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It has recently been shown that mononuclear cells from murine
skeletal muscle contain the potential to repopulate all major periph-
eral blood lineages in lethally irradiated mice, but the origin of this
activity is unknown. We have fractionated muscle cells on the basis of
hematopoietic markers to show that the active population exclusively
expresses the hematopoietic stem cell antigens Sca-1 and CD45.
Muscle cells obtained from 6- to 8-week-old C57BL/6-CD45.1 mice and
enriched for cells expressing Sca-1 and CD45 were able to generate
hematopoietic but not myogenic colonies in vitro and repopulated
multiple hematopoietic lineages of lethally irradiated C57BL/6-
CD45.2 mice. These data show that muscle-derived hematopoietic
stem cells are likely derived from the hematopoietic system and are
a result not of transdifferentiation of myogenic stem cells but instead
of the presence of substantial numbers of hematopoietic stem cells in
the muscle. Although CD45-negative cells were highly myogenic in
vitro and in vivo, CD45-positive muscle-derived cells displayed only
very limited myogenic activity and only in vivo.

tem cells are defined by their ability to self renew and

differentiate into the cell types of their derivative tissue.
Traditionally, it has been assumed that a stem cell derived from
adult tissues can give rise only to progeny specific to that tissue
type. However, this dogma has been challenged recently by a
series of studies that suggest that adult tissue-derived stem cells
may have the potential to differentiate into disparate cell types.
For example, purified hematopoietic stem cells (HSCs), derived
from whole bone marrow (WBM), have been shown to contrib-
ute to regenerating skeletal muscle (1), cardiac muscle (2), liver
(3), and multiple epithelial tissues (4). In addition, stem cells
from other tissues have also been proposed to differentiate
outside their tissue of origin (5, 6). Although these studies have
provoked new critical thinking about stem cell differentiation
capacity, definitive proof of transdifferentiation remains to be
established at a clonal level.

Two recent studies focused on the ability of muscle-derived
cells to repopulate WBM in lethally irradiated mice. Gussoni et
al. (1) reported that muscle cells fractionated on the basis of their
efflux of Hoechst dye could rescue lethally irradiated recipients.
Similarly, Jackson et al. (7) reported that unfractionated mono-
nuclear muscle cells could repopulate all major blood lineages of
lethally irradiated mice up to 12 weeks after transplant. In
addition, when bone marrow from engrafted animals was trans-
planted into secondary recipients, their peripheral blood was
also repopulated with muscle-derived cells, demonstrating the
important property of self renewal (7).

Satellite cells are a potent myogenic stem cell population that
resides in the muscle and are responsible for postnatal muscle
regeneration and growth (8, 9). We proposed that satellite cells
accounted for muscle-derived hematopoietic activity via trans-
differentiation when introduced into the regenerative environ-
ment of bone marrow after the severe injury of myeloablative
irradiation (7). However, two other models could account for the
activity. Skeletal muscle could contain multiple distinct stem cell
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populations or a primitive precursor capable of generating both
HSCs and satellite cells.

To begin to distinguish between these possibilities, we sought
to further characterize the phenotype of the muscle-derived HSC
(ms-HSC). Gussoni et al. reported that the muscle side popu-
lation (SP) contained ms-HSCs (1). The SP phenotype is a result
of efficient Hoechst dye efflux and has previously been used to
purify HSCs (10). However, this phenotype does not provide
clues of cellular origin. Therefore, we chose to evaluate the
ms-HSCs on the basis of expression of hematopoietically rele-
vant cell surface markers. If ms-HSCs are derived ultimately
from the hematopoietic system, they should express HSC mark-
ers, whereas myogenic stem cells should not.

Murine HSCs have been extensively characterized for the
expression of specific cell surface markers (11-13). Stem cell
antigen-1 (Sca-1) is a marker of murine bone marrow HSCs (14).
CD4S5 is a cell surface tyrosine phosphatase that has been found
in several isoforms on all nucleated cells of hematopoietic origin
including HSCs but not on any nonhematopoietic cells (15).
CD45 is therefore considered to be an exclusive marker of the
hematopoietic lineage. We reasoned that Sca-1 and CD45 could
be used to distinguish between myogenic stem cells and HSCs.
Here we show that the ms-HSCs active both in vitro and in vivo
express CD45 and Sca-1. We also show that CD45-negative cells
contain the bulk of the myogenic activity, and that CD45-positive
cells also display only very limited myogenic potential.

Experimental Procedures

Muscle Isolation. Experiments were performed with a single cell
suspension of muscle-derived cells prepared as previously described
(7, 16) with slight modifications. The gastrocnemius, soleus, and
plantaris were excised from multiple C57BL/6-CD45.1, C57BL/6
ROSA26, or C57/MlacZ 6- to 8-week-old mice. Bones and tendons
were removed, and the muscle tissue was thoroughly minced and
then digested at 37°C with 0.2% collagenase type II-filtered
(Worthington) for 30 min, followed by 0.25% trypsin (GIBCO) for
30 min. The tissue was triturated briefly by using a 10-ml pipette and
then passed through a 70-um filter. Cells were collected by cen-
trifugation, resuspended in 3 ml of Hanks’” balanced salt solution
(HBSS) (GIBCO), overlaid onto a Percoll (Amersham Pharmacia
Pharmacia Biotech) gradient [3 ml of 70% Percoll overlaid with 3
ml of 40% Percoll diluted with 1X phosphate-buffered solution
(GIBCO)], and then immediately centrifuged at 770 X g for 20 min
with the brake off at 25°C. The cells were then removed from the
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Table 1. Summary of hematopoietic reconstitution from enriched muscle-derived cells

Reconstitution*

Average CD45.1 engraftment (%)

Experiment Injected sample No. of cells/recipient 6 weeks Late® 6 weeks Late®

1 Sca-1+ 53,000 2/3 2/3 19 37
Sca-1— 157,000 0/4 0/4 0 0

2 Sca-1+ 298,000 4/4 3/3* 15 6.4
Sca-1— 96,000 0/1 0/1 0 0

3 Sca-1+ 167,000 3/4 2/4 7 4
Sca-1— 123,000 1/5 0/5 2 0

4 CD45+ 164,000 4/4 2/2% 4.5 3
cD45— 72,500 0/2 0/2 0 0

5 CD45+ 200,000 4/4 2/3% 9 1
cD45— 151,000 0/5 0/4* 0 0

6 CD45+ 200,000 4/4 4/4 13 12
CcD45— 196,000 0/4 0/4 0 0

7 CD45+ 246,000 5/5 5/5 18 23
CcD45— 150,000 0/5 0/4* 0 0

*Reconstitution is defined as multilineage contribution greater than

of total animals transplanted.
fLate engraftment ranges from 12 to 24 weeks.
*Animal succumbed to isoflurane toxicity.

40/70% Percoll interface and resuspended in DMEM with 1%
glutamine (vol/vol), 2% FCS (vol/vol), and antibiotics (GIBCO).
Cells were counted by hand by using a hemocytometer; typical
preparations yielded 1 X 10° to 2 X 10° cells/mouse.

Methylcellulose Cultures. Muscle-derived cells were purified as
described above and plated at various concentrations in 3 ml of
Methocult GF m3434 (StemCell Technologies, Vancouver).
Colony number was assessed at day 9 after plating, and colonies
were identified as myeloid via Wright—Giemsa staining (Sigma).

Flow Cytometry and Magnetic Enrichment. Muscle-derived cells
were purified as described above and stained with CD45-
phycoerythrin (30-F11, PharMingen) and Sca-1-biotin (E13-
161.7, PharMingen), followed by streptavidin-allophyocyanin
(APC) (Molecular Probes), c-kit-FITC (2B81, PharMingen), or
CD34-biotin (RAM34, PharMingen), followed by streptavidin-
APC. Flow cytometric analysis was performed by using a two-
laser instrument, FACScan (Beckton Dickinson).

For magnetic enrichment, muscle-derived cells were purified
as described above and stained with either Sca-1-biotin or
CD45-biotin (30-F11, PharMingen) followed by staining with a
1/10 dilution of streptavidin-conjugated microbeads (Miltenyi
Biotec, Auburn, CA). Cells were then suspended to ~12 X 10°
cells/ul in DMEM (1% glutamine, 2% FCS, and antibiotics) and
fractionated into positive and negative populations by using an
LS-positive enrichment column followed by an AS depletion
column (Miltenyi Biotec). Cells were fractionated by using a
VarioMACS magnet (Miltenyi Biotec).

Cells were also fractionated by using fluorescent activated cell
sorting (FACS). Muscle-derived cells were stained with Sca-1-
biotin and CD45-FITC (30-F11 PharMingen), followed by stain-
ing with streptavidin-phycoerythrin (Molecular Probes). Cell
sorting was performed on a triple-laser instrument (MoFlow,
Cytomation, Fort Collins, CO).

Bone Marrow Transplantation. Bone marrow transplantation was
performed as previously described (7). Muscle-derived cells
were purified from 6- to 8-week-old C57BL/6-CD45.1 mice and
fractionated as described above. Cells were suspended at various
concentrations in 250 ul of HBSS (Table 1) and transplanted via
retroorbital injection into 6- to 12-week-old C57BL/6-CD45.2
recipients that had received 11 Gy of irradiation. Recipients also
received 2 X 10° nucleated WBM cells prepared from 6- to
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1%. Values are expressed as number of positive animals/number

12-week-old C57BL/6-CD45.2 animals. Animals were anesthe-
tized during injections by using isoflurane and maintained on
acidified water and autoclaved food.

Peripheral Blood Analysis of Transplant Recipients. Peripheral blood
analysis was performed as previously described (7). At various time
points after transplantation, 150 ul of peripheral blood was col-
lected from the retroorbital plexus of anesthetized transplant
recipients. In control experiments, peripheral blood for controls
was taken from untransplanted mice. Nucleated cells were stained
with anti-CD45.1-biotin (clone A20), rat-IgG2a-FITC (R35-95),
rat-IgG2b-FITC (A95-1), B220-FITC (RA3-6B2), Thy-1-FITC
(30-H12), Gr-1-FITC (RB6-8C5), and Mac-1-FITC (M1/70) (all
from PharMingen). CD45.1-biotin was detected by subsequent
staining with streptavidin-phycoerythrin (Molecular Probes).
Stained blood samples were then analyzed by flow cytometry by
using a two-laser instrument, FACScan (Becton Dickinson).

Muscle Injury Assays. Muscle cells were isolated from C57BL/6
ROSA26 mice, which express B-galactosidase systemically and
constitutively (17), or C57/MlacZ mice, which express p-galacto-
sidase under the control of the myosin light chain 3F promoter (18).
Cells were fractionated on the basis of Sca-1 and CD45 expression
by FACS or magnetic enrichment followed by FACS to achieve high
purity. Fractionated cells were suspended in 20 ul of HBSS at
various concentrations (Table 2) and injected into the tibialis
anterior (TA) muscle of C57BL/6 animals that do not express
B-galactosidase. The TA muscles of the recipient animals were
injected with 20 ul of the cardiotoxin Naja mossambica mossambica
(Sigma) 24 h before injection of fractionated cells. Two to three
weeks after injection, the TA muscles were carefully dissected from
transplanted animals, frozen in 2-methylbutane cooled in liquid
nitrogen, and stored at —80°C. Muscles were cryosectioned at 12
pm by using a cryotome (Shandon, Pittsburgh) and stained over-
night with 5-bromo-4-chloro-3-indolyl B-D-galactoside (X-Gal;
Sigma) at 37°C. Slides were rinsed with water, counterstained with
nuclear fast red (Vector Laboratories), and visualized by using a
Zeiss axioplane 2 epifluorescent microscope (charge-coupled de-
vice; Photometrics, Tucson, AZ). Differential interference contrast
microscopy images were acquired at X40.

Results

In Vitro Hematopoietic Progenitor Activity of Fractionated Muscle-
Derived Cells. Muscle-derived cells were analyzed for expression
of hematopoietic markers, including Sca-1, CD45, c-kit, and
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Table 2. Summary of in vivo muscle regeneration experiments

No. of No. of Engraftment*

Injected injected injected
sample cells X 103 muscles Moderatet  Extensive*
Unsorted 43-100 5 3 2
Sca-1+ 44-84 6 2 1
Sca-1— 80-140 6 0 5
Sca-1+/CD45+ 17-78 9 1 2
Sca-1+/CD45— 3.4-12 9 1 3
C57/mlacZ CD45+ 124 4 3 0

74 2 1 0

40 4 4 0
C57/MlacZ CD45— 74 2 0 2

15 4 2 1
PB 18-195 3 0 0

All experiments were performed with Rosa26-derived muscle cells except
those noted as C57/MlacZ.
*Engraftment is defined as a fiber staining either solid or punctate blue
throughout and identifiable in multiple serial sections of TA muscle.
Moderate engraftment is defined as faint g-galactosidase staining in one to
two blue fibers identified or unorganized aligned blue cells.
*Extensive engraftment is defined as more than three blue fibers identified or
dark blue nuclei clearly incorporated into a regenerating fiber.

CD34, by antibody staining and FACS analysis. Fig. 14 shows
that the muscle-derived cells had a large proportion of Sca-1- and
CD45-positive cells: in this representative analysis, 43% of the
cells were Sca-1+/CD45+. A significant population of Sca-1+/
CD45— cells (5%) appeared to express Sca-1 at a higher level
than the Sca-1+/CD45+ cells. Notably, there was no detectable
expression of either CD34 or c-kit in this freshly prepared
suspension of muscle-derived cells (Fig. 1A4).

To evaluate in vitro hematopoietic progenitor activity, muscle cell
fractions were separated on the basis of Sca-1 and CD45 expression
by using a magnetic cell sorter. Fresh cell preparations initially
contained around 54% Sca-1-expressing cells. Sca-1-magnetic en-
richments typically yielded a Sca-1-positive fraction that was 95%
pure and a Sca-1-negative fraction that was 74% pure (Fig. 4, which
is published as supporting information on the PNAS web site,
www.pnas.org). Cells were plated at various concentrations in
semisolid methycellulose medium supplemented with cytokines
that promote myeloid differentiation. Both the Sca-1-negative and
-positive fractions of muscle-derived cells generated a significant
number of hematopoietic colonies (Fig. 1Ba).

Fresh muscle cell preparations contained an average of around
53% CD45-expressing cells (Fig. 4). After magnetic enrichment, the
CD45-positive fraction was typically 96% pure, whereas the CD45-
negative fraction was 99% pure. Only the CD45-positive fraction
generated hematopoietic colonies (Fig. 1Bb). CD45-negative cell
cultures were composed of a confluent layer of fibroblastic looking
cells with actively twitching myofibers present throughout (Fig.
1Cb). No myofibers were seen in the CD45-positive cultures, but
numerous normal hematopoietic colonies were observed (Fig.
1Ca). Unfractionated muscle also generated substantial numbers of
hematopoietic colonies in vitro, although at a lower frequency than
WBM (Fig. 5, which is published as supporting information on the
PNAS web site). The colonies generated by unfractionated muscle-
derived cells were typical myeloid colonies (Fig. 1 C ¢ and d).

In summary, both the Sca-1-positive and -negative populations
from muscle contained in vitro myeloid progenitor potential. In
contrast, the CD45-positive fraction contains exclusively hema-
topoietic progenitors, whereas the CD45-negative fraction con-
tains myogenic progenitors.

In Vivo Hematopoietic Potential of Fractionated Muscle-Derived Cells.

The in vivo hematopoietic potential of fractionated Sca-1 and CD45
muscle-derived cells was assessed by using a competitive transplan-
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Fig.1. Sca-1-positive and -negative and CD45-positive muscle cells display in
vitro hematopoietic progenitor activity. (A) Freshly isolated muscle-derived
cells were stained with monoclonal antibodies recognizing CD45 and Sca-1
analyzed by flow cytometry. (B) Sca-1-positive and -negative muscle-derived
cells were plated into methylcellulose and assessed for colony number 9 days
after plating (a). CD45-positive and -negative cells were also plated into
methylcellulose and assessed for colony number 9 days after plating (b). (C)
Methylcellulose cultures of CD45-positive cells (a). Cultures of CD45-negative
cells (b). The arrowhead indicates an actively twitching myofiber. Unfraction-
ated muscle-derived colonies were picked, cytospun, and stained with
Wright-Giemsa (c and d).
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Fig. 2. In vivo hematopoietic activity of Sca-1 and CD45-sorted populations of
muscle-derived cells. Muscle was isolated from C57BL/6-CD45.1 mice and mag-
netically enriched for Sca-1 or CD45 expression. Positive and negative populations
were transplanted into lethally irradiated C57BL/6-CD45.2 recipients along with
2 X 105 C57BL/6-CD45.2 WBM cells. PB of recipients was analyzed via FACS for
CD45.1 and hematopoietic lineage markers at the indicated time points after
transplantation. In the representative Sca-1 transplant shown, Thy.1 staining was
not performed at 20 weeks after transplant and therefore does not appear.

tation assay in which the test population was transplanted into
lethally irradiated recipients together with WBM from distinguish-
able mouse strains. The competitor WBM assists rescue of the
irradiated animals and permits semiquantitative analysis of the
hematopoietic activity of the test population relative to the com-
petitor WBM, because the numbers of transplanted cells are
known. The test population and competitor WBM are isolated from
congenic mouse strains with CD45 alleles that differ by a few amino
acids. The relative contribution of the test and competitor popu-
lations to peripheral blood of recipients are distinguished with
monoclonal antibodies specific for the two alleles.

Fractionated muscle-derived cells were isolated from C57BL/6-
CD45.1 mice and transplanted into lethally irradiated C57BL/6-
CD45.2 recipients along with 2 X 10° C57BL/6-CD45.2 WBM
competitor cells. At different time points after transplant, PB of
recipient animals was assayed for muscle-derived reconstitution by
FACS analysis. Animals transplanted with Sca-1-positive cells
showed significant long-term in vivo engraftment (Fig. 2). High
levels of engraftment were maintained up to 24 weeks after
transplant, although there was high interexperiment variability in
overall activity (Table 1). Hematopoietic engraftment was multi-
lineage, as evidenced by the coexpression of several lineage specific
markers with CD45.1: Gr.1 and Mac-1 (myeloid lineage), Thy-1 (T
cells), and B220 (B cells) (Fig. 2). None of the animals transplanted
with Sca-1-negative cells showed any evidence of muscle-derived
hematopoietic engraftment (Table 1 and Fig. 2). Similarly, when
animals were transplanted with either CD45-positive or -negative
muscle-derived cells, only animals receiving CD45-positive cells
showed high-level multilineage engraftment (Table 1 and Fig. 2).
This engraftment was detectable by FACS up to at least 20 weeks
after transplant.

Animals were also transplanted with FACS-sorted Sca-1+/
CD45+ and Sca-1+/CD45— cells in a competitive transplantation
assay. Multiple experiments confirmed our previous findings: only
animals transplanted with Sca-1+/CD45+ cells showed multilin-
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eage long-term engraftment, whereas animals transplanted with
Sca-1+/CD45— cells failed to yield in vivo hematopoietic engraft-
ment (data not shown). Animals transplanted with up to 12 X 10°
PB cells also did not display in vivo hematopoietic engraftment
(data not shown), indicating that the muscle-derived hematopoietic
engraftment is not due to PB contamination.

Close inspection of the contribution of muscle-derived cells to
myeloid, T, and B lineages suggested that myeloid engraftment
may be low relative to the WBM-derived reconstitution, whereas
the lymphoid engraftment correlated with the WBM. Statistical
analysis of animals that had been transplanted with FACS-
purified Sca-1+/CD45+ muscle-derived cells supported this
suspicion (P = 0.01; Fig. 6, which is published as supporting
information on the PNAS web site), but this may be due to the
overall low levels of engraftment.

In Vivo Muscle Regenerative Activity of Fractionated Muscle Cells. We
sought to qualitatively evaluate the in vivo myogenic potential of
the enriched populations of muscle-derived cells. To accomplish
this goal, muscle cells were isolated from C57BL/6-ROSA26
mice that express B-galactosidase systemically and constitutively
(17) and fractionated on the basis of Sca-1 expression via
magnetic enrichment or sorted for Sca-1 and CD45 expression
via FACS. The TA muscle of recipient C57BL/6 mice was
injected with cardiotoxin followed by the test population 24 h
later. Cardiotoxin induces death of differentiated myofibers and
subsequent muscle regeneration. Injured muscle injected with
HBSS and stained with X-Gal did not result in blue staining (Fig.
3A4), indicating the absence of nonspecific X-Gal staining. Un-
sorted muscle-derived cells were able to incorporate readily into
regenerating muscle fibers (Fig. 3B and Table 2). Both Sca-1-
positive (Fig. 3C) and Sca-1-negative (Fig. 3D) populations of
muscle-derived cells were able to incorporate into regenerating
muscle fibers of preinjured animals (see also Table 2). This
incorporation is evidenced by the extensive staining of multiple
whole non-ROSA 26 regenerating muscle fibers (Fig. 3 C and D).

Sca-1+/CD45+ and Sca-1+/CD45— muscle-derived cells were
also injected into regenerating muscle and became incorporated
into regenerating fibers (Fig. 3 E and F; Table 2). Postsort purity
checks reveal that the Sca-1+/CD45+ sorted population was
routinely greater than 99.2% pure with no observed contamination
from the CD45-negative population; the minor contamination
observed is typically derived from the Sca-1—/CD45+ gate. To
verify that CD45-positive muscle-derived cells were functionally
incorporating into regenerating muscle fibers, cells isolated from
C57/MlacZ mice, which express nuclear localized B-galactosidase
under the control of the muscle-specific myosin light chain 3F
promoter (ref. 18; Fig. 3G) were fractionated on the basis of CD45
expression via magnetic enrichment followed by FACS and injected
into cardiotoxin-injured TA muscles of C57BL/6 animals. The
CD45+ population was found by postsort purity check to be greater
than 99.5% pure. Because this transgene is expressed only in muscle
tissue (19), muscle-derived cells will stain with X-Gal only if they
differentiate into muscle. At 2 weeks after cell injection, C57/
MlacZ-derived CD45-positive cells occasionally became incorpo-
rated into differentiated muscle fibers as shown in Fig. 3H (Table
2). CD45-negative cells became incorporated into muscle fibers
with high frequency (Fig. 37; Table 2), as evidenced by aligned blue
nuclei in fibers of regenerating tissue.

A qualitative difference between the nature of the myogenic
engraftment of the CD45-positive and -negative muscle-derived
cells was also observed in multiple experiments: CD45-negative
muscle-derived cells were routinely found to express very high
levels of the transgene, as evidenced by dark blue staining when
exposed to X-Gal, whereas CD45-positive muscle-derived cells
appeared to express lower levels of the transgene, evidenced by
less vivid staining in the presence of X-Gal. Furthermore,
engrafted CD45-negative cells were always observed as clear
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Fig.3. Invivo myogenic potential of muscle-derived cells. Muscle-derived cells were purified from C57BL/6-ROSA26 (B—F) or C57/MlacZ (H, I) mice by flow cytometry
or magnetically followed by flow cytometry. Test populations were injected into the TA muscles of non-ROSA26 animals that had been injected with cardiotoxin 24 h
earlier. The TA muscles were removed from recipients 2-3 weeks later, cryosectioned, and stained with X-Gal for B-galactosidase expression. (Bar = 50 uM.) (A) Injured
muscle injected with HBSS. (B) Muscle injected with unfractionated muscle-derived cells. The large blue tracts are fibers regenerated from Rosa26-derived cells. (C)
Incorporation of Sca-1-positive muscle cells. (D) Incorporation of Sca-1-negative muscle cells. (E) Incorporation of Sca-1+/CD45+ cells. (F) Incorporation of Sca-1+/
CD45— cells. (G) Section of unmanipulated C57/MlacZ muscle. Note the nuclear localization of lacZ at the edges of the fibers shown in cross section. (H) CD45-positive

C57/MlacZ-derived cells injected into regenerating muscle and sectioned longitudinally. (/) CD45-negative C57/MlacZ incorporation.

dark blue aligned nuclei positioned centrally in a regenerated
whole muscle fiber. In contrast, CD45-positive cells were very
rarely observed as nuclei clearly incorporated into a whole
regenerated muscle fiber. Rather, these cells were most often
observed as single cells in an unorganized state, a significant
fraction aligned in single file poised to begin the fusion process.

Because the muscle injury assay used in these experiments
allows only a qualitative assessment of the myogenic potential of
the CD45-positive and -negative populations, it is not possible to
draw quantitative conclusions from these experiments. However,
these data demonstrate that the CD45-positive muscle-derived
cells contain only limited myogenic potential relative to CD45-
negative cells.

Discussion

Muscle-Derived Hematopoietic Cells Express Sca-1 and CD45. We have
shown here that a Sca-1+/CD45+ population is responsible for the
majority of in vivo hematopoietic activity derived from murine
muscle. Sca-1+/CD45+ cells were found to reconstitute the major

McKinney-Freeman et al.

lineages of the peripheral blood when transplanted into lethally
irradiated recipients, whereas Sca-1+/CD45— cells showed no in
vivo hematopoietic activity. The muscle-derived reconstitution
could not be accounted for by peripheral blood contamination of
muscle preparations. Interestingly, the Sca-1+/CD45+ muscle
cells do not express c-kit, which has been shown to be expressed by
murine HSCs. Therefore, the phenotype of the ms-HSC does not
seem to correlate perfectly with that of the WBM HSCs, although
it is possible that the enzymatic digestion used to purify the
muscle-derived cells destroys the c-kit epitope. Furthermore, the
hematopoietic enrichment of the CD45+ muscle-derived cells
reported here was significantly lower than previous reports (7). We
believe this discrepancy is due to differences in our isolation
procedure and in the use of a culture period in our previous study.

The muscle-derived cells were also found to generate hema-
topoietic colonies in vitro. Both the Sca-1-positive and -negative
fractions of muscle-derived cells generated myeloid colonies,
although only the Sca-1-positive fraction had in vivo reconsti-
tuting activity. This discrepancy could be due to the presence of
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progenitors in the Sca-1-negative population that are active in
vitro but are unable to sustain hematopoiesis in vivo. Alterna-
tively, the in vitro hematopoietic activity could come from
contaminating Sca-1-positive cells in the preparation, because
cells expressing low levels of Sca-1 could be detected up to 24%.
Hence, it appears that the expression of high levels of Sca-1
correlates with in vivo hematopoietic activity in the muscle, as in
bone marrow (14).

In contrast to Sca-1, CD45 fractionation was able to segregate
the in vitro hematopoietic progenitor potential. CD45-positive
cells yielded myeloid colonies, whereas CD45-negative cells
generated myogenic cells and differentiated myofibers. This
absolute segregation of hematopoietic activity was also observed
in long-term in vivo hematopoietic transplantation experiments.

CD45-Negative Muscle-Derived Cells Contain the Majority of Myo-
genic Activity. Both in vitro and in vivo, CD45-negative cells
generated muscle. Satellite cells are potently myogenic muscle
stem cells outside of the hematopoietic lineage and therefore
would be expected to be CD45-negative. Our high degree of
purity (99%) and myogenic activity suggests that this population
contains the majority of satellite cells.

Surprisingly, CD45-positive cells were also found to display
myogenic potential, although only to a limited degree and only in
vivo. CD45-positive cells derived from Rosa26 transgenic mice
became incorporated into muscle fibers on injection into cardio-
toxin-injured muscle. In a more rigorous test, when highly purified
CD45-positive muscle-derived cells were isolated from C57/MlacZ
mice, which should express lacZ in a muscle-specific manner, and
were injected into preinjured muscle, they were found to up-
regulate the expression of the transgene and very occasionally to
become incorporated into muscle. These data may imply that the
CD45-positive cells have the potential to respond to a myogenic
environment, but that the myogenic program is retarded in these
cells relative to the CD45-negative cells. Ultimately, clonal analysis
will be required to determine whether CD45-positive cells indeed
have myogenic activity.

ms-HSCs Are Ultimately Derived from the Hematopoietic System.
These data have fundamental implications regarding the origin of
muscle-derived HSCs. We have found that the cell population
responsible for the majority of muscle-derived hematopoietic ac-
tivity expresses CD45. This antigen is used as a marker of cells of
hematopoietic origin and has not yet been described on nonhema-
topoietic cells (15), strongly suggesting that ms-HSCs are derived
from the hematopoietic system rather than the adult muscle
progenitor cell population, as originally proposed (1, 7, 20). There-
fore, muscle-derived hematopoietic activity is not due to transdif-
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ferentiation or stem cell “plasticity.” Furthermore, HSCs appear to
share several features of WBM-derived HSCs: ms-HSCs behave as
WBM-derived HSC:s in in vivo transplantation studies, both express
CD45 and Sca-1, and both display limited myogenic activity in vivo
(1). Thus, muscle-derived hematopoiesis likely results from bona
fide HSCs resident in skeletal muscle, which is further supported by
recent transplantation studies (21).

It has previously been reported that the ms-HSC also falls into
the Hoechst SP of muscle cells that efflux the fluorescent dye
Hoechst 33342 (1). A recent study found that Pax7 null mice have
normal numbers of muscle SP cells but lack satellite cells (20),
suggesting that muscle SP and satellite cells are two distinct
populations. These data are also consistent with our finding that
the CD45-positive ms-HSC may be distinct from the satellite cell
and main muscle progenitor cell compartment.

Models of the Origin of ms-HSCs. We propose that the ms-HSCs are
ultimately either derived from or intimately related to the hema-
topoietic system. Thus, ms-HSCs are not the result of stem cell
“plasticity” in the sense that muscle stem cells are not being
reprogrammed to differentiate into a hematopoietic cell. Instead,
ms-HSCs may end up in muscle as a result of specific or nonspecific
homing events at some point during development. We envision
three possibilities: the ms-HSCs could be primitive mesodermal
multipotent stem cells, with the potential to become both blood and
muscle, that have been left behind during development (“develop-
mental leftovers”) and remain there in a state of quiescence in the
adult animal (such multipotential cells or HSCs could be seeding
skeletal muscle from the fetal liver or aorta-gonad-mesonephros
region during development), or ms-HSCs could be seeding adult
skeletal muscle via the circulation after adult bone marrow hema-
topoiesis is established. Future studies will be required to distin-
guish among these possibilities. Regardless of which model of
muscle-derived hematopoiesis is shown to be correct, the fact that
a hematopoietically derived population with HSC-like activity pools
in skeletal muscle is indisputable. Clearly, these cells must occupy
a specific niche within the skeletal muscle. Are they found in
vessels? Do they penetrate to the interstitum? Future experiments
will be required to elucidate the niche of this cell population.
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