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Mobilisation of mesenchymal cells into blood in
response to skeletal muscle injury

M Ramirez, A Lucia, F Gémez-Gallego, J Esteve-Lanao, A Pérez-Martinez, C Foster, -'s'r
A L Andreu, M A Martin, L Madero, J Arenas, J Garcia-Castro \g‘.lINE

Mesenchymal cells recruited to damaged tissues must
circulate through the bloodstream. The absolute numbers of
circulating mesenchymal stem cells (cMSCs) in two different
models of acute and chronic skeletal muscle injury were
defermined. cMSCs were present in significantly higher
numbers in both models than in healthy controls. These
results support the hypothesis that MSCs are mobilised into
the bloodstream after skeletal muscle tissue damage. These
two models (acute and chronic) would be of value in the
search for molecular mediators of mobilisation of MSCs into
the circulation.

repair of damaged tissues and thus they have a crucial

role in regenerative medicine. Several groups are
developing treatments with MSCs for cardiac, bone, muscle,
cartilage, and inflammatory diseases.' MSCs reside in several
adult tissues such as bone marrow, adipose tissue, cartilage,
and skin.> Under several physiological and pathological
conditions, they migrate towards organs in which they do
not normally reside.” For instance, marrow MSCs have been
shown to migrate to tumours,* infarcted myocardium, and
repair epithelial or neurological abnormalities.”® This requires
that MSCs circulate in the blood to their final destination. We
hypothesised that such mobilisation would be enhanced
under conditions in which tissues are damaged. If so,
circulating MSCs (cMSCs) should be detectable at higher
levels under such conditions.

In this study, we determined the number of cMSCs in two
models of skeletal muscle injury—acute and chronic—and
compared them with those of healthy controls. We studied
the circulation of MSCs in a model of acute muscle damage
after strenuous muscular exercise involving eccentric con-
tractions. We also studied patients with McArdle’s disease
under basal conditions. McArdle’s disease is a rare genetic
metabolic disorder (about one case per 100 000 population)
which causes total deficiency of the skeletal muscle isoform
of glycogen phosphorylase. The disease is characterised by
considerable exercise intolerance, premature fatigue, my-
algia, and cramps during exertion.” ' Severe, chronic skeletal
muscle injury—that is, rhabdomyolysis—even under basal
conditions is one of the main problems associated with this
disease.'” We quantified the magnitude of skeletal muscle
damage by measuring serum creatine kinase activity, a well
established marker of muscle injury."

Mesenchymal stem cells (MSCs) are involved in the

METHODS
Written informed consent was obtained from each subject.
The study was approved by the institutional ethics committee
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and adhered to the principles of the Declaration of Helsinki.
Eleven patients (three women, eight men; mean (SEM) age
34 (2) years (range 25-45)) diagnosed with McArdle’s
disease by both muscle biopsy and molecular genetic
analysis'? were chosen for the study of MSC mobilisation in
the model of chronic skeletal muscle injury. Nineteen healthy
volunteers of comparable age (35 (2) years (range 26-46))
with no basal skeletal muscle damage were used as controls.
Eleven of these control subjects were also studied before and
two hours after running a long distance (21 km) race. This
type of event involves eccentric muscle contractions in large
skeletal muscle mass resulting in an acute, reversible, stage of
rhabdomyolysis."” Thus blood samples obtained after the race
represent an excellent model of acute skeletal muscle injury.

Peripheral blood was collected from all subjects in
vacutainers containing EDTA and clot activator and gel for
serum separation, and divided for biochemical and cellular
studies. Serum total creatine kinase activity was measured in
all samples. The serum was kept at —20°C until analysis with
an automated analyser (Hitachi 911). Reference values for
healthy adults used in our laboratory are 38-190 U/l (men)
and 26-140 U/l (women). To exclude cardiac injury, we
measured the cardiac isoform of troponin I (TnI-c) in all
samples with an Access Beckman immunoassay system. Tnl-
¢ is an isoform of troponin I not found in skeletal muscle
(even during development) that has been shown to have
extremely high specificity for the detection of cardiac
injury.'" " The serum was kept at —20°C until assay with a
highly specific immunoenzymometric assay (Access AccuTnl
assay; Beckman, Fullterton, California, USA).

Our strategy for detecting cMSCs relied on flow cytometry
analysis. There is no single marker that identifies MSCs, and
so it is routinely assumed that they have a fibroblastoid
phenotype in cultures and are non-haematopoietic and
negative for markers such as CD3, CD4, CD8, CD19, CD34,
and CD62L, and positive for markers such as CD13, CD29,
CD90, and CD105." Peripheral blood (100 pl) was stained for
25 minutes at 4°C with the following monoclonal antibodies:
anti-(human CD45-PECy5) (clone J33; Immunotech,
Marseille, France) in combination with anti-(human CD13-
PE) (clone SJ1DI1; Immunotech) and anti-(human CD29-
FITC) (clone K20; Immunotech). As controls of non-specific
staining, cells were labelled with conjugated non-specific
isotype antibodies. Thereafter, red blood cells were lysed by
adding 1 ml lysis solution (Quick Lysis; Vitro, Madrid, Spain)
and incubated at room temperature for at least 10 minutes.
Then 100 pl of blood containing Flow-count fluorospheres
(Beckman-Coulter, Brea, California, USA) was added before
flow cytometer acquisition to enable the determination of the
absolute counts of cMSCs present in the peripheral blood

Abbreviations: ¢MSC, circulating mesenchymal stem cell; MSC,
mesenchymal stem cell; Tnl-c, cardiac isoform of troponin |
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Identification of circulating mesenchymal cells (¢cMSCs) by flow cytometry. Peripheral blood samples were stained with monoclonal

antibodies as described in the text. A gate containing medium-high forward and side scatter non-haematopoietic cells was drawn (R1, leff). cMSCs
were defined as positive for the markers CD29 and CD13, within region R1 (right).

samples. Cells were then analysed by flow cytometry (EPICS
XL-MCL cytometer; Coulter Electronics, Hialeah, Florida,
USA). For each analysis, at least 100 000 cells with
appropriate forward scatter/side scatter ratio were collected.
Fluorospheres were collected in the FL3 channel. cMSCs were
defined as medium-high forward side, medium-high side
scatter, CD45 negative, CD29 positive, and CDI13 positive
events (fig 1).

Statistical analysis was performed using the two sample
Wilcoxon rank sum test (Mann-Whitney two sample
statistic) for comparisons. Results are expressed as mean
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Figure 2 Absolute counts of circulating mesenchymal cells (cMSCs)
under normal conditions (healthy controls and runners before a race) or
under conditions of acute (runners after a race) or chronic (patients with
McArdle’s disease) skeletal muscle damage. The absolute counts of the
cMSCs present in the peripheral blood samples were determined by
following the strategy described in fig 1, with the use of Count
Huorospﬂeres. *p = 0.028; **p = 0.007.
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(SEM). Results were considered significant if p<0.05. The
relation between the number of cMSCs and creatine kinase
activity was determined by calculating the Pearson’s correla-
tion coefficient.

RESULTS

Overall, blood samples showed Tnl-c concentrations far
below those indicative of myocardial injury (2-3 ng/ml).
Except in four subjects after the race (with TnI-c concentra-
tions of 0.1-0.25 ng/ml), the concentration of TnI-c was
consistently well below cut-off limits (0.1 ng/ml) in the rest
of the samples. In particular, Tnl-c was <0.04 ng/ml in all
patients with McArdle’s disease, ruling out any possibility of
myocardial damage.
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Figure 3 Creatine kinase activity in the different groups. *p<0.00005;
"5 = 0.0069.
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Figure 4 Correlation between the absolute count of circulating
mesenchymal cells (cMSCs) and creatine kinase activity.

Patients with McArdle’s disease had significantly more
¢MSCs than healthy controls under basal conditions (fig 2).
On the other hand, the numbers of ¢cMSCs increased above
basal levels in the peripheral blood samples of healthy
athletes obtained in the early (two hours) post-race period
(fig 2).

Creatine kinase activity had increased in runners after the
race, and was significantly higher in patients with McArdle’s
disease than in healthy controls (fig 3). We found a
significant, positive correlation between the number of
¢cMSCs and creatine kinase activity in all samples (R =
0.49; p = 0.006; fig 4).

DISCUSSION

Our results support the hypothesis that both acute and
chronic skeletal muscle injury may be factors that contribute
to mobilisation of MSCs into the circulation. Either of these
two models would be of value in the search for molecular
mediators of MSC mobilisation. These cells appear in the
blood in response to relatively low—for example, runners
after a race—or high—for example, patients with McArdle’s
disease—amounts of skeletal muscle damage, as shown in
fig 4, where the amount of muscle damage is reflected by
creatine kinase activity. Although more research is needed, as
no evidence of heart damage was found, our preliminary
findings suggest that cMSCs may migrate, at least to a certain

What is already known on this topic

® Mesenchymal stem cells are involved in the repair of
damaged tissues (particularly ischaemic myocardium)
and thus they have a crucial role in regenerative medicine

What this study adds

® Mesenchymal stem cells are mobilised into the blood-
stream in response fo acute and chronic skeletal muscle
injury

o Although more research is needed, these cells may
play a role in the repair of damaged skeletal muscle
tissue
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extent, to damaged skeletal muscles in an attempt to
participate in the process of muscle repair. This possibility
is of potential interest for future regenerative treatments
using MSCs in neuromuscular disorders—for example,
McArdle’s disease—associated with chronic muscle wasting.
To date it is generally accepted that a population of myogenic
progenitors termed satellite cells (which are located inside
skeletal muscle, surrounding normal skeletal muscle cells)
are solely in charge of undertaking postnatal development
and repair of skeletal muscle."”

In summary, this is the first report to show evidence of
mobilisation of MSCs into blood after skeletal muscle
damage. Such damage was not associated with damage in
other tissues (particularly the myocardium) in which MSCs
are thought to play a regenerative role. Although more
studies are needed, our report suggests a role for MSCs in
skeletal muscle regeneration. This may open up new
possibilities in regenerative medicine against human dis-
eases associated with chronic muscle breakdown. Beyond
this, the response of MSCs observed here suggests that acute
and chronic skeletal muscle injury may be a valuable model
for studying the factors that regulate the MSC response to
injury.
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