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To be effective for tissue repair, satellite cells (the stem cells of adult muscle) must survive
the initial activation from quiescence. Using an in vitro model of satellite cell activation, we
show that erbB1, erbB2 and erbB3, members of the EGF receptor tyrosine kinase family,
appear on satellite cells' within 6 h of activation. We show that signalling via erbB2 provides
an anti-apoptotic survival mechanism for satellite cells during the first 24 h, as they
progress to a proliferative state. Inhibition of erbB2 signalling with AG825 reduced satellite
cell numbers, concomitant with elevated caspase-8 activation and TUNEL labelling of
apoptotic satellite cells. In serum-free conditions, satellite cell apoptosis could be largely
prevented by a mixture of erbB1, erbB3 and erbB4 ligand growth factors, but not by
neuregulin alone (erbB3/erbB4 ligand). Furthermore, using inhibitors specific to discrete

Keywords:
Muscle stem cell
Satellite cell

Apoptosis intracellular signalling pathways, we identify MEK as a pro-apoptotic mediator, and the
Activation erbB-regulated factor STAT3 as an anti-apoptotic mediator during satellite cell activation.
erbB These results implicate erbB2 signalling in the preservation of a full compliment of satellite
EGFr cells as they activate in the context of a damaged muscle.

© 2006 Elsevier Inc. All rights reserved.
Introduction cence, the amplifying progeny of satellite cells (myoblasts) are

sensitive to apoptotic cell death as they proliferate [5,6] and

Satellite cells, a population of undifferentiated tissue-specific
stem cells, comprise only about 2% of the total nuclei of
normal adult skeletal muscle [1-3]. Despite this apparently
small reserve of potentially proliferative cells, skeletal muscle
nevertheless exhibits an. astonishing regenerative capacity,
with each satellite cell able to generate several thousand new
myonuclei {3] on a time scale that allows total replacement of
the parent myofibre within 4 days of injury [4]. Because of their
fundamental role in muscle regeneration, robust mechanisms
must exist to assure the survival of satellite cells within the
context of a damaged muscle. Once activated from quies-

* Corresponding author. Fax: +44 1908 654167.
E-mail address: j.p.golding@open.ac.uk (J.P. Golding).

differentiate [7,8]. However, the sensitivity of satellite cells to
apoptotic death during the activation process, within the first
24 h following myotrauma, has not been determined. This is a
critical period during muscle regeneration, during which
satellite cells undergo an important series of molecular
changes prior to cell division [9-11], while at the same time
having to adjust to the physiological stresses of muscle injury.

In response to myotrauma, intracellular reactive oxygen
species (ROS) are generated [12-14]. ROS is a key effector of
death in most cells [15] and of DNA damage in myoblasts [16],
while under conditions of transient oxidative stress, human

0014-4827/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
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satellite cells show decreased viability and become non-
proliferative [17]. Under normal conditions, catalase and
glutathione transferase antioxidants expressed by quiescent
satellite cells can protect against ROS [18]. However, these
defence systems become overwhelmed by excessive ROS
production, as occurs following injury and in various pathol-
ogies [19], highlighting the potential vulnerability of satellite
cells to apoptosis following myotrauma. During the late
regenerative phase, as myoblasts exit the cell cycle and
differentiate, anti-apoptotic signals are transduced by two
members of the erbB family of receptor tyrosine kinases: erbB1
(the EGF receptor) [20] and erbB2 [21], raising the possibility
that these erbB receptors might also provide anti-apoptotic
signals, during satellite cell activation.

The erbB family comprises erbB1, erbB2, erbB3 and erbB4
[22], while the metalloendopeptidase N-arginine dibasic con-
vertase (NRDc) binds heparin-binding EGF-like growth factor
and thereby acts as a co-receptor with erbB1 [23]. Ligand
binding causes erbB receptors to dimerise and phosphorylate,
with erbB2 being the preferred dimerisation partner of the
other erbB receptors, although erbB2 itself has no known
ligand [22]. ErbB receptors are expressed by many cell types
and regulate diverse cellular functions that include prolifera-
tion, migration, cell fate decisions, differentiation and apop-
tosis [22,24]. In normal, undamaged skeletal muscle, erbB2,
erbB3 and erbB4 receptors are exclusively localised to the
neuromuscular junction (NMJ) [25,26], where they regulate the
expression of acetylcholine receptors [27,28] and glucose
transport within myofibres [29]. Although NRDc is highly
expressed by human skeletal muscle [30], its cellular localisa-
tion has not been determined. In tissue culture models of the
late phase of muscle injury, myoblasts express erbB1, erbB2
and erbB3 receptors [21,31-33], as they commit to differentia-
tion. However, it remains unknown whether erbB receptors
are expressed by satellite cells and if so, at which stage of the
activation process they first appear and how their expression
is regulated.

In this study, we show that satellite cells do not
express any erbB receptors in the quiescent state. How-
ever, erbB1, erbB2 and erbB3 become expressed within 6 h
of activation, while erbB4 and. NRDc can be detected
within 24 h. We demonstrate that erbB2 signalling plays
an anti-apoptotic role in preserving the full complement
of satellite cells during this critical phase of stem cell
activation from quiescence.

Materials and methods

Animals

C57Bl/10 mice, myosin light chain 3F-nLacZ-2E (MLC-3F"2%)
mice [34] and Myf5"%%* mice [35], aged between 6 and
8 weeks, were from breeding colonies maintained at MRC
Hammersmith.

Tissue preparation and single myofibre isolation

Entire extensor digitorum longus (EDL) and tibialis anterior (TA)
muscles were removed. The TAs were snap frozen for

cryosectioning and the EDLs were dissociated into single
muscle fibres (myofibres), as described previously [36].

Myofibre culture

Isolated myofibres were maintained as non-adherent cul-
tures in DMEM, containing 10% horse serum (PAA Labora-
tories) and 0.5% chick embryo extract (ICN Flow) as
described previously [36]. Myofibres were subsequently
fixed with 4% paraformaldehyde in PBS (4% PAF) for
20 min prior to immunostaining.

Growth factors

Recombinant Human EGF, HB-EGF and NRG (NRG-1 p1 EGF
domain) were obtained from R&D Systems.

ErbB inhibitors

The erbBl-selective inhibitor AG1478 (Calbiochem) was
dissolved in DMSO and used at a 1:500 dilution to give a
10-uM working concentration (autophosphorylation: erbB1
ICs50=0.003uM; erbB2 1C5o>100 uM [37]). The erbB2-selective
inhibitor AG825 (Calbiochem) was dissolved in DMSO and
used at a 1:500 dilution to give a 50-uM working
concentration (autophosphorylation: erbB2 ICs=0.35 uM;
erbB1 ICso=19 pM. Substrate phosphorylation: erbB2 ICso=
9.5 uM; erbB1 ICso>100 uM [38]). Control cultures contained
1:500 DMSO.

Signal transduction pathway-specific inhibitors

All inhibitors were obtained from Calbiochem and were
dissolved in DMSO, unless stated otherwise. The following
inhibitors were used at the working concentrations shown
(typically 1000-fold dilutions of the stock solution): Akt inhi-
bitor, 10 pM (Akt ICso=5 uM). U0126, MEK1/2 inhibitor, 12.5 uM
(MEK1 ICso=72 nM, MEK2 ICso=58 nM). Jnk inhibitor II, 20 uM
(nk-1//nk-2 ICso=40 nM, Jnk-3 ICso=90 nM). SB203580,
P38MAP-K inhibitor, 2 uM (p38MAP-K ICso= 600 nM). U-73122,
PLCy inhibitor, 5 pM (PLC ICsp=2 pM). ICs values are quoted
from the product data sheets. Caspase-8 competitive inhibitor
I, cell-permeable, 100 nM [39]. STAT3 inhibitor, cell-permeable,
1 mM (solid dissolved directly in culture medium to working
concentration, immediately prior to use) [40].

Histology

Cultured myofibres from MLC-3F""*““ mice and TA muscle
cryosections from Myf5":3°* mice were fixed in 4% PAF for
5 min. p-Galactosidase activity was visualised by incubation in
4 mM potassium ferrocyanide, 4 mM potassium ferricyanide,
2 mM MgCl,, 400 pg/ml X-gal, 0.02% NP40 in PBS for 10 min at
37°C. Myofibres were then washed in PBS and processed for
immunohistochemistry.

Immunostaining

Fixed myofibres were permeabilised with 0.5% Triton X-100/
PBS for 10 min. Cryosections were fixed in 4% PAF for 10 min
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and washed in PBS. Non-specific antibody binding was
blocked by incubation in 20% goat serum in PBS for 30 min.

Rabbit anti-erbB2 (sc-284, Santa Cruz, 1:200 dilution,
1 pg/ml working conc.) and rabbit anti-erbB4 (06-572,
Upstate, 1:100, 10 pg/ml working conc.) antibodies have
been previously characterised on rodent skeletal muscle
sections [26], while mouse anti-erbB3 antibody (Ab-5,
Calbiochem, 1:100, 2 npg/ml working conc.) has been
previously characterised on L6 and C2C12 rodent skeletal
muscle cell lines [33]. Other primary antibodies were mouse
anti-erbB1 (clone 13, BD Bioscience, 1:20, 12.5 ug/ml working
concentration); mouse anti-Pax7 (Developmental Studies
Hybridoma Bank, 1:10); rabbit anti-MyoD (sc-760, Santa
Cruz, 1:80); mouse anti-MyoD1 (clone 5.8A, DakoCytoma-
tion, 1:80); mouse anti-myogenin (clone F5D, Developmental
Studies Hybridoma Bank, 1:80); rabbit anti-NRDc (gift of
Annik Prat, Institut de Recherches Cliniques de Montreal,
1:400); rat anti-BrdU (Abcam, 1:500, used as in [10]); rabbit
anti-phospho(Tyr877)-erbB2 and rabbit anti-phospho
(Tyr1248)-erbB2 (Cell Signalling Technology, used together
at 1:50); rabbit anti-phospho(Tyr1173)-erbB1 (ab5652, Abcam,
1:100). Control mouse and rabbit IgG were used in place of
primary antibodies at 10 pg/ml.

Primary antibodies were applied overnight at 4°C and
then visualised by 2 h incubation with Alexa Fluor-con-
jugated secondary antibodies (Molecular Probes, 1:200).
Where indicated, Texas Red-conjugated a-bungarotoxin
(Molecular probes, 1:1000) was mixed with the secondary
antibody.

Immunostaining with antibodies against phosphorylated
erbBs was carried out as above, except all solutions contained
100 mM sodium orthovanadate. For de-phosphorylation
controls, permeabilised myofibres were incubated with 6 U/
ml alkaline phosphatase (Promega) in PBS pHS8, without
orthovanadate, for 2 h at 37°C before proceeding with serum
blocking and primary antibodies.

Myofibres were mounted in Faramount (DakoCytomation)
containing either 100 ng/ml 1,4-diazobicyclo[2,2,2]octane
(DAPI) or 10 pg/ml propidium iodide. Conventional epifluor-
escence microscopy was performed with a Zeiss Axiophot
microscope. Images were captured with.a CCD-1300-Y camera
(Princeton Instruments) and processed with Metamorph soft-
ware (4.5r5 Universal Imaging). Confocal microscopy was
performed with a Leica TCS-NT confocal microscope, using a
Leica PL APO 100x/1.40-0.70 oil-immersion objective. Optical
sections were recorded in 0.4 pm increments using sequential
capture of double immunostains:

Caspase assay

Cultured myofibres were fixed in 4% PAF for 5 min and
permeabilised for 10 min with 0.1% CHAPS and 2 mM EDTA
in Ca”*/Mg”*-free PBS. Myofibres were washed in 2 mM EDTA in
Ca”*/Mg?**-free PBS and then incubated with 0.25 mM fluoro-
genic caspase-8 substrate: rhodamine 110, bis-(N-CBZ-L-iso-
leucyl-L-glutamyl-1-threonyl-L-aspartic acid amide) (Molecular
Probes) in 2 mM EDTA in Ca®*/Mg”*-free PBS for 30 min at 37°C.
Myofibres were washed in 0.025% Tween20 in PBS, mounted
without coverslip in 20% glycerol and viewed immediately on
an epifluorescence microscope using a fluorescein filter set.

Myofibres were subsequently processed for Pax7 or MyoD
immunofluorescence.

TUNEL assay

Cultured myofibres were fixed in 4% PAF for 30 min, washed
in PBS and then processed with TACS TdT fluorescein
according to the manufacturer’s protocols (R&D Systems).
Stained myofibres were subsequently processed for Pax7
immunofluorescence.

Cell counting and statistics

The numbers of immunopositive cells' per myofibre were
counted by varying the focal plane at each point along the
myofibre and are shown as the mean value +SEM. Statistical
differences between pairs-of samples were assessed by
unpaired 2-tailed Student’s t-test. Statistical differences
between multiple samples were assessed by Kruskal-Wallis
non-parametric ANOVA with Dunn’s post-test (GraphPad
InStat 3.0a software).

Results
Localisation of erbB receptors in uninjured skeletal muscle

In sections of C57Bl/10 TA muscles, strong erbB1 immunor-
eactivity was observed at the neuromuscular junction (NMJ, Fig.
1A), identified by co-staining with «-bungarotoxin (Fig. 1A’).
ErbB1 was also present generally on the surface of muscle
fibres, connective tissue and capillaries (arrowhead and
arrow, respectively in Fig. 1A). In agreement with previous
studies [25,26] erbB2, erbB3 and erbB4 receptors were detected
at the NMJ (Figs. 1B-D’). ErbB2 and erbB3 were additionally
present on vasculature and connective tissues (Figs. 1B, C), in
agreement with a previous study in rat [41]. Only erbB4 was
present exclusively at NMJs (Fig. 1D’). NRDc was also localised
predominantly to the NMJ (Fig. 1E’). However, towards the
centre of the NMJ, NRDc immunostaining extended deep to
the myofibre by an estimated 3-4 pm (arrowhead in Fig. 1E’).
In addition, a subset of muscle fibres exhibited uniform NRDc
immunoreactivity (asterisks in Fig. 1E), perhaps indicating
differential expression in particular fibre types. In order to
determine whether quiescent satellite cells expressed any
erbB receptors, we used cryosections of EDL muscles from the
Myf5°La¢2+ transgenic mouse, in which p-galactosidase is
expressed by quiescent satellite cells [42]. Staining with X-gal
identified satellite cell nuclei (blue dye reaction product
marked with arrowheads in Figs. 1H-N). Co-immunofluores-
cence staining revealed that none of the receptors were de-
tectable on quiescent satellite cells (Figs. 1H’-L’). DAPI
staining confirmed the location of satellite cell nuclei,
although DAPI fluorescence is masked where the X-gal reac-
tion product is particularly intense at the thickest, central
region of the nucleus (merged antibody/DAPI shown in Figs.
1H"-L"). Importantly, DAPI can still be detected in a ring at
the periphery of the nucleus. Thus, X-gal does not mask any
fluorescence from the satellite cell cytoplasm or cell surface,
where erbB receptors would be located.
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Fig. 1 - ErbB receptor distribution on undamaged panel muscles. (A-G’) C57Bl/10 TA muscle transverse sections were dual
stained with receptor-specific antibodies (green in merged images) and a-bungarotoxin to label the NMJ (BTX, red in merged
images). Host species of primary antibody is denoted by mouse (m) or rabbit (r) in parenthesis after the antibody name. ErbB1 is
present on myofibre surfaces (arrowhead in panel A) and on interstitial tissues and capillaries (arrow in A). (E, E’) NRDc is
occasionally present deep to the NMJ (arrowhead in panel E’) and identifies a subset of myofibres (asterisks in E). (H-N")
Myf5"12“Z* TA muscle transverse sections, triple labelled with (H-N) X-gal to identify Myf5+ satellite cell nuclei; (H'-L’)
receptor-specific antibodies; and (H”-N") merged antibody and DAPI nuclear stain images. Satellite cell nuclei are marked with
an arrowhead in each series of images. (F, M’) Ctrl(m) and (G, N’) Ctrl(r) are, respectively, mouse and rabbit IgG controls
photographed under identical conditions. Scale bars are 50 pm. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Localisation of erbB receptors during activation of satellite cells

Isolated EDL myofibre preparations, free of connective tissue,
capillaries and other non-muscle cells were maintained in
10% serum-containing medium for between 6 and 48 h.
During this period, the satellite cells associated with each
myofibre become activated (by the criterion of MyoD expres-
sion) and at around 24 h enter into vigorous cell division with
a resultant rapid amplification of their myogenic progeny
[4,42].

During the earliest stages of activation from quiescence
(within the first 6 h), neither MyoD immunoreactivity nor Myf5
expression accurately identify all satellite cells [4,42]. There-
fore, to investigate erbB receptor distribution on satellite cells
at 6 h in vitro (T6), we used EDL myofibres isolated from the
MLC-3F*2¢? transgenic mouse, in which p-galactosidase is
expressed exclusively by differentiated myonuclei. This

approach allows the identification of all of the associated
satellite cells, as they do not express the transgene and
therefore fail to stain with X-gal [42] (Figs. 2A-G”. Note that in
those cells expressing p-galactosidase the intensely coloured
X-gal reaction product masks the underlying DAPI nuclear
fluorescence.) Typically, about 8 satellite cells are associated
with each EDL myofibre [4]. At T6, erbB1 was detectableon 1.8+
0.4 satellite cells per myofibre; about one quarter of the satellite
cell population (23/92 of the X-gal-negative cells on 13 fibres +
SEM, Figs. 2A-A"). ErbB2 was detectable on all satellite cells,
with 4.4+0.5 satellite cells per myofibre (about half the
population) being strongly immunofluorescent (84/165 of the
X-gal-negative cells on 19 fibres +SEM; strongly erbB2 immu-
nofluorescent cell arrowed; Fig. 2B”). ErbB3 was only weakly
detected and was present on 1.4+0.4 satellite cells per
myofibre; about 15% of the population (20/132 of the X-gal-
negative cells on 14 fibres +SEM, Fig. 2C). By contrast, erbB4
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from quiescence, Exp. Cell Res. (2006), doi:10.1016/j.yexcr.2006.10.019

298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314


http://dx.doi.org/10.1016/j.yexcr.2006.10.019

315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330

EXPERIMENTAL CELL RESEARCH XX (2006) XXX-XXX 5

T6

T24

Antibody+Xgal DAPI

B3(m) B2(r) B1(m)

B4(r)

=
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=
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=
=]
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Antibody

+MyoD Merge

Fig. 2 - Following injury, erbB receptors become localised to activating satellite cells. Isolated EDL myofibres immunostained
with receptor-specific antibodies (green in merged images) and DAPI (blue) following 6 or 24 h in 10% serum-containing medium.
Host species of primary antibody is denoted by mouse (m) or rabbit (r) in parenthesis after the antibody name. (A-G”) 6 h:
MLC-3F""?“% transgenic myofibres, in which myonuclei stain darkly with X-gal. (A-A”) Approximately 25% of satellite cells show
erbB1 immunoreactivity (compare the two arrowed satellite cells). (B-B”) All satellite cells are erbB2 immunopositive, with about
half showing strong immunoreactivity (arrowed in B”). (H-N") 24 h: Myofibres from C57B1/10 mice. MyoD is red in merged
images. (H-H’) ExbB1 immunoreactivity showed variations within the satellite cell population (compare the two cells arrowed in
H). (F, M) Gtrl(m) and (G, N) Ctrl(r) are, respectively, mouse and rabbit IgG controls photographed under identical conditions. Scale
bar is 50 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

(Fig. 2D) and NRDc (Fig. 2E) were not detected (compare with
serum controls in Figs. 2F, G).

After 24 h in vitro, virtually all myofibre-associated satellite
cells can be identified by the expression of MyoD [4]. Thus, for
experiments at 24 h and later we used EDL myofibres isolated
from C57B1/10 mice, dual stained with MyoD and erbB
receptor-specific antibodies.

After 24 h in vitro (T24), erbB1 was detectable on all MyoD+
satellite cells, with intense immunofluorescence observed on
2.9+0.5 satellite cells per myofibre (41/82 MyoD+ cells on 14
fibres + SEM, compare the intensities of the two satellite cells
arrowed in Fig. 2H). All other receptor antibodies demon-
strated a uniformity of robust immunofluorescence labelling
throughout the MyoD+ satellite cell population. Some MyoD-
myonuclei demonstrated weak immunoreactivity with anti-
NRDc at T24 (Fig. 2L). Confocal microscopy of T24 myofibres,

dual stained with individual anti-erbB antibodies and the
nuclear marker propidium iodide, confirmed the surface/
cytoplasmic location of erbB1-4 (Figs. 3A-D). Moreover, both
confocal microscopy (Figs. 3E, F, O) and conventional epifluor-
escence microscopy (Figs. 3G-J, K-N, P-S) revealed co-localisa-
tion of erbB1/erbB2, erbB2/erbB3 and erbB3/erbB4 in activated
satellite cells.

After 48 h in vitro (T48), all myoblasts on isolated mouse
EDL myofibres had become strongly immunoreactive for
erbB1, erbB2, erbB4 and NRDc, while erbB3 was now only
weakly detected (Figs. 4A-E’). After 48 h, myoblasts on isolated
myofibres diversify with respect to MyoD expression: a
minority reduce their levels of MyoD and return to an
undifferentiated quiescent state, while the majority maintain
MyoD and eventually express myogenin as they enter
terminal differentiation [10]. Importantly, we found that the
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ErbB3/ ErbB4/

ErbB1/ ErbB2/

ErbB2|  DAPI| M ErbB2| ErbB3 DAP
ErbB4| ErbB3|  DAPI

347 immunofluorescence intensity of erbB receptor and NRDc noreactivity (in Figs. 4C”, H', I’ myoblasts showing reduced 350
348 staining on satellite cells at T48 was equivalent across the MyoD staining are marked with arrowheads). However, by T72, 351
349 entire population, irrespective of variations in MyoD immu- the immunofluorescence intensity of erbB2 on isolated EDL 352
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T48

Antibody +DAPI Merge

Alss

B3(m) B2(r) B1(m)

B4(r)

Ctri(m) NRD(r)

Ctrl(r)

Antibody +MyoD

J,

Fig. 4 - Isolated EDL myofibres immunostained following (A-1) 48 h or (J]-J') 72 h in 10% serum-containing medium with
receptor-specific antibodies (green in merged images). Host species of primary antibody is denoted by mouse (m) or rabbit (r) in
parenthesis after the antibody name. Arrowheads in (H”, I"and C’) show a subpopulation of myoblasts labelled with receptor
antibodies even when MyoD (red in merged images) is down-regulated. (J-J) 72 h: ErbB2 immunoreactivity in green and
myogenin immunoreactivity in red. (F) Ctrl(m) and (G) Ctrl(r) are, respectively, mouse and rabbit IgG controls photographed
under identical conditions. Scale bar is 50 pm. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

myofibres did exhibit variation within the myoblast popula-
tion (Fig. 4J), being more intense on cells that had committed
to differentiation and were co-expressing myogenin (Fig. 4J').

Not all satellite cells have active erbB receptors

To begin to address what functions erbB receptors might play
during satellite cell activation, we first determined if the
receptors are functional. ErbB ligand growth factors are
present in normal serum [43-45] and should therefore be
freely available in our culture medium. EDL myofibre prepara-
tions were maintained in vitro for 24 h and then immunos-
tained with antibodies specific to phosphorylated (active)

forms of erbBl and erbB2. On average, 4.5+1.1 cells per
myofibre (n=11 fibres) were immunopositive for phosphory-
lated erbB1 (Figs. 5A, B) and 2.7 +0.5 cells per fibre (n=10 fibres)
were immunopositive for phosphorylated erbB2 (Figs. 5E, F).
The average number of satellite cells on each of these
myofibres was determined to be 6.8+0.5 by subsequent Pax7
immunostaining (not shown). As expected, when T24 cultured
myofibres were treated with alkaline phosphatase, prior to
immunostaining with anti-phosphorylated erbBs, no immu-
nopositive cells were detected (erbB1 control, Figs. 5C, D; erbB2
control, Figs. 5G, H), confirming that these antibodies recog-
nise only the phosphorylated forms of the receptors. Because
erbBl and erbB2 receptors are exclusively detected on all

Fig. 3 - (A-D) Confocal images of C57Bl/10 isolated EDL myofibres after 24 h in 10% serum containing medium, immunostained
with erbB receptor-specific antibodies (green channel) and propidium iodide nuclear marker (PI, red channel). (E, F, O)
Co-expression of erbB receptors on satellite cells at T24. Each confocal image is a field 100 pm x 100 pm square. The z-axis
depth of each confocal image in marked in the bottom right corner. (G-N, P-S) Corresponding epifluorescence images of double
immunostained myofibres, plus DAPI nuclear stain. Scale bars in epifluorescence images are 50 pm.
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Fig. 5 - (A-H) EDL isolated myofibres cultured for 24 h and
immunostained with antibodies specific to (A-D)
phosphorylated erbB1 and (E-H) phosphorylated erbB2. (C, D,
G, H) Myofibres pre-treated with alkaline phosphatase
confirmed the specificity of the antibodies for the
phosphorylated forms of the receptors. (I-T) Sequential
immunostaining with the anti-phospho antibodies identified
cells that contained a mixture of phosphorylated erbB1 and
phosphorylated erbB2 (I-K and 0-Q), but also cells that had
exclusively either (M) phosphorylated erbB1 or (S)
phosphorylated erbB2. DAPI counterstaining (blue) identifies
cell nuclei. "=phosphorylated. Scale bar is 50 pm. (For
interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

satellite cells by T24 (Fig. 2), this implies that at any one time
only about 66% of satellite cells are stimulated via erbB1 and
39% via erbB2 signalling pathways. No pattern was detected in
the distribution. of these “stimulated” satellite cells along
myofibres. In order to help determine whether erbB1 and
erbB2 are active in the same cells, we sequentially immunos-
tained T24 myofibres with anti-phospho erbB1 then Alexa 488
secondary antibody, followed by anti-phospho erbB2 then
Alexa 594 secondary antibody. Some T24 myofibres were
stained in the opposite sequence, i.e., anti-phospho erbB2 was
applied first (Figs. 5I-T). We found that 12.9% of labelled cells
(4/31 cells on 9 myofibres) labelled exclusively with anti-
phospho erbB1 when this was the final layer (compare Figs. 5L
and M), while 3.2% of labelled cells (2/63 cells on 16 myofibres)
were exclusively anti-phospho erbB2 immunopositive when
this was the final layer (compare Figs. 5R and S). Thus, the

remaining 83.9% of anti-phospho erbB immunostained cells
contain both erbB1 and erbB2 in their phosphorylated forms,
corresponding to about three cells per fibre in this experiment.

ErbB ligand growth factors prevent early myoblast cell death

To investigate the consequences of erbB ligand withdrawal,
EDL-isolated myofibre preparations were maintained in 10%
serum-containing medium for 24 h, to allow up-regulation of
erbB receptors on the satellite cells. At this point, the
preparations were separated into different culture conditions
for a further 24 h (between T24 and T48). Some continued to be
maintained in 10% serum medium, while others were washed
in DMEM and transferred into serum-free DMEM and supple-
mented with either: nothing, 1 nM EGF (erbB1 ligand), 1 nM HB-
EGF (erbB1,4 and NRDc ligand), 1 nM neuregulin (NRG) (erbB3,4
ligand) or a 1-nM mixture of all three erbB ligand growth
factors. Immunostaining confirmed thatall erbB receptors and
NRDc were still present on myoblasts in preparations deprived
of serum between T24 and T48, although the immunofluores-
cence intensity for erbB1 was reduced (not shown).

As expected, there was a significant difference (P<0.001)
between thenumbers of Pax7+ cells per fibre when comparing
serum-maintained with unsupplemented serum-free condi-
tions (compare Figs. 6A and D). Importantly, however, this
was_ not simply attributable to differences in proliferation,
since the numbers of Pax7+ cells associated with serum-de-
prived myofibres was significantly below (P<0.01) their star-
ting value on TO myofibres (Fig. 6G). Supplementation with
1 nM NRG or 1 nM EGF alone similarly resulted in a significant
loss of Pax7+ cells compared to TO (P<0.01 and P<0.001, res-
pectively; Fig. 6G). By contrast, supplementing serum-free
medium with 1 nM HB-EGF or a 1-nM mixture of all three
growth factors prevented the loss of Pax7+ cells compared
with TO (Fig. 6G).

A similar trend was seen with MyoD immunoreactivity.
Thus, serum-deprived myofibres were associated with sig-
nificantly fewer MyoD+ cells than serum-maintained controls
(P<0.001; compare Figs. 6B and E). Supplementing serum-free
cultures with a 1-nM mixture of growth factors resulted in a
significant increase in the number of MyoD+ cells per fibre
compared to serum-free controls (P<0.001; Fig. 6G). However,
serum-free cultures supplemented with 1 nM NRG or 1 nM EGF
had significantly fewer MyoD+ cells per myofibre than
cultures supplemented with the growth factor mixture
(P<0.001 and P<0.01, respectively, in Fig. 6G). The number of
MyoD+ cells per fibre was statistically indistinguishable
between growth factor mixture-supplemented and HB-EGF-
supplemented myofibres (Fig. 6G). Although the growth factor
mixture increased the number of MyoD+ cells compared to
DMEM, or NRG or EGF, it was not as efficient as 10% serum in
generating large numbers of MyoD+ cells (P<0.05; Fig. 6G).

To assess the role of erbB3 activity in promoting satellite cell
survival, a function-blocking concentration of anti-erbB3 anti-
body (10 ng/ml [46]) was added to serum-maintained myofibre
cultures between T24 and T48. Anti-erbB3 had no effect on the
numbers of Caspase8+ cells per myofibre (control: 4.25+0.7,
n=12 myofibres; anti-erbB3: 4.29+0.6, n=14 myofibres) but
did significantly (P=0.013) reduce the number of MyoD+ cells
per myofibre from 14.1+1.0 (n=15 myofibres) to 10.0+1.2
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Fig. 6 — ErbB ligand growth factors protect myoblasts from apoptosis. (A-F) Myofibres were maintained in the absence of serum
between T24 and T48 and stained for Pax7 (red), MyoD (green) and DAPI (blue). Some cells are returning to quiescence
(Pax7+/MyoD- cell identified with arrowhead) and others are differentiating (Pax7-/MyoD+ cell identified with arrow). (G)
Comparisons of the mean numbers of Pax7+ and MyoD+ cells per myofibre, on myofibres maintained either in serum, or in
serum-free conditions (with or without individual growth factors or a mixture of growth factors). TO Pax7 indicates the mean
number of Pax7+ cells on TO myofibres. (H, I) Expression of myogenin (red) and MyoD (green) in serum-containing and in
serum-free conditions. The fluorescence channels corresponding to the boxed regions in the merged images are shown as
separate insets. (J) Many cells activated caspase-8 in serum-free conditions (arrows). (L) Caspase-8 activation was substantially
prevented by the mixture of growth factors (arrows), quantified in panel P. (M-O) corresponding phase contrast images.
(Q-S) The majority of apoptotic cells were MyoD+ (arrowheads in merged image S). A rare caspase8+/MyoD- exception is
arrowed in panel S (inset). DAPI counterstaining (blue) identifies cell nuclei. Scale bar is 100 pm for panels J-O. For all other
images, this bar is 50 pm. Statistical analyses: *P<0.05, **P<0.01, ***P<0.001, ns=not significant. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

(n=18 myofibres). Any effects of anti-erbB3 on cell proliferation cannot account for the lower numbers of MyoD+ cells upon
were not assessed. serum withdrawal. Differentiation was apparent in the pre-

As myoblasts withdraw from the cell cycle as a prelude to parations maintained from T24 to T48 in serum-free condi-
terminal differentiation, they begin to express myogenin and tions, since 94.4% (51/54) of MyoD+ cells co-expressed
subsequently down-regulate MyoD. However, differentiation myogenin (Fig. 6H). In contrast, no myogenin+ cells (0/162)
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were present on myofibres maintained in 10% serum (Fig. 6I).
Growth factor supplementation had no effect on the propor-
tion of differentiating cells compared to serum-deprived
myofibres (1 nM EGF: 92.1% (82 myogenin+/89 MyoD+); 1 nM
HB-EGF: 89.8% (53/59); 1 nM NRG: 95.7% (44/46); or a 1-nM
growth factor mixture: 97.2% (69/71)). Crucially, no MyoD-/
myogenin+ cells were detected on serum-deprived myofibres.
This is important because it shows that upon serum depriva-
tion, all the differentiating myogenin+ cells continue to
express MyoD. Therefore, the observed reduction in the
number of MyoD+ cells must indeed represent a true absence
of these cells and not simply a differentiation-induced change
of phenotype. An alternative explanation for the loss of
MyoD+ cells might be that serum-deprived myoblasts return
to their Pax7+/MyoD-quiescent state. However, since the
number of Pax7+ cells is also reduced, to significantly less
than the TO value, a return to quiescence can be discounted.

To determine whether apoptotic cell death might account
for the loss of MyoD+ cells upon serum deprivation, we
assayed myofibre preparations for the activation of caspase-8.
Caspase-8 was chosen because it is activated very early during
apoptosis, being a critical initiator of the death receptor
pathway [47], but additionally regulating the mitochondrial
pathway by promoting the activation of Bax and Bak [48].
Furthermore, caspase-8 is activated by singlet oxygen ROS,
upstream of caspase-3 activation [49]. In the absence of serum
between T24 and T48, six-fold more cells on myofibres
activated caspase-8 than in serum-containing control condi-
tions (compare Figs. 6], M with Figs. 6K, N; quantified in Fig.
6P). The majority of apoptosing caspase-8+ cells on T24-T48
serum-deprived myofibres were also MyoD+ (73.7%, 14/19
cells; Fig. 6S). Conversely, and in agreement with the Pax7/
MyoD immunoreactivity data of Fig. 6G, serum-deprived
myofibre preparations supplemented with a 1-nM mixture of
growth factors demonstrated significantly less caspase-8
activation than serum-deprived controls (P<0.05; Figs. 6L, O,
P). Serum-deprived preparations supplemented with 1 nM EGF
or 1 nM HB-EGF, but not 1 nM NRG alone, also demonstrated
reduced caspase-8 activation (Fig. 6P). Although it is clear that
apoptosis is initiated in MyoD+ myoblasts in response to
serum deprivation (Figs. 6]-S), because caspase-8 activity was
only assayed at T48, we cannot formally conclude that
apoptosis is the only mechanism by which myoblasts are
lost during the T24-T48 period of serum deprivation.

Taken together, these data suggest that a mixture of erbB1/
erbB4 ligands (EGF and HB-EGF) but not an erbB3/erbB4 ligand
(NRG) act to protect activated satellite cells and their myoblast
progeny from cell death.

Inhibition of erbB2 signalling promotes myoblast apoptosis

ErbB1 is the common receptor bound by EGF and HB-EGF,
although subsequent signal transduction can occur either via
erbB1 homodimers or via erbB1/erbB2 heterodimers [50,51]. To
determine whether inhibition of either erbB1 or erbB2 signal-
ling leads to satellite cell or myoblast apoptosis, we examined
caspase-8 activity in myofibre preparations cultured for 6 h,
24 h or 48 h in 10% serum-containing medium supplemented
with highly specific inhibitors of erbBl or erbB2 tyrosine
phosphorylation: AG1478 and AG825, respectively [37] (Figs.

7A-N). By T24, approximately two times more cells exhibited
caspase-8 activity in the presence of AG825 (Figs. 7E, M)
compared to either AG1478 (Fig. 7G, M) or unsupplemented
controls (Figs. 7H, M). These preparations were subsequently
immunostained, revealing that it was predominantly Pax7+
satellite cells that were undergoing apoptosis (arrowheads in
Figs. 7B/, F/, J'). Although AG825-induced caspase-8 activation
peaked at T24 (Fig. 7M), it took a further 24 h for this initiation
of cell death to be reflected in a significant depletion of Pax7+
cells on AG825-treated myofibres (Fig. 7N). Thus, AG825
resulted on average in a loss of one Pax7+ cell per fibre
(~15% of the satellite cell population) by T24, and four Pax7+
cells per fibre by T48, compared to unsupplemented controls
(Fig. 7N). The erbB inhibitors did not affect satellite cell
activation or cell cycle progression. Thus, in separate experi-
ments, Pax7+ satellite cells activated MyoD as normal in the
presence of AG825 (T0-T24 AG825: 189 Pax7+/184 MyoD+,
n=26 fibres. TO-T24 control: 284Pax7+/277 MyoD+, n=30
fibres); while 95 of 96 Pax7+ cells incorporated BrdU (from 9
fibres) during 48 h in the continuous presence of AG825
plus BrdU.

The loss of Pax7+ cells in the presence of AG825 appeared
modest, although consistent with the values obtained from
the serum-free growth factor supplementation experiments
(Fig. 6G). To better model the oxidative stresses that myofibres
are subjected to immediately following damage in vivo, we
maintained myofibres in 10% serum-containing medium for
6 h to allow erbB receptors to become up-regulated (see Fig. 2),
and then supplemented half of the myofibre preparations
with 100 uM hydrogen peroxide (H,0,), with or without erbB
inhibitors, for a further 18 h until T24. This concentration of
H,0, was chosen because it is high enough to induce a stress
response in myofibres but does not affect their viability [52].
The presence of H,0, in itself did not cause a significant loss of
Pax7+ cells (Fig. 70). Only in cultures co-supplemented with
H,0, and AG825 or AG1478 were there significant losses of
Pax7+ cells (Fig. 70).

TUNEL provides a sensitive indicator of late-stage apopto-
tic cells, after DNA fragmentation has occurred. Consistent
with the caspase-8 results, exposure of myofibres to AG825 in
10% serum-containing medium for 24 h led to an increase in
the proportion of dual TUNEL+/Pax7+ cells per fibre (10.7+
4.4%, n=10 fibres; Figs. 7P-R), compared to unsupplemented
controls (4.6+2.1%, n=18 fibres; Figs. 75-U).

Pro- and anti-apoptotic signals in activating satellite cells

Signal transduction via erbB receptors can activate several
distinct intracellular signalling pathways that include phos-
phatidylinositol 3’ kinase/protein kinase B (PI3-K/Akt), Ras/
mitogen-activated protein kinase (Ras/MAP-K) and phospho-
lipase Cv/protein kinase C (PLCy/PKC) [22,24]. In addition,
erbB2 (via erbBl-erbB2 heterodimers) directly phosphorylates
the transcription factor STAT3 [53]. Each of these erbB signal
transduction pathways has been implicated in opposing
survival and apoptosis decisions within a variety of cell-
types, including muscle [54-57]. Therefore, in order to identify
the pro-and anti-apoptotic signalling pathways operating in
satellite cells during the first 24 h in culture, we examined the
effects of inhibitors specific to these various pathways.
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Fig. 7 - Inhibition of erbB2 function leads to satellite cell and myoblast apoptosis. (A-L’) Mouse isolated EDL myofibres show
similar levels of caspase-8 activation following 6 h or 48 h exposure to AG825, AG1478 or control conditions. (E-H') Following
24 h exposure many more cells demonstrate caspase-8 activation in (E) AG825, than in (G) AG1478, or (H) control conditions. (B’,
F’, J') Double caspase-8/Pax7 immunostaining reveals that satellite cells are the predominant apoptosing cell type at each time
point (double-positive cells marked with arrowheads). (M) Graphical representation of the caspase-8 data, illustrating the peak
of AG825-induced apoptosis at T24. (N) Number of Pax7+ cells per myofibre in the presence of AG825 or AG1478, compared to
control. (O) Between TO and T24, AG825 and AG1478 cause significant losses of Pax7+ satellite cells under conditions of elevated
oxidative stress (supplementation with 100 pM H,0,). (P-U) Double TUNEL/Pax7 immunostaining confirmed satellite cell

apoptosis following 24 h exposure to AG825 (P-R), but not in control conditions (S-U). Statistical analyses: *P<0.05, ***P<0.001.

EDL myofibres, isolated from the same mouse, were
maintained for 24 h in 10% serum-containing medium in the
continuous presence of individual inhibitors, with or without
AG825, and were then assayed for caspase-8 activity, followed
by dual Pax7/MyoD immunostaining. The numbers of immu-
nopositive and caspase-8+ cells were counted on 15-20
myofibres per condition (Fig. 8A). This batch of myofibres
had more satellite cells per fibre and was twice as sensitive to
AG825 than the group used in Figs. 7A-N; with four-fold more
caspase-8+ cells per fibre and an average loss of two Pax7+
satellite cells per fibre following 24 h in AG825, compared with
untreated control myofibres (Fig. 8A).

Inhibition of STAT3 resulted in a similar level of caspase-8
activation to that seen following erbB2 inhibition. However,
despite this high caspase-8 activity, satellite cell numbers
were reduced by on average only one satellite cell per
myofibre. Co-inhibition of STAT3 and erbB2 caused hypercon-
traction of all fibres, precluding further analysis. These data
indicate an anti-apoptotic role for the STAT3 pathway during
satellite cell activation from quiescence (Fig. 8A).

Inhibition of Akt resulted in an average loss of one satellite
cell per fibre, although caspase-8 was not elevated,; suggesting
a slight protective, although not necessarily anti-apoptotic,
role for Akt signalling (Fig. 8A).
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Pax7+ cells per myofibre at T48. Statistical analyses: *P<0.05.

Conversely, inhibition of MEK resulted in a net gain of one
satellite cell per fibre compared with controls. Importantly, all
satellite cells counted following MEK inhibition were well-
isolated singlets, with no evidence of premature cell division
compared with the control preparations. Moreover, co-inhibi-
tion of MEK and erbB2 partially rescued the loss of satellite cells
seen with erbB2 inhibition alone. This would suggest that the
Ras/MEK pathway has a net pro-apoptotic effect during
satellite cell activation, accounting for a background loss of
one satellite cell per fibre by T24 under our relatively benign
10% serum-containing medium culture conditions (Fig. 8A).

Inhibition of JNK or p38 MAP-K pathways had no effect on
satellite cell numbers, even though JNK inhibition caused a
slight increase in caspase-8 activation (Fig. 8A). Inhibition of
PLCy/PKC caused myofibre hypercontraction within 24 h, pre-
venting any analysis of satellite cells under these conditions.

The control number of satellite cells per fibre was main-
tained following competitive inhibition of caspase-8..Dual
caspase-8/erbB2 co-inhibition partially prevented the loss of
satellite cells seen following erbB2 inhibition alone (2.7 +0.4
versus 0.7+0.3 Pax7+ cells per fibre, n=16 fibres), confirming
that satellite cell death following erbB2 inhibition occurs via
caspase-8-mediated apoptosis (Fig. 8A).

Inhibition of MEK pro-apoptotic signals improves myoblast
survival

We found that by inhibiting Ras/MEK-mediated pro-apoptotic
signals in activating satellite cells under our relatively benign
culture conditions, we could protect on average one satellite
cell per myofibre from apoptosis (~15% of the satellite cell
population) (Fig. 8A). We predicted that this modest improve-
ment in satellite cell survival should subsequently be reflected
in a proportionate increase in the number of amplifying
myoblast progeny. To confirm this, EDL myofibre preparations
were maintained in 10% serum-containing medium in the
continuous presence of MEK inhibitor plus BrdU for 24 h,
during the period of satellite cell activation. The myofibres
were then washed and maintained for a further 24 h (until T48)
in 10% serum without BrdU or inhibitor. To disassociate any
effects of proliferation from survival, some preparations were
fixed after the initial 24 h and anti-BrdU immunostaining
confirmed that MEK inhibition did not cause premature entry

into the cell cycle (both control and MEK-treated myofibres
had 1 BrdU+ cell per 10 myofibres). Pax7 immunostaining
revealed that temporary inhibition of MEK between TO and T24
significantly increased (P<0.05) the average number of myo-
blasts per myofibre that survived to T48 (14 cells/fibre,
n=19 fibres), compared to controls (10 cells/fibre, n=20 fibres;
Fig. 8B). From our knowledge of satellite cell proliferation
kinetics in vitro [4], two cell doublings should have occurred by
T48. Thus, the extra four myoblasts per fibre is fully consistent
with the protection of on average one satellite cell per
myofibre during the activation phase.

Discussion

Previous studies have reported that erbB2, erbB3 and erbB4
receptors are expressed by normal adult skeletal muscles
exclusively at the NMJ [25,26], while erbB1l-erbB3 receptors
have been detected on differentiating myoblasts in vitro
[21,31-33]. However, the expression of erbB receptors by
myogenic cells during the intervening period, at the onset of
muscle regeneration, has hitherto not been explored. Here, we
provide the first description that erbB1-4 receptor tyrosine
kinases and NRDc co-receptor become expressed by satellite
cells, the stem cell population of adult skeletal muscle, as they
activate from quiescence. Signals transduced via erbB recep-
tors control a diverse set of cellular functions, from growth,
migration and differentiation, to survival and apoptosis [22].
Within myoblasts, the functions attributed to erbB signalling
include neuregulin/erbB3-mediated promotion of differentia-
tion and fusion [33] and erbB2-dependent survival of differ-
entiating myoblasts [21]. Specifically, erbB2 conditional
knockout mice have been created, in which the muscle
creatine kinase promoter (MCK) drives Cre-mediated excision
of floxed erbB2 exclusively in heart and skeletal muscles [21].
These erbB2-deficient mice exhibit extensive myoblast apop-
tosis during differentiation [21]. However, MCK is not
expressed by undifferentiated satellite cells [58] and only
becomes expressed during myoblast differentiation [21], so
the role of erbB2 during the early stages of muscle regenera-
tion could not be assessed in that model.

Using the isolated myofibre culture system, an in vitro
model of satellite cell activation, we have found that although
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absent during quiescence, erbB receptors can be detected on
satellite cells after 6 h of culture under activating conditions.
This is well before cell division occurs in this model system [10]
and so erbB signalling cannot play a significant role in cell
proliferation or differentiation at this stage. Instead, our results
suggest that signalling via erbB2, and to a lesser extent via
erbB1, provides an anti-apoptotic survival mechanism for
satellite cells undergoing activation; a process that normally
occurs in the context of a damaged, degenerating muscle
environment. Sequential staining experiments indicate that
erbB1 and erbB2 are phosphorylated co-ordinately in >80% of
satellite cells at T24, although this may not necessarily bein the
form of erbB1/erbB2 heterodimers. It is unclear what functions
erbB3 and erbB4 might servein activated satellite cells. Canto et
al. [29,59] show that erbB3 and erbB4 signalling are important
for glucose transport in skeletal muscle, although it is not
known whether satellite cells are involved. We found that
inhibition of erbB3 between T24 and T48 did not promote
caspase-8-mediated apoptosis, although the number of MyoD+
cells was lower than controls, suggesting a possible role in
promoting cell proliferation or a return to quiescence. The role
of erbB4 signalling is not explored directly in this paper. ErbB4
is detectable from T24 onwards on satellite cells and it could be
operatingin the form of erbB4/erbB2 heterodimers. However, it
is clear that NRG, an important erbB4 ligand, is insufficient by
itself to promote satellite cell survival even though it was used
at a concentration (71 ng/ml) that should maximise receptor
stimulation (EDso 0.5-2.0 ng/ml, R&D Systems data sheet).

In serum-free conditions, a mixture of three erbB ligands
(NRG, EGF and HB-EGF) was found to reduce caspase-8
activation in myoblasts and to help preserve myoblast «cell
numbers, although it remains to be proven if this link: is
causal. These erbB ligands were specifically chosen because
they are produced by skeletal muscle [60-62]; and it is
therefore likely that these growth factors would be readily
available to satellite cells following myotrauma. Despite the
likely availability of erbB ligand growth factors, only a
subpopulation of satellite cells were found to be using erbB1
or erbB2 signalling at any one time duringactivation. Thus, by
T24, about 3 satellite cells per myofibre robustly express erbB1
and have the receptor in a phosphorylated state; while all
satellite cells express erbB2 by T24, although only about 2
satellite cells per myofibre have erbB2 in a phosphorylated
state. These values are consistent with our observation that
between TO and T24 about one:satellite cell per myofibre
(~15% of the quiescent population) is protected from apopto-
sis by erbB2 signalling. In the presence of increased oxidative
stress (100 pM H,0,), a closer analogy to in vivo myotrauma
and ischemia-reperfusion injuries [12-14,19,63], an additional
two satellite cells per myofibre (~45% of the population) are
protected from cell death by erbB2 signalling.

In a variety of cell types, ROS stimulates erbB1 phosphory-
lation [64,65], and because erbB1 activation can transactivate
erbB2 [22,66,67], it follows that those satellite cells under the
greatest pro-apoptotic stress should exhibit the highest activity
of erbB1/erbB2. If the anti-apoptotic signals are removed, by
inhibiting erbB2 phosphorylation using AG825, then these cells
become overwhelmed by pro-apoptotic signals and die.

The pro-apoptotic and anti-apoptotic mechanisms that
operate in activating satellite cells are most likely complex

and interactive. Nevertheless, erbB signalling modules are
well placed to be important master regulators of these
signalling networks. Thus, erbB receptor signalling directly
activates Ras/Raf/MAP-K, PI3-K/Akt, PLCy/PKC and STAT
signal transduction pathways. All of these root pathways
can subsequently affect the survival/apoptosis balance of the
cell, although the details are cell-type dependent and some-
times contradictory [54]. Moreover, the apoptotic process can
feed back on erbB signalling, since several caspases cleave
erbB1 and erbB2 [54,68].

Our data indicate an anti-apoptotic role for STAT3 within
activating satellite cells. STAT3 becomes potently activated in
satellite cells within 3 h of myotrauma [69] and induces the
transcription of anti-apoptotic Bcl-2/x and caspase inhibitors
[54], the latter being consistent with our observation of a large
increase in caspase-8 activation following STAT3 inhibition.
Because erbBl-erbB2 heterodimers directly phosphorylate
STAT3 [53], any erbB1/2 signalling is likely to provide a crucial
source of phosphorylated STAT3 to help maintain the viability
of a stressed satellite cell.

Conversely, our data suggest a pro-apoptotic role for MEK
within activating satellite cells. Little is known concerning the
role of MEK in apoptosis, although interestingly one report
demonstrates that inhibition of MEK1,2 prevents apoptosis in
a lung cancer cell line [70]. We find that inhibition of MEK1,2
phosphorylation preserves on average one satellite cell per
myofibre, subsequently resulting in a proportionate increase
in the numbers of proliferating myoblast progeny. Co-inhibi-
tion of MEK and erbB2 prevents the loss of satellite cells
normally seen with erbB2 inhibition alone. The different
outcomes of MEK inhibition and MEK/erbB2 dual-inhibition
would be consistent with a model whereby erbB2 signals act to
prevent apoptosis initiation, while MEK signals promote
apoptosis execution. Although our data suggests direct
intracellular links between erbB1/2 signalling and apoptotic
pathways in satellite cells, we cannot exclude the possibility
that erbB1/2 activation initiates a cascade of extracellular
signalling between satellite cells and the parent myofibre that
then indirectly leads to the initiation of apoptosis within the
satellite cell. For instance, cleavage of erbB2 by caspase-8 in
MCF7 cancer cells results in their increased susceptibility to
the pro-apoptotic inflammatory cytokine TNF-a [68,71], also
expressed within muscle following reperfusion injury [72].

From a therapeutic perspective, our data suggest that
inhibitors of erbB2 activity, such as the anti-cancer drug
Herceptin, may have unforeseen adverse effects on skeletal
muscle regeneration; while promptand acute inhibition of MEK
following muscle damage could protect at least 15% of satellite
cells from cell death, thereby increasing the overall efficiency of
adult skeletal muscle regeneration. These results may also
have relevance both for muscle wasting diseases such as
cachexia [73]; and for muscular dystrophy, characterised by
repeated rounds of muscle degeneration and regeneration.
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