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Abstract

The exogenous delivery of growth factors and cytokines is a potential therapeutic strategy to alleviate the degenerative effects of
primary inherited myopathies such as Duchenne muscular dystrophy. The mdx mouse diaphragm is a model for examining the progressive
degeneration of dystrophic muscle. We have delivered leukaemia inhibitory factor to the mdx diaphragm using slow release alginate gels.
Previous studies have reported an improvement in the histology of mdx diaphragms after delivery of leukaemia inhibitory factor in a
similar manner, but little attention has been paid to the mechanism by which leukaemia inhibitory factor acts. We have used autoradio-
graphy to examine cell proliferation, Evans Blue Dye to examine myofibre damage, and morphometric analysis to examine histology in
leukaemia-inhibitory-factor-treated diaphragms and compared them with untreated mdx and normal C57B110/ScSn diaphragms. Auto-
radiography showed that although myoblast proliferation was significantly increased in leukaemia inhibitory factor-treated mdx
diaphragms, leukaemia inhibitory factor did not reduce myofibre damage and no histological improvement was observed. The data
presented here, while demonstrating a role for leukaemia inhibitory factor in myoblast proliferation, do not support a strong and consistent
benefit of leukaemia inhibitory factor on dystrophic muscle in vivo as a means of alleviating the effects of chronic dystrophic muscle

degeneration. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Skeletal muscle has an excellent ability to regenerate and,
in response to trauma, satellite cells (widely -called
myoblasts) become activated, proliferate, differentiate, and
eventually fuse into myotubes that mature into myofibres
[1]. Strategies to enhance regeneration are of clinical rele-
vance in muscle disease such as Duchenne’s muscular
dystrophy (DMD) and after severe injury or transplantation
of muscle tissue. Under certain circumstances, increased
proliferation of myoblasts led to improved muscle regenera-
tion [2,3]. To this end, it is of interest to test in vivo the
influence of growth factors that are known mitogens for
myoblasts. One such growth factor is leukaemia inhibitory
factor (LIF).

There is a strong evidence for a role for LIF in myogen-
esis and data from Austin and colleagues suggest a poten-
tially very important role for LIF in clinical treatment of
myopathies and DMD. In vivo, LIF is upregulated in
diseased and injured muscle [4,5] and the continual perfu-
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sion of LIF from osmotic pumps into undamaged skeletal
muscle of the dystrophic mdx mouse, or into crush injured
skeletal muscle, enhances regeneration in terms of the
number and the size of regenerated myofibres [4,6,7]. In
tissue culture, LIF accelerates proliferation of both mouse
and human myoblasts [8,9] and induces the formation of
larger myotubes [10], although LIF has no effect on fibro-
blast cultures. Therefore, the in vivo action of LIF is prob-
ably related to specific myoblast proliferation with no effect
on resident fibroblasts. The exogenous administration of
basic fibroblast growth factor (bFGF) also increased repli-
cation of satellite and the proportion of myofibres showing
evidence of regeneration (i.e. centralized nuclei) in the
dystrophic mdx mouse [11]. The growth factors such as
insulin-like growth factor-1 (IGF-1), bFGF and to a lesser
extent nerve growth factor (NGF) also improve the histol-
ogy of skeletal muscle regenerating after laceration injury
[12]. In contrast with LIF and bFGF, other growth factors
which stimulate myoblast proliferation in vitro, such as
hepatocyte growth factor [13], interleukin 6 and transform-
ing growth factor o [7] are either ineffective or detrimental
in vivo when applied to injured muscle [14].

The exact mechanism by which LIF enhances skeletal
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muscle regeneration is not clear. The present study specifi-
cally tests the effect of LIF on (i) myoblast proliferation, (ii)
myofibre size, and (iii) myofibre resistance to damage. To
test whether the reported increase in the number and size of
myotubes in vivo is indeed a result of increased myoblast
numbers, autoradiography [15] is used to quantify the effect
of LIF on myoblast proliferation in the regenerating
diaphragm of dystrophic mdx mice.

The mdx mouse is an animal model for the lethal X-linked
myopathy DMD where dystrophic muscles undergo
repeated cycles of endogenous breakdown and regeneration
[16]. In humans with DMD, muscle regeneration eventually
fails and death results, whereas in the mdx mouse, muscle
regeneration is generally successful and skeletal muscle
function is preserved [17]. After this, significant degenera-
tive changes are observed in the limb muscles of mdx mice
only after eccentric exercise [18,19]. However, in contrast
to unexercised limb muscles, the diaphragm muscle of mdx
mice does exhibit severe and long-term degeneration that
begins before 3 months of age and progresses over the life of
the mouse [20]. The diaphragm muscle more closely resem-
bles the pathology of human DMD and therefore provides a
suitable model for testing the efficacy of therapeutic
substances as potential treatments for DMD. Previous
studies have examined the effect of LIF on the histology
and strength of mdx diaphragm muscles and reported a
slowdown in the process of degeneration, as diaphragms
continuously exposed to LIF contain more normal (periph-
erally nucleated) myofibres, larger regenerated fibres and
less adipose tissue [21]. The amount of non-muscle (connec-
tive and adipose tissues) was significantly reduced and the
maximum force producing the capacity of isolated
diaphragm muscle strips was higher in LIF-treated mice
[21].

LIF upregulates laminin expression in vitro [22] and it
has been proposed that the beneficial effects of LIF on
dystrophic muscle may (at least in part) be due to a
strengthening of the myofibre, so that they are more resis-
tant to damage and consequent necrosis (Austin personnel
communication). A loss of myofibre integrity is observed
in a7 integrin knockout mice [23] and myofibre integrity is
enhanced after deflazacort administration [24]. Thus,
agents that upregulate basement membrane components
may be beneficial in ameliorating dystrophic progression.
The present study is a direct extension of the previous work
by Austin et al. [21]. It specifically tests the extent of
myofibre damage in LIF treated-mdx muscles by using
Evans Blue Dye (EBD) as a marker for myofibre integrity
[25-28].

The sustained delivery of LIF in vivo was achieved by
using alginate rods containing LIF [21,29] attached to the
underside of the diaphragm of mdx mice. After 3 months,
these LIF-treated dystrophic muscles were analysed autora-
diographically and with EBD, to specifically address the
impact of LIF on myoblast proliferation and myofibre integ-
rity in vivo.

2. Materials and methods
2.1. Animals

All animal experiments were conducted in strict accor-
dance with the guidelines of the University of Western
Australia Animal Ethics Committee. Dystrophic mdx and
C57BL10/ScSn (the parental strain for mdx) mice aged 12
weeks old were obtained from the Animal Resource Centre,
Murdoch, Australia. Mice were housed in individual cages
under a 12 h day/night cycle and allowed access to food and
water ad libitum.

2.2. Delivery of LIF in vivo

Recombinant mouse LIF was kindly provided by
AMRAD Corporation, Melbourne. Continuous delivery of
LIF to the mdx mouse diaphragm was achieved via a rod of
calcium alginate containing LIF. Each bio-compatible slow
release alginate rod contained 1 wg of LIF and released 5 ng
of LIF per day per 15 mm (i.e. about 0.5% per day [29]).

2.3. LIF and regeneration in the mdx diaphragm

LIF releasing alginate rods were cut to 15 mm length, and
sutured to the undersurface of the right hemi-diaphragm of
four mdx mice at 12 weeks of age with a light retraction of
the liver as described previously [21]. One LIF-treated mdx
mouse died before the end of the experiment. Age-matched
unoperated control mdx and C57BL\10ScSn mice (three
each) were included in the study. Unoperated mdx controls
were used, as previous study [21] showed no difference
between unoperated and saline-rod-treated diaphragms. At
12 weeks after implantation of LIF rods (and 10 days before
sampling), each mouse received a single intra-peritoneal
injection of *H-thymidine (*H-Tdr ; Amersham) at 1 pCi/
g body weight [30]. At 8 days after the *H-Tdr injection (and
2 days before sampling) all the mice received a single intra-
peritoneal injection of 1% w/v EBD (Sigma) at 0.1 ml/10 g
body weight [28]. Two days later, all diaphragms were
sampled (from the 6-month-old mice). The right hemi-
diaphragm with the rod attached was divided into three
equal parts (Fig. 1); one was fixed in 4% paraformaldehyde
and processed for paraffin embedding, one was fixed in
buffered formal saline and processed for resin embedding
and autoradiography and morphometric analysis and the
final sample was snap frozen in liquid nitrogen quenched
isopentane for analysis of EBD labelling of myofibre
damage.

2.4. Autoradiographic analysis of myoblast proliferation

It has been shown previously in the detailed studies that a
period of 10 days allows sufficient time for the replicating
myoblasts that had incorporated the *H-Tdr (within 30 min),
to cease proliferation and to fuse into multi-nucleated
myotubes [30]: a sampling time of 10 days also eliminates
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Fig. 1. Schematic representation of the positioning of the slow release LIF
alginate rod on the right hemi-diaphragm and the sampling procedure. Each
treated half of the diaphragm was divided into three parts as shown.

the possibility of subsequent necrosis of recently formed
mdx myofibres [15]. Labelled centrally located muscle
nuclei can be readily identified as myogenic. This approach
allows retrospective analysis of the pattern of myoblast
replication at the time when *H-Tdr had been injected.
Autoradiography on resin embedded muscle sections was
performed essentially as described in detail previously
[31]. In brief, all tissues were post-fixed in 1% OsO, in
0.1 M phosphate buffer for 60 min washed in 70% ethanol
and block stained in 1% p-phenylenediamine in 70% etha-
nol for 60 min. Tissues were infiltrated and embedded in a
1:1 Araldite/Epon mixture and 1 wm sections cut for auto-
radiography. A few sections were coated with Kodak
dipping emulsion and exposed in the dark in light tight
boxes at 4°C for 2 weeks. Sections were then developed in
Kodak D19, fixed in acid-hardener fixer, washed and air
dried. Sections were viewed under a Leica DMLS light
microscope with a 100X oil immersion lens. In each
section, at least 500 myogenic nuclei were counted and
the number of centralized muscle nuclei labelled with
three or more autoradiographic grains (Fig. 2(a)) were
expressed as a percentage of the total number of muscle
nuclei. This conservative labelling level of three grains
has been used previously to allow for an adequate margin
of error given a background labelling of 0.05 grains per
10 wm? [31].

2.5. Morphometric analysis of regeneration in the mdx
diaphragm

Single transverse 5 pwm sections were taken from each

Fig. 2. Autoradiographic labelling of myotube nuclei in the mdx diaphragm
where replicating cells had been labelled with *H-thymidine at 12 weeks
after grafting and muscles sampled 10 days later. The silver grains in the
photographic emulsion are shown (in focus) overlying labelled (a) centrally
and (b) peripherally located myotube nuclei (arrows), and (c) interstitial
non-myogenic nuclei (arrows in (b) and (c)). Bar =20 pm.
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Fig. 3. Autoradiographic analysis of labelled myotube nuclei in the mdx and
normal C57B110/ScSn diaphragms. Histogram showing proportions (%) of
labelled central myotube nuclei in LIF-treated and control (no LIF) mdx
diaphragms of mice aged 6 months. The mdx diaphragms treated with LIF
for 12 weeks show significantly more labelled myotube nuclei compared to
diaphragms in age-matched unoperated mdx and normal C57BL10/ScSn
mice (*P < 0.05).

paraffin embedded sample at four different levels separated
by 100 pwm and stained with haematoxylin and eosin (H&E).
Sequential non-overlapping images of the entire area of
each section were taken using Stage Pro computer software
and a Hitachi HV-C20M 3CCD camera. The cross-sectional
area of fibres with centralized and peripheral nuclei (centra-
lized nuclei indicate that the myofibre has undergone regen-
eration) of each image was performed using Image Pro Plus
4.0. A minimum of 2000 fibres were analysed in each
sample.

2.6. EBD analysis of muscle fibre damage in mdx
diaphragms

EBD was used as a marker for damaged muscle fibres in
the mdx diaphragm, as it is bound to serum albumin and

Table 1

readily enters through damaged or ‘leaky’ cell membranes
into the sarcoplasm of myofibres. The presence of EBD in
damaged myofibres is readily identified due to its red auto-
fluoresence in tissue sections examined under fluorescence
microscopy as has been described previously [25-28].
Three transverse sections (8 wm) separated by at least
150 pm were taken from each frozen diaphragm sample.
Sections were fixed in 70% ethanol, dehydrated, cleared
in xylene and mounted using DPX. Sections were examined
using fluoresence microscopy and the total number of EBD
positive fibres in each of the three transverse sections was
counted. The total number of myofibres in each section was
counted using Nomarski microscopy. The number of EBD
positive myofibres was expressed as a percentage of the
total number of fibres for the muscle sample.

2.7. Statistical analysis

Data are presented as mean * standard error (SEM) with
the number of muscle fibres examined as n. Experimental
groups have been statistically analysed using two-way
analysis of variance (ANOVA) and Tukey—Kramer test
and P < 0.05 was considered significant. Analysis of fibre
size distributions was performed using a two-sample
Kolmogorov—Smirnov rank test.

3. Results
3.1. Myoblast proliferation in mdx diaphragm muscle

The autoradigraphic analysis of myoblast proliferation as
measured by labelled myotube nuclei (Fig. 2) in mdx and
control diaphragms is summarized in Fig. 3 and Table 1.
Over 500 myofibre nuclei were examined in each
diaphragm. The labelling of centrally located muscle nuclei
(Fig. 2(a)) was sporadic, although myofibres with centrally
labelled nuclei tended to occur in clusters and there was
considerable biological variation. In all sections examined,

Histological analysis of myofibre cross-sectional area, myoblast proliferation, EBD positive fibres and the extent of central muscle nucleation in LIF-treated

mdx and control diaphragms at 6 months of age®

mdx + LIF mdx control C57BL10/ScSn

Mean (£SEM) Mean (*=SEM) Mean (=SEM)
Myofibres with peripheral nuclei Mean size (umz) 486.9 (5.55) 519.6 (18.4) 582 (128)
Cross-sectional area Proportion (%) 36.8 (13.0) 53.8 5.0 96.9 3.7
Myofibres with central nuclei Mean size (|.Lm2) 676.6 (21.8) 642.4 37.1) 601 (95.4)
Cross-sectional area Proportion (%) 63.2 (13.0) 47.2 2.9) 3.1 3.7
Labelled centralized nuclei % total myonuclei 7.52 (1.65) 2.25 (1.72) 0.724 0.7)
Evans blue dye positive fibres % total fibre number 0.22 0.11) 0.46 (0.05) 0.00 (0.00)

* A minimum of 2000 myofibres was measured in each diaphragm. The proportion of myofibres with central nuclei (indicating at least one cycle of
regeneration), peripheral nuclei or EBD positive is expressed as a percentage (%) of the total population of myofibres. A minimum of 500 myonuclei was
examined in each diaphragm and the percentage of labelled centralized nuclei (equating to proliferating myoblasts at the time of injection) is expressed as a
percentage (%) of total myonuclei counted. All values are the average of three mice (£SEM).
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the level of labelled peripheral myonuclei (Fig. 2(b)) was
consistently low and was not statistically different when
comparing LIF-treated and any control mdx diaphragms.
In all mdx diaphragms, a significant number of nuclei in
the interstitial space were labelled (Fig. 2(c)), although a
detailed analysis was not undertaken. In control (non-
dystrophic) C57BL\10ScSn diaphragms, the level of post-
mitotic labelling of any nuclei was extremely low. In LIF-
treated mdx diaphragms, the number of labelled central
nuclei was significantly higher (P < 0.05) than in age-
matched untreated mdx and normal C57BL\10ScSn
diaphragms. The increased number of labelled muscle
nuclei in LIF-treated mdx diaphragms was also statistically
significant (P < 0.05) when compared to normal (non-
dystrophic) C57BL10 diaphragms. There was no statistical
difference between unoperated mdx and C57B110/ScSn
control muscles.

3.2. Histological analysis of the effect of LIF on the mdx
diaphragm

After 12 weeks of LIF infusion from slow release alginate
gels, the effect of LIF on myofibre cross-sectional areas and
the proportion of myofibres with central nuclei was exam-
ined in the mdx diaphragm (Fig. 4). The data from the
morphometric analysis of myofibre size are summarized in
Table 1. The effect of LIF on mdx diaphragm muscle was
compared with untreated age-matched mdx mouse
diaphragms and with normal C57BL\10ScSn diaphragms.
The cross-sectional area was considered in three categories
of fibres within the diaphragms including (i) myofibres with
centralized nuclei (regenerated), (ii) myofibres with only
peripheral nuclei and (iii) all myofibres. No significant
differences between the cross-sectional areas of the myofi-
bres (with centralized or peripheral nuclei) were observed
for LIF-treated and untreated control (no LIF) mdx
diaphragms (Table 1). The variation in myofibre size was
far greater in control (no LIF) diaphragms compared to both
LIF treated mdx and normal C57BL\10ScSn diaphragms.
The size distribution of myofibres with both centrally
(Fig. 5(a)) and peripherally (Fig. 5(b)) located nuclei was
also determined. The size distribution of these two groups of
myofibres did not differ significantly between LIF treated
mdx and control untreated mdx diaphragms. The proportion
of myofibres with central nuclei was also similar in LIF-
treated and untreated mdx diaphragms. As expected, in the
normal control C57B110/ScSn muscles, very few myofibres
had central nuclei and the sizes shown in Table 1 are derived
from only 1500 myofibres.

3.3. The effect of LIF on myofibre integrity in the mdx
diaphragm

EBD was used as a marker for myofibre damage; the data
are summarized in Table 1. At sampling (48 h after EBD
injection) macroscopically, there was a high level of non-
specific (blue) colouration of the diaphragm, abdominal

Fig. 4. Histology of (a), (b) mdx and (c) normal C57BL10/ScSn diaphragms
at 6 months of age. H&E staining of (a) LIF-treated mdx and (b) untreated
control mdx diaphragms shows evidence of the ongoing myopathy with
numerous myofibres with centralized nuclei (these fibres have regenerated)
throughout the tissue and a wide variation in myofibre cross-sectional area.
This contrasts with the (c) normal appearance of (non-dystrophic)
C57BL10/ScSn diaphragm myofibres. Bar = 100 pwm.
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Fig. 5. Frequency histogram (bin width = 200 wm?) depicting the distribu-
tion of fibre sizes in LIF treated and unoperated mdx diaphragms. The size
distribution of myofibres with (a) central and (b) peripheral nuclei was not
different between LIF-treated (solid line) and control untreated (dotted line)
mdx diaphragms.

muscles and organs. This was not evident above the
diaphragm in the thoracic cavity. Furthermore, microscopi-
cally, the most intense staining of EBD-treated diaphragms
was associated with blood vessels. The number of EBD
positive fibres in each diaphragm was expressed as a percen-
tage of the total number of fibres. None of the myofibres
were labelled with EBD in normal non-dystrophic
C57BN\10ScSn (emphasizing the healthy nature of this
muscle). The proportion of EBD-positive myofibres in
dystrophic mdx diaphragms was significantly higher (0.22
and 0.46%) than in normal (non-dystrophic) C57BL\10ScSn
diaphragms. While the number of EBD positive myofibres
appeared to be lower in LIF-treated mdx diaphragms
(0.22%) compared with untreated mdx muscle (0.46%),
there was no statistical difference. In longitudinal section,
many of the EBD-positive myofibres in mdx muscles also
appeared to be necrotic.

4. Discussion

Unlike skeletal muscles of the limbs in mdx mice where

the dystrophic process abates after an initial acute episode
around 3-4 weeks of age [32,33], the diaphragm shows
progressive degeneration and severe pathology over time
[20]. Previous studies by Austin et al. [21] reported an
improved histology (increased myofibre cross-sectional
area and reduced interstitial tissue) in mdx diaphragms at
6 months of age associated with an increase in force genera-
tion in response to LIF treatment for 12 weeks. They
suggested that this was the direct result of increased
myoblast proliferation (based on in vitro studies), but
could also be due to increased myofibre size and resistance
to damage. The present study specifically examined the
effects of LIF on (i) myoblast proliferation, (ii) myofibre
size and (iii) myofibre damage in the mdx diaphragm.

The data presented here suggest that myoblast replication
increased significantly in dystrophic muscle in vivo by LIF.
This is consistent with a previous autoradiographic study
using crush injured normal muscle where the number of
replicating myoblasts in LIF-treated crush injured muscle
was maintained at a higher level than in control crush
injured muscles [22]. The increased number of labelled
myonuclei could be the result of (i) a larger population of
myoblasts being labelled at the time of injection, (ii) the
same number of myoblasts being labelled but surviving
longer before fusion, or (iii) labelled myoblasts undergoing
extra cell divisions before fusion. While extra cell divisions
can result in delayed fusion, previous in vitro studies do not
provide evidence for delayed fusion in LIF-treated myoblast
cultures [10,34]. Thus, it seems unlikely that this accounts
for the present observations. The most likely scenarios to
account for the increased labelling are a larger population of
replicating myoblasts at the time of *H.Tdr injection or an
increase in subsequent myoblast survival. The latter is
supported by in vitro evidence showing that LIF increases
myoblast survival [22].

In contrast to a reported beneficial effect of LIF on mdx
diaphragm histology [21], we did not see the evidence of
myofibre hypertrophy with LIF. The two sets of experiments
were conducted on mdx mice of the same age but from
colonies that had been separated for many years (one in
Melbourne, Victoria and the other in Perth, Western Austra-
lia). Some significant differences in the pathology of control
(unoperated) mdx diaphragms from the two studies were
apparent with the mean area of myofibres with centralized
nuclei in the diaphragm being significantly higher in the
control mdx mice in Perth (787 ;,Lm2 versus 380 pumz,
respectively). In contrast, the mean area of myofibres with
centralized nuclei is quite similar in the test groups of LIF-
treated mdx diaphragms between the two studies (583 wm?
compared to 570 wm®, respectively). The difference
between the sizes of myofibres in untreated control mdx
mice clearly affects the significance of the data obtained
with LIF treatment. It should be noted that the Perth data
are based on three mice and 500 myofibres compared to six
mice and 4000 myofibres in the study by Austin et al. [21],
but this difference in the size of the studies is not likely to
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obscure a major beneficial effect of LIF. It is crucial that
claims of therapeutic benefits of agents on DMD are care-
fully evaluated by different groups in order to substantiate
benefits for potential clinical applications [35].

Any technical differences in the delivery of LIF in vivo
were minimized between the studies by using LIF and algi-
nate from the same source. That the delivery of LIF via
these alginate gels is effective in the present study is
confirmed by data from a parallel study where increased
myoblast proliferation was seen in LIF-treated crush injured
skeletal muscle [22]. However, in the same study, it can be
observed that LIF did not affect myotube size or the compo-
sition of the extracellular matrix at 7 days in muscle regen-
erating after crush injury. This lack of effect of LIF on
myotube size corresponds with a recent report on rat skeletal
muscle regenerating after bupivacaine injection where LIF,
delivered systemically, had no effect on functional capacity
or the size of regenerated myofibres [36]. However, LIF
may be effective when administered with other agents
because, while LIF alone does not affect skeletal muscle
fibre hypertrophy in rats, when administered in combination
with clenbuterol, a significant increase in myofibre diameter
is observed compared to both LIF and clenbuterol alone
[37]. Our studies with EBD also showed that LIF did not
make a significant difference to the percentage of myofibres
that are damaged compared with age-matched untreated
mdx controls. The numbers of EBD positive fibres (in the
mdx at 24 weeks of age) reported here are consistent with
previous studies using EBD to examine myofibre integrity
in the mdx diaphragm. In sedentary (unexercised) 2 months
old mdx mice, Brussee et al. [19] report that EBD positive
fibres are rare in the diaphragm, although the number of
EBD positive fibres does increase with exercise.

Overall, our combined data provide no evidence that
sustained exposure to LIF has a beneficial effect on the
dystrophic process (myofibre size and susceptibility to
damage) in vivo and they do not support the proposal that
LIF (alone) might be used as a therapeutic agent to ameliorate
or minimize the pathologic affects of muscular dystrophy.

References

[1] Grounds MD. Towards understanding skeletal muscle regeneration.
Pathol Res Pract 1991;187:1-22.

Thaloor D, Miller K, Gephart J, Mitchell PO, Pavlath GK. Systemic
administration of the NF-kB inhibitor curcumin stimulates muscle
regeneration after traumatic injury. Am J Physiol 1999;277:C320—
C329.

[3] DeRosimo JF, Washabaugh CH, Ontell MP, et al. Enhancement of
adult muscle regeneration by primary myoblast transplantation (in
process citation). Cell Transplant 2000;9:369-377.

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

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

[2

—

[4

=

[5

=

[6] Kurek JB, Bower J, Romanella M, Austin L. Leukaemia inhibitory
factor treatment stimulates muscle regeneration in the mdx mouse.
Neurosci Lett 1996;212:167-170.

[7] Kurek JB, Bower J, Romanella M, Kontgen F, Murphy M, Austin L.

The role of leukaemia inhibitory factor in skeletal muscle regenera-

tion. Muscle Nerve 1997;20:815-822.

Austin L, Burgess AW. Stimulation of myoblast proliferation in

culture by leukaemia inhibitory factor and other cytokines. J Neurol

Sci 1991;101:193-197.

[9] Austin L, Bower J, Kurek J, Vakakis N. Effects of leukaemia inhibi-
tory factor and other cytokines on murine and human myoblast prolif-
eration. J Neurol Sci 1992;112:185-191.

[10] Vakakis N, Bower J, Austin L. In vitro myoblast to myotube trans-
formations in the presence of leukemia inhibitory factor. Neurochem
Int 1995;27:29-35.

[11] Lefaucheur JP, Sebille A. Basic fibroblast growth factor promotes in
vivo muscle regeneration in murine muscular dystrophy. Neurosci
Lett 1995;202:121-124.

[12] Menetrey J, Kasemkijwattana C, Day CS, et al. Growth factors
improve muscle healing in vivo. J Bone Joint Surg Am
2000;82:131-137.

[13] Miller KJ, Thaloor D, Matteson S, Pavlath GK. Hepatocyte growth
factor affects satellite cell activation and differentiation in regenerat-
ing skeletal muscle. Am J Cell Physiol 2000;278:C174-C181.

[14] Grounds MD. Muscle regeneration: molecular aspects and therapeutic
implications. Curr Opin Neurol 1999;12:535-543.

[15] McGeachie JK, Grounds MD. The timing between skeletal muscle
myoblast replication and fusion into myotubes, and the stability of
regenerated dystrophic myofibres: an autoradiographic study in mdx
mice. J Anat 1999;194:287-295.

[16] Bulfield G, Siller WG, Wright PAL, Moore KJ. X chromosome-
linked muscular dystrophy (mdx) in the mouse. Proc Natl Acad Sci
USA 1984;81:1189-1192.

[17] Partridge TA. Models of dystrophinopathy, pathological mechanisms
and assessment of therapies. In: Brown SC, Lucy JA, editors. Dystro-
phin: gene, protein and cell biology, Cambridge, MA: Cambridge
University Press, 1997. pp. 310-331.

[18] Brussee V, Merly F, Tardif F, Tremblay JP. Normal myoblast implan-
tation in MDX mice prevents muscle damage by exercise. Biochem
Biophys Res Commun 1998;250:321-327.

[19] Brussee V, Tardif F, Tremblay JP. Muscle fibers of mdx mice are
more vulnerable to exercise than those of normal mice. Neuromuscul
Disord 1997;7:487-492.

[20] Stedman HH, Sweeny HL, Shrager JB, et al. The MDX mouse
diaphragm reproduces the degenerative changes of Duchenne muscu-
lar dystrophy. Nature 1991;352:536-538.

[21] Austin L, Bower JJ, Bennett TM, et al. Leukaemia inhibitory factor
(LIF) ameliorates muscle fiber degeneration in the mdx mouse.
Muscle Nerve 2000;23:1700-1705.

[22] White JD, Davies MD, Grounds MD. Leukaemia inhibitory factor
increases myoblast replication and survival and affects extracellular
matrix production: combined in vivo and in vitro studies in post-natal
skeletal muscle. Cell Tissue Res 2001;306:129-141.

[23] Burkin DJ, Kaufman SJ. The alpha 7 beta 1 integrin in muscle devel-
opment and disease. Cell Tissue Res 1999;296:183-190.

[24] Anderson JE, Vargas C, Weber M. Deflazacort increases laminin
expression and myogenic repair, and induces early persistent func-
tional gain in mdx mouse muscular dystrophy. Cell Transplant
2000;9:551-564.

[25] Straub V, Rafael JA, Chamberlain JS, Campbell KP. Animal models
for muscular dystrophy show different patterns of sarcolemmal
disruption. J Cell Biol 1997;139:375-385.

[26] Matsuda R, Nishikawa A, Tanaka H. Visualization of dystrophic
muscle fibers in mdx mouse by vital staining with evans blue:
evidence of apoptosis in dystrophin-deficient muscle. J Biochem
1995;118:959-964.

[27] Tidball JG, Berchenko E, Frenette J. Macrophage invasion does not

[8

[t}



916 J.D. White et al. / Neuromuscular Disorders 12 (2002) 909-916

contribute to muscle membrane injury during inflammation. J Leukoc
Biol 1999;65:192-198.

[28] Hamer PW, McGeachie JM, Davies MJ, Grounds MD. Evans blue
dye used as an in vivo marker of myofibre fragility and damage in
mice: defining optimal parameters. J Anat 2002;200:69-79.

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

[30] McGeachie JK, Grounds MD. Initiation and duration of muscle
precursor replication after mild and severe injury to skeletal muscle
of mice. Cell Tissue Res 1987;248:125-130.

[31] Grounds MD, McGeachie JK. A comparison of muscle precursor
replication in crush-injured skeletal muscle of Swiss and Balbc
mice. Cell Tissue Res 1989;255:385-391.

[32] Beilharz MW, Lareu RR, Garrett KL, Grounds MD, Fletcher S. Quan-
titation of muscle precursor cell activity in skeletal muscle by north-

ern analysis of MyoD and myogenin expression — application to
dystrophic (mdx) mouse muscle. Mol Cell Neurosci 1992;3:326-331.

[33] McGeachie JK, Grounds MD, Partridge TA, Morgan JE. Age-related
changes in replication of myogenic cells in mdx mice: quantitative
autoradiographic studies. J Neurol Sci 1993;119:169-179.

[34] White JD, Bower JJ, Kurek JB, Austin L. Leukemia inhibitory factor
enhances regeneration in skeletal muscles after myoblast transplanta-
tion. Muscle Nerve 2001;24:695-697.

[35] Dubowitz V. Therapeutic possibilities in muscular dystrophy: the
hope versus the hype. Neuromuscul Disord 2002;12:113-116.

[36] Gregorevic P, Hayes A, Lynch GS, Williams DA. Functional proper-
ties of regenerating skeletal muscle following LIF administration.
Muscle Nerve 2000;23:1586—1588.

[37] Gregorevic P, Williams DA, Lynch GS. Effects of leukemia inhibi-
tory factor on rat skeletal muscles are modulated by clenbuterol.
Muscle Nerve 2002;25:194-201.



