by desmin staining) is about 50% (data not
shown), a level that would closely resemble the in vivo
situation and that corresponds well to other studies
(Maley et al. 1995). In tissue culture, a number of differ-
ences in the production of ECM have been noted. A
marked difference in the amount of fibronectin between
days 4 and 7 has been seen, the lower levels of fibronec-
tin at day 4 being in keeping with observations that 
fibronectin is expressed by myoblasts and myotubes 
but is down regulated at the time of myotube formation 
(Gardner and Fambrough 1983).

The effect of LIF on skeletal muscle regeneration

Histological studies by Kurek et al. (1996a, 1997) have
shown that LIF (delivered via osmotic pump and canula
directly into the injured muscle) results in a 50% de-
crease in the area occupied by connective tissue and
mononuclear cells 5 days after crush injury. Our obser-
vations after crush injury, as demonstrated by immuno-
histochemical staining of the ECM components fibronec-
tin and tenascin-C, do not reflect any increased interstiti-
al component. The expression of collagen type I, a major
interstitial component, has not been quantitated in the
present study; however hydroxyproline quantitation of
the collagen content of LIF-treated mdx diaphragms have
shown no difference between LIF and control mdx dia-
phragms (Austin et al. 2000). This recent quantitative
study combined with our immunohistochemical analysis
of fibronectin, tenascin-C, laminin and collagen type IV
(where there is no difference between LIF-treated and
control muscles) does not support a significant role for
LIF in the modification of ECM in skeletal muscle re-
generating in vivo.

These detailed studies with LIF have specifically ex-
amined the influence and production of ECM molecules,
myoblast proliferation in vitro and in vivo and myotube
formation. Whereas some differences in ECM production
by myotubes in vitro have been noted in response to LIF,
the production of ECM in vivo after crush injury is not
significantly altered. These combined data do not support
a consistent beneficial role for LIF on myotube forma-
tion. Some subtle effects of the ECM substrate have been
noted on myoblast proliferation in response to LIF. The
consistent finding is that LIF maintains myoblast prolifer-
ation. This mitogenic effect combined with enhanced
myoblast viability probably accounts for the increased
myoblast numbers reported in the presence of LIF.

References

Akita S, Ishihara H, Mohammad Abdur R, Fujii T (2000) Leuke-
mia inhibitory factor gene improves skin allograft survival in
the mouse model. Transplantation 70:1026–31

Allen RE, Dodson MV, Luiten LS (1984) Regulation of skeletal
muscle satellite cell proliferation by bovine pituitary fibroblast
growth factor. Exp Cell Res 152:154–160

139



Austin L, Burgess AW (1991) Stimulation of myoblast prolifera-
tion in culture by leukaemia inhibitory factor and other cyto-
kines. J Neurol Sci 101:193–197

Austin L, Bower J, Kurek J, Vakakis N (1992) Effects of leukae-
mia inhibitory factor and other cytokines on murine and hu-
man myoblast proliferation. J Neurol Sci 112:185–191

Austin L, Bower JJ, Kurek JB, Muldoon CM (1997) Controlled
release of leukaemia inhibitory factor (LIF) to tissues. Growth
Factors 15:61–68

Austin L, Bower JJ, Bennett TM, Lynch GS, Kapsa R, White JD,
Barnard W, Gregorevic P, Byrne E (2000) Leukaemia inhibito-
ry factor (LIF) ameliorates muscle fiber degeneration in the
mdx mouse. Muscle Nerve 23:1700–1705

Barnard W, Bower J, Brown MA, Murphy M, Austin L (1994)
Leukemia inhibitory factor (LIF) infusion stimulates skeletal
muscle regeneration after injury: injured muscle expresses LIF
mRNA. J Neurol Sci 123:108–113

Bower J, Vakakis N, Nicola N, Austin L (1995) Specific binding
of leukemia inhibitory factor to murine myoblasts in culture. J
Cell Physiol 164:93–98

Chiquet-Ehrismann R (1990) What distinguishes tenascin from fi-
bronectin? FASEB J 4:2598–2604

Chiquet-Ehrismann R, Kalla P, Pearson CA, Beck K, Chiquet M
(1988) Tenascin interferes with fibronectin action. Cell 53:
383–390

Daniloff JK, Crossin KL, Pincon-Raymond M, Murawsky M,
Rieger F, Edelman GM (1989) Expression of cytotactin in the
normal and regenerating neuromuscular system. J Cell Biol
108:625–635

DeRosimo JF, Washabaugh CH, Ontell MP, Daood MJ, Watchko
JF, Watkins SC, Ameredes BT, Ontell M (2000) Enhancement
of adult muscle regeneration by primary myoblast transplanta-
tion. Cell Transplant 9:369–377

Dodson MV, McFarland DC, Grant AL, Doumit ME, Velleman
SG (1996) Extrinsic regulation of domestic animal-derived
satellite cells. Dom Anim Endocrinol 13:107–126

Dowsing BJ, Morrison WA, Nicola NA, Starkey GP, Bucci T, Kil-
patrick TJ (1999) Leukemia inhibitory factor is an autocrine
survival factor for Schwann cells. J Neurochem 73:96–104

Fukada T, Hibi M, Yamanaka Y, Takahashi-Tezuka M, Fujitani Y,
Yamaguchi T, Nakajima K, Hirano T (1996) Two signals are
necessary for cell proliferation induced by a cytokine receptor
gp130: involvement of Stat3 in anti-apoptosis. Immunity
5:449–460

Garcia AJ, Vega MD, Boettiger D (1999) Modulation of cell prolif-
eration and differentiation through substrate-dependent changes
in fibronectin conformation. Mol Biol Cell 10:785–798

Gardner JM, Fambrough DM (1983) Fibronectin expression dur-
ing myogenesis. J Cell Biol 96:474–485

Gospodarowicz D, Weseman J, Moran JS, Lindstrom J (1976) Ef-
fect of fibroblast growth factor on the division and fusion of
bovine myoblasts. J Cell Biol 70:395–405

Gregorevic P, Hayes A, Lynch GS, Williams DA (2000a) Func-
tional properties of regenerating skeletal muscle following LIF
administration. Muscle Nerve 23:1586–1588

Gregorevic P, Williams DA, Lynch GS (2000b) Effects of LIF on
fast and slow muscle fibres of the rat are modulated by clen-
buterol administration. Am J Physiol (in press)

Grounds MD (1991) Towards understanding skeletal muscle re-
generation. Pathol Res Pract 187:1–22

Grounds MD (1999) Muscle regeneration: molecular aspects and
therapeutic implications. Curr Opin Neurol 12:535–543

Grounds MD, McGeachie JK (1989) A comparison of muscle pre-
cursor replication in crush-injured skeletal muscle of Swiss
and BALB/c mice. Cell Tissue Res 255:385–391

Grounds MD, McGeachie JK, Davies MJ, Sorokin L, Maley MAL
(1998) The expression of extracellular matrix during adult
skeletal muscle regeneration: how the basement membrane, in-
terstitium, and myogenic cells collaborate. Basic Appl Myol
8:129–141

Gullberg D, Velling T, Lohikangas L, Tiger CF (1998) Integrins
during muscle development and in muscular dystrophies.
Front Biosci 3:d1039–d1050

Haapasalmi K, Zhang K, Tonnesen M, Olerud J, Sheppard D, Salo
T, Kramer R, Clark RA, Uitto VJ, Larjava H (1996) Keratino-
cytes in human wounds express alpha v beta 6 integrin. J In-
vest Dermatol 106:42–48

Ikeda K, Kinoshita M, Tagaya N, Shiojima T, Taga T, Yasukawa
K, Suzuki H, Okano A (1996) Coadministration of interleukin-
6 (IL-6) and soluble IL-6 receptor delays progression of wob-
bler mouse motor neuron disease. Brain Res 726:91–97

Irintchev A, Salvini TF, Faissner A, Wernig A (1993) Differential
expression of tenascin after denervation, damage or paralysis
of mouse soleus muscle. J Neurocytol 22:955–965

Kaarteenaho-Wiik R, Lakari E, Soini Y, Pollanen R, Kinnula VL,
Paakko P (2000) Tenascin expression and distribution in pleu-
ral inflammatory and fibrotic diseases. J Histochem Cytochem
48:1257–1268

Kami K, Morikawa Y, Sekimoto M, Senba E (2000) Gene expres-
sion of receptors for IL-6, LIF, and CNTF in regenerating
skeletal muscles. J Histochem Cytochem 48:1203–1214

Kherif S, Lafuma C, Dehaupas M, Lachkar S, Fournier J-G, Verdi-
ere-Sahuque M, Fardeau M, Alameddine H (1999) Expression
of matrix metalloproteinases 2 and 9 in regenerating skeletal
muscle: a study in experimentally injured and mdx muscles.
Dev Biol 205:158–170

Kurek JB, Austin L, Cheema SS, Bartlett PF, Murphy M (1996a)
Up regulation of leukaemia inhibitory factor and interlukin-6
in transected sciatic nerve and muscle following denervation.
Neuromusc Dis 6:104–114

Kurek JB, Bower J, Romanella M, Austin L (1996b) Leukaemia
inhibitory factor treatment stimulates muscle regeneration in
the mdx mouse. Neurosci Lett 212:167–170

Kurek JB, Nouri S, Kannourakis G, Murphy M, Austin L (1996c)
Leukaemia inhibitory factor and interlukin-6 are produced in
diseased and regenerating skeletal muscle. Muscle Nerve
19:1291–1301

Kurek JB, Bower J, Romanella M, Kontgen F, Murphy M, Austin
L (1997) The role of leukaemia inhibitory factor in skeletal
muscle regeneration. Muscle Nerve 20:815–822

Kurek JB, Bower JJ, White JD, Muldoon CM, Austin L (1998)
Leukaemia inhibitory factor and other cytokines as factors in-
fluencing regeneration of skeletal muscle. Basic Appl Myol
8:347–360

MacDonald TT, Horton MA, Choy MY, Richman PI (1990) In-
creased expression of laminin/collagen receptor (VLA-1) on
epithelium of inflamed human intestine. J Clin Pathol
43:313–315

Mackie EJ, Halfter W, Liverani D (1988) Induction of tenascin in
healing wounds. J Cell Biol 107:2757–2767

Maley M, Fan Y, MW B, Grounds M (1994) Intrinsic differences
in MyoD and myogenin expression between primary cultures
of SJL/J and BALB/c skeletal muscle. Exp Cell Res 211:
99–107

Maley MAL, Davies MJ, Grounds MD (1995) Extracellular ma-
trix, growth factors, genetics: their influence on cell prolifera-
tion and myotube formation in primary cultures of adult
mouse skeletal muscle. Exp Cell Res 219:169–179

Martins-Green M (2000) Dynamics of cell-ECM interactions.In:
Lanza RP, Langer R, Vacanti J (eds) Principles of tissue engi-
neering. Academic Press, San Diego, pp 33–55

Megeney LA, Kablar B, Garret K, Anderson JE, Rudnicki MA
(1996) MyoD is required for myogenic stem cell function in
adult skeletal muscle. Genes Dev 10:1173–1183

Mereau A, Grey L, Piquet-Pellorce C, Heath JK (1993) Character-
ization of a binding proetin for leukemia inhibitory factor lo-
calized in extracellular matrix. J Cell Biol 122:713–719

Miller KJ, Thaloor D, Matteson S, Pavlath GK (2000) Hepatocyte
growth factor affects satellite cell activation and differentia-
tion in regenerating skeletal muscle. Am J Cell Physiol
278:C174-C181

Mitchell CA, Grounds MD, McGeachie JK (1991) The effect of
low dose dexamethasone on skeletal muscle regeneration in
vivo. Basic Appl Myol 1:139–144

Mitchell CA, McGeachie JK, Grounds MD (1992) Cellular differ-
ences in the regeneration of murine skeletal muscle: a quanti-

140



tative histological study in SJL/J and BALB/c mice. Cell Tis-
sue Res 269:159–166

Pavlath G, Thaloor D, Rando T, Cheong M, English A, Zheng B
(1998) Heterogeneity among muscle precursor cells in adult
skeletal muscles with differing regenerative capacities. Dev
Dyn 212:495–508

Raghow R (1994) The role of extracellular matrix in postinflam-
matory wound healing and fibrosis. FASEB J 8:823–831

Rantanen J, Thorsson O, Wollmer P, Hurme T, Kalimo H (1999)
Effects of therapeutic ultrasound on the regeneration of skele-
tal myofibers after experimental muscle injury. Am J Sports
Med 27:54–59

Riedl SE, Faissner A, Schlag P, Von Herbay A, Koretz K, Moller
P (1992) Altered content and distribution of tenascin in colitis,
colon adenoma, and colorectal carcinoma. Gastroenterology
103:400–406

Ringlemann B, Roder C, Hallmann R, Maley M, Davies M,
Grounds M, Sorokin L (1999) Expression of laminin α1, α2,
α4 and α5 chains, fibronectin and tenascin-C in skeletal mus-
cle of dystrophic 129ReJ dy/dy mice. Exp Cell Res 246:
165–182

Roberts P, McGeachie JK, Grounds MD, Smith ER (1989) Initia-
tion and duration of myogenic precursor cell replication in
transplants of intact skeletal muscles: an autoradiographic
study in mice. Anat Rec 224:1–6

Schollmann C, Grugel R, Tatje D, Hoppe J, Folkman J, Marme D,
Weich HA (1992) Basic fibroblast growth factor modulates the

mitogenic potency of platelet derived growth factor isoforms
by specific upregulation of the PDGF alpha receptor in vascu-
lar smooth muscle cells. J Biol Chem 267:18032–18039

Settles DL, Cihak RA, Erickson HP (1996) Tenascin-C expression
in dystrophin-related muscular dystrophy. Muscle Nerve 19:
147–154

Sorokin LM, Maley MAL, Moch H, Mark H von der, Mark K von
der, Cadalbert L, Karosi S, Davies MJ, McGeachie JK,
Grounds MD (2000) Laminin α4 and integrin α6 are upregu-
lated in regenerating dy/dy skeletal muscle: comparative ex-
pression of laminin and integrin isoforms in muscles regener-
ating after crush injury. Exp Cell Res 256:500–514

Tham S, Dowsing B, Finkelstein D, Donato R, Cheema SS, 
Bartlett PF, Morrison WA (1997) Leukemia inhibitory factor
enhances the regeneration of transected rat sciatic nerve and
the function of reinnervated muscle. J Neurosci Res
47:208–215

Vakakis N, Bower J, Austin L (1995) In vitro myoblast to myo-
tube transformations in the presence of leukemia inhibitory
factor. Neurochem Int 27:29–35

Velleman SG (1998) Extracellular matrix and muscle develop-
ment. Basic Appl Myol 8:94–173

White JD, Scaffidi A, Davies M, McGeachie J, Rudnicki MA,
Grounds MD (2000) Myotube formation is delayed but not
prevented in MyoD deficient skeletal muscle: studies in regen-
erating whole muscle grafts of adult mice. J Histochem Cyto-
chem 48:1531–1544

141


