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Growth and repair of skeletal muscle are normally mediated by the satellite cells that
surround muscle fibers. In regenerating muscle, however, the number of myogenic
precursors exceeds that of resident satellite cells, implying migration or recruitment of
undifferentiated progenitors from other sources. Transplantation of genetically marked
bone marrow into immunodeficient mice revealed that marrow-derived cells migrate into
areas of induced muscle degeneration, undergo myogenic differentiation, and participate
in the regeneration of the damaged fibers. Genetically modified, marrow-derived myo-
genic progenitors could potentially be used to target therapeutic genes to muscle tissue.
providing an alternative strategy for treatment of muscular dystrophies.

In postnatal life, growth and repair of skele-
tal muscle fibers are mediated by a resident
population of mononuciear myof;enic precur-
sors, rhe satellite cells. These cells, which are
kxated between the sarcolemma and rhe bas-
al lamina oí the muscle fiber, divide ai a slow
rate to sustain both self-renewal and growth
of differentiated tissue (/). In response to
muscle injury, or in individuals wirh chronic
degenerative myopathies, satellite cells di-
vide and iuse to repair or replace the dam-
aged fibers. However, the self-renewal poten-
tial of adult satellite cells is limited, decreases
with age (2), and can be exhausted by a
chronic regenerative process such as that
characteristic of .severe mascular dystrophies,
in which most muscle tissue is eventually lost
and is replaced hy connective tissue (3).

The number of resident satellite cells in
adulr muscle is much smaller than the num-
ber of committed myogenic precursors that
populate the muscle tissue soon after an in-
jury (4). Several explanations for this appar-
ent paradox have been proposed, from mi-
gration of satellite cells (Tom adjacent fibers,
or even neighboring máseles, ro recruitment
to myogene.sis of resident nonmyogenic cells
such as fibroblasts or mesenchymal progeni-
tors (5). Bone marrow (BM) stroma-derived
mesenchymal cells, which serve as long-last-
in.ii precursors for k>ne, cartilage, and lung
parenchyma in mice (6), can differentiate
into contractile myotiihes under certain con-
ditions in vitro (7). However, recruitment to
myogenesis of stroma-derived cells has not
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been observed in vivo (8).
To investigate whether BM cells can con-

vert to myogenesis in response to physiolog-
ical stimuli, we chemically induced muscle
regeneration in the tibialis anterior (TA) of
10 immunodeficient scidlhg mice (9). Un-
fractionated BM cells (10" per muscle) ob-

Fig. 1. Analysis of nucle-
ar lacZ expression in
whole-mouni dissected
fibers (A and B) or cryo-
stal sections (C through
F) of regenerating TA
muscles of sciú/bg mice.
Mice were injected with
unfracttonated (A and C),
adherent (E), or nonad-
herent {F) BM cells, or
with control satellite cells
(B and D), from C57/
MlacZ transgenic mice.
(A and B) Bright field;
scale bars. 50 |xm. (C
through F) Nlomarski op-
tics; scale bars, 10 \i.m.

tained from the C57/MÍÍ1Í:Z cransgenic
mouse line {10), in which a lacZ gene en-
coding a nuclear ß-galactosidase (ß-Gal) is
under the control of the muscle-specific my-
osln light chain 3F promoter (the MLC3F-
nkicZ transgene), were then injected into the
damaged muscles. Expression oi this trans-
gene is restricted to cardiac and skeletal mus-
cle in adult mice (J l ) , although it can be
activated in other cell types on induction of
myogt'nic differcntiatiim {¡2). Satellite cells
were obtained from the same transgenic
mice (¡3) and injected (5 X 10'' cells per
muscle) as a control in the contralateral leg
of all tecipient animals. TA muscles were
examined at various times after injection (5
days to 5 weeks) for the presence of ß-Gal-
positive nuclei (Í4)-

Whole-mount histi^hemical staining of a
TA muscle 2 wcek.s after injection of total
BM (Fig. lA) revealed fibers containing
ß-Gal'' aligned nuclei similar to, although
less numerous thati. thtise i.)bserved in the
contralateral leg injected with satellite cells
(Fig. 1B). Transverse cr>'ostat sections
showed newly formed fibers with ß-Gal'*'
centrally localized nuclei in four out of six

1528 SCIENCE • VOL. 279 • 6 MARCH 1998 • www.sciencemag.org



mice at 2 to 5 weeks after injectiun of BM
cells (Fig. IC). No .staininfi was oKsen'ed in
twd mice analyzed after 5 days and one after
10 days. Conversely, centrally Uxaliied,
ß-GaP nuclei were observed in líll muscles
injected with satellite cells, as early as 5 days
ifter injection (Fig. ID) (15).

In a sfConJ scries nf experiments, BM
horn G^ljMlacZ mice was fractionated in
\ itri) into adherent and nonadht-rent com-
ponents (16). Tliese compiments wete then
separately injected into the regenerating TA
muscles of i 5 scidjbg mice, and the mice wete
iinatrad after 1, 2, and 6 weeks. ß-Gal"^
nuclei were ohserved in six mice injected
with adherent cells and in three injected
with the nonadherent fraction at 2 to 6
weeks after injection (Fi^. 1, E and F). Ac-
rivation of the MLC3F-nIacZ transgene in
BM or blood cells was never observed in a
nonmiiscle environment in vitro or in vivo
(for example, in inflammatory cells elicited
by the intrapetitoneal injection of thiogly-
collare). Thus, a population of cells within
the BM entered a myogenic diffctentiation
pathway when exposed to a regenerating
muscle environment and actively participat-
ed in the formation of new muscle fibers.

To test whether myogenic ptogenitors
could he physiologically recruitetl from BM
and accL's.s ,i site of muscle regeneration from
rhe peripheral circulation, we transplanted
genetically marked BM cells from the C57/
MlacZ line (H-2'') into 12 irtadiated acidfhg
mice (H-2'') (¡7). Five weeks after BM trans-

plantation, muscle regeneration was induced
in hoth TA muscles of nine surviving mice
(IS). All mice were examined 1, 2, and }
weeks aftet induction of muscle damage for
reconstitution of both the immune and non-
imtnune components of the hematopoietic
.system hy analysis of the morphology and
phenotype of BM, spleen, and peripheral
hlood cells. Flow cytomettic analysis of pe-
ripheral blood nucleated cells revealed that
all transplanted animals possessed a circulat-
ing lymphocyte population; such a popula-
tion was virtually absent in scidjbg animals
(Fig. 2A). CD4 and CD8 marker anaiysis
confirmed that mature lymphocytes were
present in a proportion (34.0 ± 2.9 and
15.2 ± 1,9%, respectively) similar to that of
normal donors (Fig. 2B). Analysis of the
H-2'~ (donor) haplotype in the total nucleat-
ed cell population of engrafted icidlbg mice
revealed that al! such cells were donor-de-
tived (Fig. 2C). Virtually complete chimet-
ism (80 to 90%) was also apparent in BM and
spleen cells (J9).

Regeneration was analyzed histochemi-
cally in the TA muscles of all transplanted
mice. Transverse cryostat scctioas showed
regenerating fibers containing ß-Gal •*" nuclei
in five of six reconstituted animals analyzed
at 2 and 5 weeks after induction of muscle
injury (Fig. 3, B thn.)ugh D) (20). Hoechst
nuclear staining .showed that ß-Gar nuclei
were present hoth in immatute centrally nu-
cleated fibers (Fig. 3, B and C) and in mote
mature peripherally nucleated fihets (Fig.

scid/bg scid/bg+ BMT C57/M/acZ

ssc

B

Fig. 2. Flow cytometric
analysis of peripheral
blood nucleated cells
trom a sad/bg mouse 8
weeks after transplanta-
tion with BM from C57/
M/acZ mice {scid/bg +
BMT). (A) Forward (FSC)
and side (SSC) scatter
plots. The gated lym-
phocyte (Ly) and total (T)
cell populations are
shown. (B) Lymphocyte
population stained with
fiuorescein isothiocya-
riate (FITC)-conjugated
antibodies to CD4 (x
axis) and phycoerythrin
(PE)-conjuQated anti-
bodies to CD8 (y axis).
(C) Total cell population
stained with FITC-conju-
gated antibodies to
H-aK'̂ D .̂ Log-scale flu-
orescence is shown on
both axes in (B), and on
the X axis in (C). Analysis
of cells from untrans-
plantad scid/bg mice
and immunocompetent, "

donor CñZ/M/acZ mice ts shown in the left and right pands. respectively. Rel., relative.
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3D), Blue nuclei wete observed in none of
the three mice analy:ed after 1 week, when
TA muscles showed an early regeneration
pattern characterised by matkt-d infilrraticm
of mononuclear cells and a majority of small
newly formed myofihers (Fig. 3A). In tare
instances, ß-Gal' nuclei were apparent in
mononuclear cells infiltrating the areas of
muscle regeneration or in a peripheral pi.wi-
tion within a centrally nucleated tiber (Fig. 3,
E and F).

Our data indicate the existence of BM-
derived myogenic progenitors that can mi-
grate into a degenerating muscle, participate
in the regeneration process, and give rise to
fully differentiated muscle fibets. These cells
appear to be recruited by long-range, possihly
inflammatory, signals otiginnting from the
degenerating tissue, and they appear to access
the damaged muscle from rhe circulation,
together with gtanulocytes and macrophages.
The kinetics of differentiation of BM-detived
progenitors differ from those for differentia-
tion of committed adult myogenic precursors.
Injected satellite cells (used inro muscle fibers
within 5 days, whereas ß-Gal * nuclei of BM
origin wete not detected in regenerating ti-
bers before 2 weeks after induction of muscle
datnage. This observation, together with the
observed clustering of ß-Gal^ nuclei in re-
generated fibers, may suggest rhat BM-de-
rived progenitors undergo a longer, and pos-
sibly mLiltistep, differentiation process, which
may comprise migration, cell division, com-
mitment to the myogenic lineage, and even-
tual terminal maturation and fusion.

The origin of the BM-i.lerived myogenic
cells, as well as their physiological role in the
homeostasis of muscle tissue, are not known.
It is possible that these cells originate from
muitipotent, mesenchymal stem cells in the
BM stroma that have heen shown, by similar
transplantation experiments, to give rise to
bone, cattilage, and connective tissue (6).
Whether or not myogenic cells ate derived
from the same mesenchymal component, our
experiments suggest that the BM ctnild serve
as a reser\'oir of progenitors for muscle tissue,
and that, under conditions of extended dam-
age, these progenitori might expand or
maintain the pool of resident, more differen-
tiated, musele-fotm ing precvirsors.

The existence of circulating myogenic
ptogenitors has implications for cell or
gene therapy for inherited muscle disor-
ders. Efficient delivery to diseased muscles
of genetically modified myoblasts, or even
of viral vectors containing therapeutic
genes, is one of the major hurdles current-
ly limiting both ex vivo and in vivo ap-
proaches (2 / ) . Despite some anecdotal ob-
servations, it is genetally accepted that
satellite cells taken ftom skeletal muscle
cannot colonize muscle tissue if detiverevl
from the circulation (22). The availability
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Fig. 3. Anales ot nucle-
ar/acZ expression in cry-
ostat sections of regen-
erating TA tnüscies from
scid/bg mice transplant-
ed with BM from C57/
M/acZ mice. fVluscles
were analyzed 1 week
(A}. 2 weeks (B). and 3
weeks (C and D) after
cardiotoxin injection. (E)
A mononuclear cell with
nuclear ß-Gat staining
(arrow) 2 weeks after
cardiotoxin injection. (F)
A peripheral ß-Gat ' nu-
cleus (arrow) within a
centrally nucleated re-
generating fiber. Nomar-
ski optics; scale bars,
10 nm. (A) through (D)
and (P) also show
Hceûhst fluorescent nu-
clear staining, revealing
areas of early (central-
ized nuclei) or more ad-
vanced (peripheral nu-
clei) fiber regeneration,

ul il cell population that could be engi-
neered and thtn systcmiciilly delivered to
a larse number of muscles might aid in the
development ot a celUmeJiyred replace-
ment therapy. In our experiments, BM-
derived progenitors contrihtited only min-
imally to muscle regeneration. However,
resident satellite cells are healthy in seid/
bg mice and are unaffected hy the lovv-dosc
radiation administered before BM tran.s-
plantation. The situation mLyht be sub-
stantially different in a dystrophic back-
titound characterized by chronic muscle
degeneration, in which genetically cor-
rected BM-derived celL< could pro ĵressive-
ly replace the exhausted pool of satellite
cells. The therapeutic potential of trans-
planted BM cells awaits further verifica-
tion in such a model.
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