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ABSTRACT
Satellite cells are adult stem cells that contribute to hypertrophy and repair
in muscles. It is hypothesized that in muscular dystrophy, the satellite cells
population is depleted at a very early age, due to repeated muscle damage and
repair. Satellite cell transplantation is a potentially useful therapy for muscle
diseases, but the lack of an efficient delivery system has hindered its application.
The presented work focuses on two specific aims that address the need for more
effective cell delivery methods for cell-based therapy. In Specific Aim 1 enhanced
tissue culture techniques, such as heat stress, are used to increase cell survival in
satellite cell transplantation studies. Also addressed within this specific aim are
methods to label and evaluate performance using real-time PCR techniques.
Although much work remains to enhancing the viability of in vitro expanded
myoblasts derived from satellite cells, a second important hurdle is the systemic
delivery of satellite cells to multiple sites (all muscles, in the case of muscular
dystrophies). In vitro and in vivo experiments are being undertaken to explore the
physiological role of cell signaling systems involved in directed migration and to
determine if these chemokine and growth factors can be manipulated to enhance
efficacy of cell-based therapies involving skeletal muscle satellite cells. Specific
Aim 2 addresses migration of satellite cells to sites of injury and methods to track
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transplanted cells within the host. Presented here is the use of FAST SPECT II
imaging of 111-Indium oxine radiolabeled satellite cells. The long lifetime of 111indium oxine and the ability to quantify label using FAST SPECT imaging
techniques make this technique ideal for in-vivo tracking of transplanted satellite
cells for week long studies. Without in-vivo imaging techniques cell fate studies
require sequential animal sacrifice with histological sectioning. This not only
increases the number of animals used but also adds a significant inter-animal
variability to their assessment. The determination of cell fate after transplantation
will have a major impact on cell therapy for treatment of muscle disease as well as
other stem cell therapies.
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1. INTRODUCTION
First described by Mauro, et al. (Mauro, 1961), satellite cells are quiescent
adult stem cells found in the skeletal muscle between the basement membrane
and the sarcolemma. Satellite cells serve as a source for new nuclei during muscle
fiber formation in growth, hypertrophy (Moss and Leblond, 1971) and repair
(Snow, 1977) in muscles. Once activated by stretch or damage, satellite cells
start to proliferate and then fuse together to form myotubes, which then mature
into myofibers, or fuse with the pre-existing damaged fibers. Activation occurs in
response to hepatocyte growth factor (HGF) (Tatsumi et al., 1998). In the aging
process, this pool of satellite cells not only becomes depleted but also lacks some
of the regenerative capacity as a satellite cell population in a young host (Di
Donna et al., 2000). This depletion of satellite cells is also observed in muscular
dystrophy patients who are in a chronic state of injury due to the lack of
dystrophin protein that links the actin filament to the cell membrane (Blau et al.,
1983).
A defect in the proliferative capacity of satellite cells was found in clonal
analyses of cells cultured from Duchenne muscular dystrophy (DMD) patients and
is shown to have profound effects on postnatal muscle development and results in
the progressive muscle degeneration characteristic of the disease (Blau et al.,
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1983). This decreased proliferative capacity of DMD myoblasts could be
secondary to muscle fiber degeneration and due to the demands upon the muscle
to regenerate muscle fibers (Blau et al., 1983). As found in studies on aged rats,
this altered muscle phenotype is a consequence of the multiple cell divisions
already required in-vivo to replenish damaged muscle fibers and reflection of early
satellite cell senescence (Wakayama et al., 1979).
Potential treatments for muscular dystrophy and other muscle diseases
include the transplantation of autologous satellite cells expanded in cell culture
with or without gene therapy. This treatment cannot be implemented without
addressing significant issues related to cell survival, migration of satellite cells to
site of interest, and immunosuppression required for non-autologous
transplantation. For example, early results suggested that direct intramuscular
(IM) injections of normal myoblasts could lead to dystrophin expression in
dystrophic mdx mice and in humans. However the majority of cells die quickly
after intramuscular injections (Beauchamp et al., 1999). There has been
increased survivability, cell integration and proliferation with transplantation of
intact myofibers with their satellite cells (Collins et al., 2005) or freshly isolated
satellite cells (Montarras et al., 2005), but isolation using this technique is more
tedious and is limited to fewer cells, making these techniques impractical from a
clinical perspective due to the low number of cells delivered.
The presented research addresses two significant gaps in the
transplantation techniques: 1) Increasing cell survival of transplanted satellite
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cells and 2) increasing migration of transplanted satellite cells to sites of interest.
The literature is overwhelmed with discrepancies in what techniques are most
useful for addressing these limitations. In order to demonstrate cell survival and
migration of transplanted cells, new quantification techniques and imaging
modalities are required to distinguish successful treatments from non-viable
options. A systemic disease such as muscular dystrophy requires administration
of cell therapy to the host in a way that addresses all the muscles with individual
injections limiting therapy to sites that are accessible with a syringe. In addition,
it has been shown that freshly isolated satellite cells have a higher survival rate
over cells that have been cultured and passed (Montarras et al., 2005). It is
hypothesized here that the decrease in survivability of cultured satellite cells is
due to inability of the cells to survive the ischemic insult during transplantation
into the hypoxic environment in damaged muscle, and that increased efficacy can
be accomplished by pre-conditioning the cells to this harsh exposure.
Gene therapy can be used to replace or repair a defective gene or
modifying or enhancing cellular performance, employing genes that are not
directly related to the underlying defect (Mendell et al., 2006), thus represents a
promising avenue for treatment for muscular dystrophy. Nevertheless, significant
challenges remain before gene therapy can be used as a plausible approach. In
order to use gene therapy as a treatment for muscular dystrophy and other
muscle-based diseases, transplanted cells need to be expanded in culture and
survive the hypoxic insult when transplanted into a damaged skeletal muscle.
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Multipotency of Satellite Cells
The multipotent nature of satellite cells brought about investigation by
numerous researchers to use satellite cells as a pool for cell-therapy in diseases
associated with other tissue origin as well. It has been shown that cells
expressing myogenic determinant (MyoD) are found in all three germ layers of the
embryo and it might be expected that muscle stem cells could find their way into
many tissues of the body (Goldring et al., 2002). Experiments by Asakura clearly
show that primary myoblasts expressing myogenic markers such as MyoD, Myf5,
Pax7 and desmin, differentiate into osteocytes or adipocytes following treatment
with BMPS and adipogenic inducers, respectively (Asakura A, 2001). The fact
that satellite cells are mesodermal in nature suggests that these findings are a
result of initial cell origin during embyogenesis (Ozernyuk, 2007). These findings
offer exciting options for cell therapies, but developing techniques for cell survival
and cell delivery and understanding cell homing to sites of injury is a critical step
in the implementation of such strategies.

Role of Satellite Cell in Muscle Regeneration
Satellite cells remain in a quiescent state between the plasmalemma and
the basal lamina until activated and upon activation; satellite cells proliferate,
differentiate, and fuse with existing muscle fibers. If there is a depletion of the
satellite cell pool, as in muscular dystrophy and with age, there is impaired
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regeneration often resulting in fibrosis and smaller dysfunctional myofiber
formation. In the aging process, this pool of satellite cells not only becomes
depleted but also lacks some of the regenerative capacity as a satellite cell
population in a young host. This depletion of satellite cells is also observed in
muscular dystrophy patients who are in a chronic state of injury due to the lack of
dystrophin protein that links the actin filament to the cell membrane (Blau et al.,
1983). If cultured satellite cells are introduced into the site of injury, as shown
below in Figure 1-1, the introduced pool of satellite cells contributes to this
regeneration. Ten days post transplantation, satellite cells are localized within the
region of injection, still viable, and contributing to muscle regeneration. These
findings contradict prior reports that cells do not survive in large numbers and
confirms previous studies that suggest a lack of cell migration in transplanted
satellite cells. It is hypothesized here, that this lack of cell migration is attributed
to insufficient chemotactants that lure transplanted satellite cells away from the
injection site. As shown in Figure 1-1, the injection site becomes a site of injury
that has loss of muscle fibers on day 1 and regenerating small myofibers by day
ten. The BrdU labeled cells that are present are contributing to this regeneration,
indicating the possible need for injury to stimulate cell survival and cell migration.
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Figure 1-1. Immunostaining of TA muscle with transplanted BrdU-labeled
satellite cells on day 1 and day 10 post transplantation. Explanted TA muscles
were embedded in OCT tissue freezing medium, cryosectioned and
immunostained for dystrophin (green), BrdU (red), and nuclear DAPI (blue). On
day one, cells are localized around site of injection, as shown in panel [a]. Ten
days post transplantation, satellite cells are localized within the region of
injection, still viable, and contributing to muscle regeneration, as shown in panels
[b] and [c]. The yellow arrows indicate satellite cells that are centrally located
within dystrophin (green) stained newly formed muscle fibers, indicating that they
are contributing to regeneration.
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Muscle Damage and Repair
It is hypothesized that by introducing an injury, cells will not only increase
in survival rate, but also migrate to sites of injury. To study the mechanism of
injury and repair in skeletal muscles injury models that include bupivacaine
injections (Hall-Craggs, 1974), cryofreezing (Pavlath et al., 1998), irradiation
(Gross et al., 1999), and local muscle crushing (Schultz, 1985) have been utilized.
Bupivacaine is a known cytotoxin that causes damage to muscle fibers without
damaging the satellite cell population (Hall-Craggs, 1974). Injections of aqueous
bupivacaine offer the advantage of ease of delivery and immediate muscle damage
followed by muscle regeneration. Bupivicaine was selected as a damage model
due to its ease in injections and minimal invasiveness on the host. The response
to this damage is well characterized and between 24 and 48 hours ischemic injury
triggers a secretion of various factors that include SDF-1(Kucia et al., 2004), and
hepatocyte growth factor (HGF) (Sheehan et al., 2000), monocyte chemotactic
protein-1 (MCP-1) (Tidball, 2005), hypoxia-inducible factor 1alpha (HIF-1α)
(Ceradini et al., 2004), and VEGF (Messina et al., 2007). This regeneration
process continues and by day seven new myotube formation can be seen in the rat
muscle, as shown in Figure 1-2 below.
Bupivacaine is a local anesthetic that causes acute muscle fiber necrosis
and massive cellular infiltration of macrophages, followed by rapid regeneration of
the muscle fiber (Benoit and Belt, 1970). This muscle regeneration follows the
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steps of normal myogenesis (Louboutin et al., 1996). Bupivacaine does not
damage satellite cells (Hall-Craggs, 1980), the vasculature (Grim et al., 1988),
basal lamina, or endomyosial tubes (Hall-Craggs, 1974). The mechanism of
damage in the bupivacaine model, as described by Nonaka et al., is a disruption
to the sarcoplasmic reticular (SR) function mainly by inhibiting Ca2+ uptake
(Nonaka et al., 1983). The elevated Ca2+concentrations in the sarcoplasm, causes
not only myofibrillar hypercontraction but activates calpains, Ca2+ activated
neutral proteases, which are known to cause deterioration of the structural
proteins (Ishiura et al., 1980; Mellgren, 1987). Satellite cells, which are not
effected by the bupivacaine contribute to the rapid regeneration. The fast
recovery also indicates that the vasculature is intact with no significant fibrous
tissue regeneration areas (Grim et al., 1988).
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Figure 1-2. Muscle regeneration timeline in bupivacaine injured rat TA muscles
from day 0 through day 7. Hematoxylin and eosin (H&E) stains of TA muscle
tissue [a] before injury, [b] 24 hours post injury, [c] 48 hours post injury, and [d]
7 days post injury. The scale bar in each panel represents 100 µm. The TA
muscles were injured using injections of 0.75 % Bupivacaine. The response to
damage is well characterized at 24 hours and has been shown to upregulate
numerous genes responsible for regeneration. This regeneration process
continues and by day 7 new myotube formation can be seen in the rat muscle
(blue arrow).
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Satellite Cell Transplantation
Muscle precursor cells from healthy young mice have been observed to fuse
with pre-existing or regenerating mdx muscle fibers to render many of these fibers
dystrophin positive and so to partially or wholly rescue them from their
biochemical defect (Partridge et al., 1989). Because these cells were
mononucleated and dystrophin is not expressed before the formation of
multinucleated myotubes, these results suggest that there is new synthesis of
dystrophin, rather than passive carriage of this protein by injected cells (Partridge
et al., 1989).
Numerous studies have shown the limitations of satellite cell delivery and
survival. Previous attempts to examine satellite cell transplantation as a therapy
for muscular dystrophy and other muscle disease have led to conflicting results.
Partridge et al.(Partridge et al., 1989), summarized four issues that limit satellite
cell transplantation as viable treatment for muscular dystrophy. 1) Determine if
dystrophin will prevent subsequent necrosis, 2) difficulty in isolating large number
of cells, and 3) methods to avoid immune rejection. In addition, Morgan et al.
(Morgan et al., 1993), described a fourth limitation of limited cell migration.
Techniques for treating all major muscle groups, as the migratory power of
isolated satellite cells had been shown to not exceed a few millimeters (Morgan et
al., 1993). These issues continue to plague the application of satellite cell
transplantation for cell-based therapy for muscular dystrophy and were more
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recently outlined again in a review by Peault et al.(Peault et al., 2007). Because
systemic delivery has been limited by the ability of satellite cells to cross the
endothelial barrier, intramuscular (IM) injections is still the only prescribed
procedure to introduce large amounts of exogenous myoblasts into an injured
muscle (Boldrin and Morgan, 2007).

Cell Survival
It has been reported that a high percentage of cells die within the first few
days following transplantation (Peault et al., 2007). It should be noted that
Kinoshita, et al.(Kinoshita et al., 1995), reported an increase in cell survival with
cultures pretreated with basic fibroblast growth factor (bFGF). Results from this
study demonstrate an increase from 5.3% to 8.2% three days after 4 x 10
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cells

are injected IM into the TA muscle. This is certainly better than the 99% die off by
day 5 that Beauchamp and others reported in (Peault et al., 2007), but these
reported survival rates still represent very low survival numbers and are the basis
of problems in the regenerative capacity during these transplants. Also noted was
that the reduced survival is not due to immunological problems since they were
observed following transplantation into nude mice (Beauchamp et al., 1997). In
related experiments, Hill et al. (Hill et al., 2006) reported significant enhancement
of muscle regeneration when myoblasts were seeded onto scaffolds along with
hepatocyte growth factor (HGF) and fibroblast growth factor (FGF). Although
some success has been achieved with growth factor stimulation of myoblast
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engraftment, the use of growth factors can be expensive and may provide limited
expression of other key genes of interest.

Cell Labeling and Quantification
Although there are a variety of techniques proposed for increasing the
survival rate of transplanted satellite cells, the evaluation of cell survival is
problematic. Typically cells are labeled with 5-Bromodeoxyuridine (BrdU), Betagalactosidase (B-gal) or Green Fluorescent Protein (GFP). BrdU is a thymidine
analog that incorporates into DNA of proliferating cells. Beta-galactosidase (Bgal) fusion protein and Green Fluorescent Protein (GFP) labeling of cells, typically
requires insertion of DNA into the cells through plasmid, adenovirus, or lentivirus
vectors or use of cells isolated from constitutively expressing GFP host animal
(Cerletti et al., 2008). Labeling requirements for cell tracking include: long term
stability with high intensity and specificity of the label. Markers such as PKH-26
dyes, dialkycarbocyanine (Dil), BrdU, DAPI, and quantum dots all result in loss of
intensity during cell division and are therefore limited for long term studies. The
LacZ gene which encodes B-galactosidase and the green fluorescent protein (GFP)
can be used to label cultured cells, but require DNA transfer into the cell.
Adenovirus techniques have the highest efficiencies, but can initiate an
inflammatory response and expression of viral proteins can be problematic when
used for long-term in-vivo studies (Muruve, 2004).
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Typically cell survival is evaluated by sectioning tissue from the site of
transplantation and counting the previously labeled cells. To quantify cell
survival, tissue is explanted, sectioned and immunostained if needed. Total
number of counted cells are corrected to account for the number of unlabelled
cells. The cell number can be expressed as a percentage of the total number of
fibers in the cross section (Kinoshita et al., 1995). Cell survival is measured by
counting cell number within serial tissue sections and is normalized by fiber
number or tissue area. This technique is not only laborious but also presents a
sampling issue with respect to number of sections used for quantification.
Techniques such as this are hard to reproduce, require numerous animals for
each time point, and are plagued with sampling issues making this a semi
quantitative technique at best. Other techniques that require the digestion of
whole tissue pieces include: assays for B-gal activity and quantitative real-time
PCR on DNA inserted into the transplanted cells. The B-gal assay is limited by
sensitivity. There is also additional concern that environs of the encoding nucleus
can be translocated to non-encoding nuclei in the same myotubes (Blau and
Hughes, 1990). This phenomena suggests that there are limitations in using Bgal as a marker for studying myogenic lineage for the evaluation of efficacy of
muscle gene therapy particularly when protocols requires long term survival of
hybrid myotubes (Yang et al., 1997).
Alternatively, the amplification process in real-time PCR lends itself to be a
very sensitive detection platform. By using cells isolated from male rats and
transplanting into a female host rat real-time PCR on the Y chromosome can be
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used to quantify cell number (Yasuda et al., 2005). This technique requires no
additional labeling procedures and can be compared directly to standards.
Another approach is to deliver reporter DNA into the transplanted cells by means
of a vector. Vectors that have been used for gene modification of satellite cells
include: plasmids, adenovirus, and lentivirus. Primers specific to the inserted
DNA can be probed and quantified using real-time PCR. Special care in primer
design is required to confirm there is no non-specific binding or overlap with
endogenous DNA that would give a false detection.

Culturing Cells Under Stress
Because survival of transplanted cells is essential to the regenerative
capacity of satellite cell-based therapy, the first aim of this research is to develop
techniques to increase cell survival. It is hypothesized that stressing cells during
culture may turn on pro-survival genes that will promote survival during the
transplantation process. Heat stress (Bouchentouf et al., 2004), hypoxia (Hu et
al., 2008), growth factors (Kinoshita et al., 1995), hypoxia mimics (un-published
lab data) have all been suggested to promote increased gene expression of prosurvival genes.

Typically satellite cells are cultured under ambient, normoxic conditions
(21% O2). When used as a therapeutic tool to repair muscle injury, cells cultured
under these standard conditions must adapt to a low oxygen tension (1% O2) in
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ischemic tissue (Malda et al., 2007). Adaptation to hypoxia includes shifting
energy metabolism to an anaerobic /glycolytic mode and inducing
neovascularization via expression of angiogenic factors (Seagroves et al., 2001;
Semenza, 2000). The response of mammalian cells to hypoxia is primarily
mediated through HIF (Semenza et al., 1994). Schipani et al.(Schipani et al.,
2001) shows that HIF-1α activity is essential for the survival of hypoxic cells in a
vascular tissue, thus they implies that HIF-1α may be critical target for
modulating hypoxic cell survival. Hypoxia inducible factors induce a very
extensive transcriptional cascade that directly or indirectly control the expression
of hundreds of genes in any given cell type and play a key role in enhanced
angiogenesis, erythropoiesis, vascomotor regulation, matrix metabolism, cell
proliferation and cell survival, energy metabolism (Kaelin, 2005; Schofield and
Ratcliffe, 2004; Semenza, 2000).
An alternative method of inducing a hypoxic response in cells is to expose
cultures to CoCl2, a hypoxia mimic. Under hypoxic conditions, HIF-1α is stable
and initiates transcription of angiogenic factors, whereas normoxia triggers
hydroxylation of the HIF-1α subunit by proline hydroxylases (PHDs) and
subsequent degradation. Chemical stabilization of HIF-1α under normoxic (21%
O2) conditions can be accomplished using CoCl2, dimethyloxalylglycine (DMOG),
anon-specific inhibitor of PHDs, or desferrioxamine (DFO), an iron chelator. Iron
binding by 2-histidine-1-carboxylate motif at the catalytic center is relatively labile
and the HIF hydroxylases are readily inhibited by iron chelators, which explains
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the activation of HIF transcriptional activity by such agents (Ratcliffe, 2006).
Specifically, HIF-1α has been shown to activate glycolytic genes and suppress
metabolism through the Krebs cycle, hence stimulating the conversion of glucose
to pyruvate and subsequently to lactate. Glycolytic enzyme genes with HIF-1 sites
include: PFK, aldolase, pyruvate kinase, PGK, enolase, LDH, hexokinase, and
GAPDH (Firth et al., 1994; Semenza et al., 1996). The HIF-1α pathway is
activated at oxygen tensions less than about 40 mmHg (5% O2) (Iyer et al., 1998;
Semenza, 2001). Whereas the PO2 in the atmospheres is about 150 mmHg, the
normal PO2 of most tissues is in the range of 50-70 mmHg (Hochachka et al.,
1999). Therefore small changes in the supply and demand for oxygen can tilt the
balance to promote the activation of the hypoxia dependent genes (Hochachka et
al., 1999).

Heat stress treatment is known to induce several kinds of self protective
proteins, protect cells in vitro (Suzuki et al., 2000), and was shown to increase
cell survival in transplantation of skeletal myoblasts into the heart muscle (Suzuki
et al., 2000). Elevated temperatures can also be utilized to elicit a cellular stress
response in culture. Heat stress proteins are highly conserved and are
constitutively expressed under normal physiological conditions and have been
shown to be essential for the development of thermotolerance (Lindquist and
Craig, 1988). These proteins are elevated when exposed to elevated
temperatures or other forms of cellular stress (Parsell and Lindquist, 1993;
Subjeck and Shyy, 1986; Welch, 1992). From these studies, numerous groups
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have tried to confer protection against either heat stress (Heads et al., 1995),
metabolic stress (Williams et al., 1993), or simulated ischemia (Mestril et al.,
1994)by transfection of various cell types with genes encoding hsp70, but there
may be a more global approach, such as elevated temperatures, to upregulate
these heat shock proteins as well as other genes of interest in skeletal muscle.
Both heat stress and ischemia in mammalian myocardium have been shown to
lead to the elevation of hsp70 and the subsequent tolerance to more severe
ischemic stress (Currie et al., 1988; Yellon and Latchman, 1992).

Cell Migration
The stem-like qualities of satellite cells and their ability to seek out sites of
injury have made them a good option for treating skeletal muscle disease.
Although much work is needed in the area of enhanced viability of in vitroexpanded myoblasts derived from satellite cells, systemic delivery of satellite cells
to multiple sites (all muscles, in the case of muscular dystrophies) is key to
successful implementation of cell therapy.
During free grafting of larger muscles, satellite cells migrate from the
central necrotic area towards the periphery and later, during revascularization,
they migrate back towards the center where they are responsible for myogenesis
(White and Devor, 1993).

This has also been shown in endogenous satellite cell

population with focal crush injury where the satellite cells located several
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millimeters away from a site of injury were stimulated to proliferate and later
migrate towards the site of injury (Schultz, 1985).
Sites of injury release chemokines, such as stromal cell-derived factor 1
(SDF-1) and HGF, that are key factors in this homing of stem cells to the area for
the purpose of regeneration (Ratajczak et al., 2003; Tatsumi et al., 1998). The
SDF-1 chemokine has a unique receptor CXCR4 that is expressed on migratory
cells. Like CXCR4, c-Met is expressed on migratory cells that are targeting HGF
(Bladt et al., 1995).

Only minimal movement of grafted myoblasts has been reported when the
host muscle is not pre-injured (Ito et al., 1998). This may be due to expression of
these cytokines in the site of injection that restricts cells to the sites of myoblast
injection and prevent migration. The transverse migration of primary myoblasts is
limited to 400 - 420 µm from their initial site of injection five days after
transplantation (Torrente et al., 2003). Here, Torrente, et al., noted increased
migration in C2C12 satellite cells and attributes this to an increased expression of
matrix metalloprotease 2 (MMP-2). It is well known that to overcome extracellular
matrix (ECM) barriers advancing cells must secrete proteases such as matrix
metalloproteases or protease activators such as urokinase at their leading edge,
where complex proteolysis can direct migration preserve ECM attachment, and
avoid unwanted tissue damage (Torrente et al., 2003). Matrix metalloproteases
may also activate active luminal or membrane bound cytokines or growth factors
such as HGF or fibroblast growth factors (FGFs), to perturb locally the growth and
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migration of the responding cells (Wilson and Gibson, 1997). This release of
growth factors could not only help in muscle remodeling but aid in the increased
survival of transplanted satellite cells.
Preliminary data acquired using C2C12 cells suggest that the chemokine
SDF-1 and its receptor, CXCR4, as well as HGF and the c-Met receptor could be
involved in targeting satellite cells to damaged muscle (Kucia et al., 2004). Both
in vitro and in vivo experiments are being undertaken to explore the physiological
role of these two signaling systems in directed migration and to determine if these
chemokine and growth factors can be manipulated to enhance efficacy of cellbased therapies involving skeletal muscle satellite cells.

Cell Tracking Techniques
Cell fate and biodistribution is a key challenge in future cell therapy
applications and the ability to track labeled cells in the host is necessary for clear
understanding of cell therapy. Techniques proposed for cell tracking include:
magnetic resonance imaging (MRI) of nanosized superparamagnetic iron oxide
(SPIO) labeled cells (Cahill et al., 2004), radio labeled techniques (Brenner et al.,
2004), and optical imaging of fluorescent or bioluminescent dyes (Lin et al., 2007;
Rosen et al., 2007; Sacco et al., 2008). All these techniques need to be evaluated
based on sites of interest (superficial versus core localization of signal),
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quantification requirements, cell numbers, length of study, and migratory or
scattering of labeled cells (resolution required).
Bioluminescence relies on light emitting from an internal biological source,
does not require external excitation and can be detected using a sensitive charge
coupled device (CCD) camera. Using reporter genes that encode bioluminescence
enzymes, such as firefly luciferase (Contag et al., 1997), can provide long term
detection of transplanted cells. These reporter genes have been used to study
biological processes and disease. Typically reporter genes are integrated into the
genome and thus replicate with each cell division, therefore provide the
opportunity for long-term tracking. Functional information can be acquired by
placing a reporter gene under control of various promoters of satellite cell
differentiation. Markers such as myosin heavy chain (MHC) or myogenin can
provide information related to satellite cell differentiation and regeneration within
the muscle. Although bioluminescence has been used to demonstrate satellite
cell survival (Sacco et al., 2008) migration studies may provide results that are
unquantifiable due to optical absorption by tissues. In this study, the use of
luciferase expressing muscle stem cells (MuSC) was compared with luciferase
expressing myoblasts (satellite cells) during intramuscular transplantation into
muscle. For these studies, elaborate calibration techniques were used to relate
cell number to measured photons cm-2 s-1. Although, Sacco demonstrates
increased luciferase with the MuSC transplanted cells and that the myoblast
population did not persist, these results may be affected by change in luciferase
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expression, not an increase in cell number and are limited to measurement
sensitivity of 1x10

4

cells.

Superparamagnetic iron oxide-based MRI has the advantage of being ironbased and biodegradable versions can be cleared naturally. Ferumoxide is a
clinically available form of iron oxide-based MRI-contrast agent that is used for
enhanced imaging of the liver. Recently ferumoxides have been used to label and
image mesenchymal stem cells (Kraitchman et al., 2005), C2C12 mouse myoblast
cells (Sadek et al., 2008), and mc13 muscle stem cells into mdx mice (Cahill et
al., 2004). These reports all show MRI as a promising technique for imaging
transplanted SPIO labeled cells. An advantage of iron oxide for MR imaging is
that tissue can later be sectioned and stained using prussian blue to validate
results. The disadvantage of this approach is that iron is not an optimal material
for MRI and there is considerable anatomical noise in images making cell
determination difficult. Increasing the size of the particle may increase the
contrast but may result in increased immune system activity and a decrease in
cell motility (Kraitchman et al., 2005). SPIO-based MRI agents are suitable for
labeling human cells with a good safety profile, but they are not necessarily the
optimal material for MR contrast. Increasing the size of the particle can increase
the contrast, but this is not desirable in biological systems and may limit cell
proliferation, differentiation, and motility. Larger particles are often more easily
removed by the immune system (Kraitchman et al., 2005). Also, SPIO agents
used to label rapidly dividing cells can only be monitored for finite period of time,
due to dilution of particles per cell.
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Single photon emission tomography (SPECT) or positron emission
tomography (PET) are both sensitive imaging modalities that are capable of
measuring gamma and beta radio nucleotides respectively. Although PET imaging
is more sensitive, beta radio nucleotide emissions have limited lifetimes and
therefore studies are limited in time. These radioactive imaging modalities are
well suited for tracking and mapping the biodistribution and cell fate of
transplanted satellite cells. Gamma emitting sources include Technetium 99m,
Iodine-123, Iodine-131, and Indium-111. 111-Indium oxine is an oxyquinoline
complex that is clinically used for the radiolabeling of autologous leukocytes to
detect inflammatory sites (Seabold et al., 1997). The 111-Indium forms a
saturated complex with oxyquinoline that is neutral and lipid soluble, which
enables it to penetrate the cell membrane [Amersham Product Sheet]. Within the
cell, the complex becomes firmly attached to the cytoplasmic components and the
liberated oxyquinoline is released by the cell [Amersham Product Sheet]. The
67.2 hour lifetime of 111-Indium oxine allows extended imaging studies to more
than seven days. 111-Indium oxine has already been used to track the systemic
delivery of mesenchymal stem cells to ischemic heart models (Chin et al., 2003).
Radio labeling satellite cells with 111-Indium oxine provides a method to image
migration of satellite cells without sacrificing the animal. This technique allows
minimal use of animals and more information with the use of fewer animals. We
demonstrate the transplantation of 111-Indium oxine labeled satellite cells and
imaging of cell migration to a bupivacaine injured TA muscle.
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Research Plan
The presented research addresses two significant gaps in transplantation
techniques. How to increase cell survival of transplanted satellite cells and
increasing migration of transplanted satellite cells to sites of interest. A systemic
disease such as muscular dystrophy requires administration of cell therapy to the
host in a way that addresses all the muscles with individual injections limiting
therapy to sites that are accessible with a syringe. The primary goal of this
research is to develop techniques for successful transplantation of cultured
satellite cells for muscle regeneration.
Specific Aims 1 is focused on developing techniques that will increase the
transplantation efficacy of cultured satellite cells. Myoblast transplantation of
freshly isolated satellite cells is very efficient, but the number of cells that can be
isolated is very low. Conversely, large numbers of satellite cell-derived myoblasts
can be grown in culture, but the transplantation efficiency is exceedingly low
following expansion in culture, typically around one percent. Therefore,
improvements in transplantation efficiency would not only address challenges in
muscle regeneration but also makes a contribution to enhancing the efficacy of
cell transplantation in general.
Specific Aim 2 addresses challenges with delivery of transplanted satellite
cells in the treatment of systemic and local muscle disease. Specifically the
experiments will focus on local and systemic cell migration to site of injury. As
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discussed previously, sites of injury have been shown to release chemokines, such
as SDF-1 and HGF, that are key factors in homing of stem cells to the area for the
purpose of regeneration (Kucia et al., 2004; Tatsumi et al., 1998). The SDF-1
chemokine has a unique receptor CXCR4 that is expressed on migratory cells.
Like CXCR4, c-met is expressed on migratory cells that are targeting HGF. By
taking advantage of this inherent molecular homing mechanism and up-regulating
migration receptors in transplanted cells through unique tissue culture
techniques, cell targeting can be achieved. The presented research will focus on
the development of a bioassay to study migration of transplanted satellite cells. It
is hypothesized that systemic and locally transplanted satellite cells will migrate
to sites of injury. In order to study the migration of treated and untreated satellite
cells, experimental models need to be developed and validated. Using the
developed migration bioassays, cell migration can be studied for local and
systemically delivered satellite cells.
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2. SPECIFIC AIM 1: Determine tissue culture conditions that are pro-survival for
increased efficacy of satellite cell transplantation

Introduction
Satellite cells are adult stem cells that contribute to hypertrophy and repair
of skeletal muscle. In muscles, satellite cells remain in a quiescent state between
the plasmalemma and the basal lamina until activated. Activation occurs in
response to growth factors such as HGF that are released during stretch and
injury (Tatsumi et al., 2006). Upon activation, satellite cells proliferate,
differentiate, and fuse with existing muscle fibers. In the aging process, this pool
of satellite cells not only becomes depleted but also lacks some of the
regenerative capacity as a satellite cell population in a young host. This depletion
of satellite cells is also observed in muscular dystrophy patients who are in a
chronic state of injury due to the lack of dystrophin protein that links the actin
filament to the cell membrane (Mendell et al., 2006). Suggested treatments for
muscular dystrophy and other muscles diseases include the transplantation of
autologous satellite cells expanded in cell culture with or without gene therapy.
This treatment cannot be implemented without addressing significant issues
related to cell survival, migration of satellite cells to site of interest, and
immunosuppression required for non-autologous transplantation. Also, if gene
therapy is going to be considered as a realistic approach to treating muscle
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disease challenges related to survival of satellite cells expanded in culture must
be addressed.
Early results suggested that direct IM injections of normal myoblasts could
lead to dystrophin expression in dystrophic mdx mice and in humans (Skuk et al.,
2004). However, previous attempts to examine satellite cell transplantation as a
therapy for muscular dystrophy and other muscle disease have led to conflicting
results, and IM injection is the only prescribed procedure to introduce large
numbers of exogenous myoblasts into an injured muscle (Boldrin and Morgan,
2007). It is reported here and by numerous other research groups that the
majority of cells die quickly after intramuscular injections (Beauchamp et al.,
1997; Hodgetts et al., 2000; Peault et al., 2007; Qu et al., 1998; Rando et al.,
1995). There has been increased survivability, cell integration and proliferation
with transplantation of intact myofibers with their satellite cells (Rosenblatt et al.,
1995) or freshly isolated satellite cells (Montarras et al., 2005), but isolation
using this technique is limited to fewer cells, requires tedious isolation protocols
and may be impractical from a clinical perspective due to the low number of cells
available for transplantation. We propose here that the decrease in survivability of
cultured satellite cells is due to inability of the cells to survive the ischemic insult
during the transplantation process. Typically satellite cells are cultured under
ambient, normoxic conditions (at 21 % O2). When used as a therapeutic tool to
repair muscle injury, cells cultured under standard conditions must adapt to low
oxygen tension 1% oxygen in ischemic tissue (Ceradini et al., 2004).
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Because cell survival of transplanted cells is essential to the regenerative
capacity of satellite cell-based therapy, the first aim of this research is to develop
techniques to increase cell survival. It is hypothesized that pre-stressing cells
during culture may turn on pro-survival genes that will promote survival during the
transplantation process. Preconditioning cell cultures before transplantation has
been proposed for islets (Hogan et al., 2009), hepatocytes (Carini et al., 2003),
mesenchymal stem cells (Hu et al., 2008), and satellite cells (Bouchentouf et al.,
2004). Growth factors (Kinoshita et al., 1995), heat stress (Bouchentouf et al.,
2004), hypoxia (Hu et al., 2008), hypoxia mimics [un-published lab data] have all
been suggested as environmental stressors that elicit a cellular stress response in
cell cultures. Kinoshita, et al.(Kinoshita et al., 1995) reported an increase in cell
survivals with cultures pretreated with bFGF. Results from this study demonstrate
an increase from 5.3% to 8.2% three days after 4 x10

6

cells are injected IM into

the TA muscle. These reported survival rates still represent very low survival
numbers and are the basis of problems in the regenerative capacity during these
transplants. In related experiments Hill et al. (Hill et al., 2006) reported
significant enhancement of muscle regeneration when myoblasts were seeded
onto scaffolds along with HGF and FGF. Although some success has been
achieved with growth factor stimulation of myoblast engraftment, the use of
growth factors can be expensive and may provide limited expression of other key
genes of interest.
Exposure of cell cultures to various environmental stresses such as heat
stress, hypoxia, and heavy metals have been shown to lead to the synthesis of
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several families of heat shock proteins (Yellon and Latchman, 1992). Under
hypoxic conditions, HIF-1α accumulates and can dimerize with HIF-1β affecting
the expression levels of a large range of genes (Malda et al., 2007), whereas
normoxia triggers hydroxylation of the HIF-1α subunit by proline hydroxylases
(PHDs) and subsequent degradation. Scientists have already used hypoxic
cultures to modulate the expression of genes encoding for angiogenic factors
(Kelly et al., 2003). Both cardiac and skeletal muscles can survive extended
periods of hypoxia, during which time glycolytic enzyme genes become fully
induced (Webster, 2003). This glycolytic switch is known to occur when cells
needs to conserve essential biological functions during environmental stress. The
suppression of oxidative metabolism, under conditions of severe hypoxia, reduces
oxidative stress, decreases anti-oxidant levels, and stimulates the primordial,
reducing environment, even without molecular antioxidants (Webster et al., 2000),
but prolonged hypoxia can also induce genes involved in cell death (Bruick, 2000;
Guo et al., 2001). It has also been shown that acute local hypoxia in the
microenvironment of the wound facilitates the wound healing process, but chronic
hypoxia causes inadequate vascular supply of oxygen and decreases cellular
wound healing responses (Malda et al., 2007), indicating a highly sensitive
mechanism that would require precise fine-tuning if used to precondition cells.
Elevated temperatures can also be utilized to elicit a cellular stress
response in cell cultures. Heat stress proteins are highly conserved and are
constitutively expressed under normal physiological conditions and have been
shown to be essential for the development of thermotolerance (Lindquist and
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Craig, 1988). These proteins are elevated when exposed to elevated
temperatures or other forms of cellular stress (Parsell and Lindquist, 1993;
Subjeck and Shyy, 1986; Welch, 1992). From these studies, numerous groups
have tried to confer protection against either heat stress (Heads et al., 1995),
metabolic stress (Williams et al., 1993), or simulated ischemia (Mestril et al.,
1994) by transfecting various cell types with genes encoding hsp70, but there
may be a more global approach, such as elevated temperatures, to upregulate
these heat shock proteins as well as other genes of interest. Both heat stress and
ischemia in mammalian myocardium have been shown to lead to the elevation of
hsp70 and the subsequent tolerance to more severe ischemic stress (Currie et al.,
1988; Yellon and Latchman, 1992).
Although there are a variety of techniques proposed for increasing the
survival rate of transplanted satellite cells, the techniques to evaluate cell survival
are limited. Discrepancies in literature on what techniques are most useful for
addressing these limitations has resulted in very little success in treating
muscular dystrophy using cell therapy. In order to demonstrate cell survival and
migration of transplanted cells new quantification techniques and imaging
modalities are required. Currently cell labeling and immunostaining of tissue
sections is used to characterize cell survival and migration. Labeling requirements
for cell tracking include: long term stability with high intensity and specificity of
the label and are typically labeled with 5-bromodeoxyuridine (BrdU), betagalactosidase (B-gal) or Green Fluorescent protein (GFP). BrdU is a thymidine
analog that incorporates into DNA of proliferating cells. Beta-galactosidase (B-
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gal) fusion protein and Green Fluorescent protein (GFP) labeling of cells typically
requires insertion of DNA into the cells through plasmid, adenovirus, or lentivirus
vectors or use of cells isolated from constitutively expressing host animal. The
LacZ gene, which encodes beta-galactosidase and the green fluorescent protein
(GFP) can be used to label cultured cells with adenovirus resulting in the highest
efficiencies. Although, adenovirus gene insertion can initiate an inflammatory
response and expression of viral proteins can be problematic when used for longterm in-vivo studies (Chan et al., 1999), the efficiencies is typically greater than
90% (Sapru et al., 2002), which advantageous for labeling and tracking
transplanted cells
Cell survival is most commonly evaluated by sectioning tissue from the site
of transplantation and counting previously labeled cells. Direct counting
techniques are laborious, have significant variation and require sacrifice of
animals at each point in the time course. Other techniques that require the
digestion of whole tissue pieces include: assays for B-gal activity and quantitative
real-time PCR on DNA extracted from muscle tissue of interest. The B-gal assay is
limited in sensitivity and there is also additional concerns with the translocation of
the gene product of the encoding nucleus to non-encoding nuclei in the same
myotubes (Blau et al., 1990). This phenomena suggests that there are limitations
of the B-gal as a marker for studying myogenic lineage for the evaluation of
efficacy of muscle gene therapy particularly when protocols requires long term
survival of hybrid myotubes (Yang et al., 1997).

44
The amplification process of real-time PCR lends itself to be a very
sensitive detection platform. By using cells isolated from male rats and
transplanting into a female host rat, real-time PCR on the Y-chromosome can be
used to quantify cell number (Yasuda et al., 2005). This technique requires no
additional labeling procedures and can be compared directly to standards.
Another approach is to deliver reporter DNA into the transplanted cells by means
of a vector. Primers specific to the inserted DNA can be probed and quantified
using real-time PCR. Special care in primer design is required to confirm there is
no non-specific binding or overlap with endogenous DNA that would give a false
detection, but once properly designed and tested, real-time PCR can be a
reproducible and quantifiable approach to determine cell survival.
Specific Aim 1 is focused on developing techniques that will increase the
transplantation efficacy of cultured satellite cells. Myoblast transplantation of
freshly isolated satellite cells is very efficient, but the number of cells that can be
isolated is very low. Conversely, large numbers of satellite cell-derived myoblasts
can be grown in culture, but the transplantation efficiency is exceedingly low
following expansion in culture, typically less than 5% percent by day seven. It is
hypothesized that satellite cells cultured under heat stress conditions will have
enhanced survival properties during transplantation into skeletal muscle.
Demonstrated here is a technique to evaluate these treatments and optimize
treatment conditions for enhanced cell survival in the cell therapy of muscular
dystrophy. Improvements in transplantation efficiency will not only address
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challenges in muscle regeneration but also makes a contribution to enhancing the
efficacy of cell transplantation in general.

Materials and Methods

Satellite Cell Isolation, Tissue Culture, and Cell Treatments
Primary satellite cells were isolated as previously described by Allen et al.,
(Allen RE, 1998). Primary satellite cells were isolated from the gastrocnemius,
soleus, plantarus muscles of adult male Sprague Dawley rats for gene expression
studies. Muscles were extracted and digested for one hour in a 1.25 mg/ml
Protease XIV (Sigma) in PBS buffer. Digested tissue was centrifuged at 1500xg
for 5 minutes and resuspended in PBS buffer. Satellite cells were collected from
digested tissue through a series of washes with PBS and centrifuging for 10 min,
8 min, and 1 min at 500xg. After each spin, the supernatant was collected in a
separate 50 mL conical tube, which was later centrifuged at 1500xg for 5
minutes. The cell pellet was resuspended in 10%FBS/DMEM pre-plate media and
plated in a culture dish for two hours in a 37 °C CO2 incubator. After the two-hour
pre-plate, cells not adhered to the tissue culture plate were collected from the
dish and seeded on poly-L-lysine (MP Biomedicals)/fibronectin (Roche) /coated
tissue culture dishes. Cells were cultured in 20% FBS/DMEM with 1% Abam
(GIBCO) and 0.05% gentomyocin (GIBCO) for three days then passaged 1:4. For
gene expression studies, on day four cells were passaged again 1:4, and then
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treated for 18 hours under various treatment conditions. Media was changed
every two days. All procedures were performed using sterile technique and in
compliance with IACUC-approved protocols.

Stress Treatments
Passage two cells were exposed to either heat stress (41 °C), hypoxia
chamber, a hypoxia mimic 150 µM CoCl2 (Sigma), or no treatment as a control for
18 hours in growth media (20% FBS/DMEM with antibiotics). The hypoxic tissue
culture conditions were generated using a hypoxia chamber (Billups Rothenberg).
With cultures enclosed, the chamber was flushed with 95% N2 and 5% CO2 gas for
5 minutes. One side of the chamber was closed before turning off the gas, leaving
the cells in a slightly pressurized environment.

Real-time PCR on mRNA from Cultured Satellite Cells
After 18 hours of treatment, mRNA was extracted from the cells using the
RNeasy kit (Qiagen) with the Qiashredder columns (Qiagen), cDNA was
synthesized using a Superscript III kit (Invitrogen). Real time PCR was performed
using SYBR green (Bio-Rad) and the Bio-Rad IQ5 icycler. Gene expression
analysis included: vascular endothelial growth factor (VEGF), hypoxia inducible
factor 1 alpha (HIF-1a), heat shock protein 90 (hsp90), heat shock protein 70
(hsp70), lactate dehydrogenase A (LDHA). In order to eliminate potential
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experimental influences including differences in the amount and quality of starting
material, differences in RNA preparation and efficiencies of reverse-transcription
reactions (Radonic et al., 2004), data was normalized using the ΔΔCt method with
beta-actin as the house-keeping gene. Beta-actin is well characterized as a house
keeping gene in satellite cell cultures (Nygard et al., 2007). Table 2-1 below
provides primer information and annealing temperature used for these studies.

Table 2-1. Rat primers and annealing temperatures used for real-time PCR.
Gene

Forward primer

Reverse Primer

Temp

HIF 1a

TGCTCATCAGTTGCCACTTC

CCATCCAGGGCTTTCAGATA

60 °C

VEGF

SUPERARRAY, INC.

SUPPERARRAY, INC.

60 °C

LDHA

GCG GTT CCG TTA CCT GAT

GAACCTCCTTCCCACTGCTCC

62 °C

HSP70

GGTTGCATGTTCTTTGCGTTT

TACACAGGGTGGCAGTGCT

58 °C

HSP90

CGGCTTTCTCGTCAAGATGC

TGATGAGGGACATCAGCTGG

60 °C

B-Actin

GAAGCTGTGCTATGTTGCTCTA

GGAGGAAGAGGATGCGGCA

60 °C

Gene expression was also analyzed for hepatocyte growth factor (HGF), c-Met,
stromal derived growth factor-1 (SDF-1), and CXCR4. These data are presented
using the ΔΔCt method with beta-actin as a house-keeping gene. Table 2-2 below
provides primer information and annealing temperature used for these studies.
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Table 2-2. Rat primers and annealing temperatures used for real-time PCR.
Gene

Forward primer

Reverse Primer

Temp

HGF

CGA GCT ATC GCG GTA AAG AC

TGT AGC TTT CAC CGT TGC AG

60 °C

C-Met

GTA CGG TGT CTC CAG CAT TTT

AGA GCA CCA CCT GCA TGA AG

60 °C

SDF-1

SuperArray

SupperArray

60 °C

CXCR4

SuperArray

SuperArray

60 °C

B-Actin

GAAGCTGTGCTATGTTGCTCTA

GGAGGAAGAGGATGCGGCA

60 °C

HIF- 1α Western Blots
Passage two, proliferating primary satellite cells were exposed to hypoxia
(1% O2), hypoxia mimic (150 µM cobalt chloride), and normoxia for 24 hours.
Nuclear and cytoplasmic extracts were obtained using CellLytic lysis buffer
(Sigma). Protein concentrations were measured using the Bradford assay
(BioRad) and equal loading and transfer of gels was verified using Ponceau
staining. Immunostaining for HIF-1α was achieved using rabbit anti - HIF1α
(Novus Biologicals; 1:1000) as a primary antibody and goat anti-rabbit HRP
(BioRad; 1:5000) was used as a secondary antibody. A 50 mg sample of CoCl2
treated nuclear cell lysate (Novus Biologicals) was used as a positive control for
the Western Blot.
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Satellite Cell Isolation, Cultures, and Transplants
Male Fisher 344 satellite cells were isolated and cultured under similar
conditions as described earlier and used for transplantation studies into female
Fisher 344 rats. The isolation, culturing and labeling timeline is shown below in
Figure 2-2. Cells passed twice were labeled with BrdU. For BrdU labeling, cells
were cultured in growth media containing with 10 µM BrdU (Sigma) for 18-24
hours. Cells were transfected with pEGFP plasmid vector, as described below, for
6 hours. The next day cell cultures were trypsinized, counted, and resuspended at
5x105 cells per 30 µl of DMEM. Resuspended cells from male F344 rats were
injected IM into the tibialis anterior (TA) muscle of female Fisher 344 rats. TA
muscles were explanted 7 days following injections, snap frozen in liquid nitrogen,
and stored in -80 °C freezer until further analysis.

50

Figure 2-1. Isolation, culture, and treatment time points for transplantation
studies. Timeline shows each step of the culture after cells are seeded on day
one after two hour post isolation pre-plate. Typically this process takes seven
days to accomplish cell expansion, cell labeling, and heat stress treatments before
transplantation.
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Y-Chromosome Real-time PCR Assay
Cultured Fisher 344 cells were passaged twice, labeled with GFP and
1x106, 1x105, 1x104, and 1x103 cells were injected into the TA muscle of rats and
immediately snap frozen for DNA isolation at a later date. The TA and EDL
muscles were explanted from the rat and frozen in liquid nitrogen and stored in 80 °C freezer for later DNA extraction. The tissue was ground into fine powder in
mortar and pestle with liquid nitrogen. A representative sample of 100 mg was
taken from each group and digested using the DNEasy kit (Qiagen). The final
DNA was dissolved in 200 µl of AE buffer, then precipitated overnight in 100%
EtOH and 0.1 mM NaCl, centrifuged at the highest speed at 4 °C for 20 minutes,
washed with 70% EtOH, and centrifuged at 20,000xg for 5 minutes at 4 °C.
Samples were dried and resuspended in 20 µl each. Each of the 4 tubes were
collected into one tube and DNA concentrations were measured using a Nanodrop
ND-1000 spectrophotometer. A specific sequence of the rat Sry3 gene in the Y
chromosome was targeted for real-time PCR (Yasuda et al., 2005), shown in Table
2-3.
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Table 2-3. Rat primers and annealing temperatures used for Y-chromosome
real-time PCR.
Gene

Forward primer

Reverse Primer

Temp

SRY3

GCATTTATGGTGTGGTCCCGCGG

GGCACTTTAACCCTTCGATGAGGC

62 °C

PEGFP Transfection and RT-PCR Assay
Cultured cells were transfected with pEGFP-C1 plasmid vector (BD
Biosciences Clontech: GenBank Accession #:U55763) using FuGENE 6 (Roche) at
a 1:3 ratio of DNA(µg): transfection reagent (µl). Briefly, 12 µg of plasmid DNA
was diluted in a 1164 µl Opti-MEM(GIBCO) and 36 µl FuGENE 6 complex and
added to each 15 cm tissue culture dish. The cells were incubated for 6 hours at
37 °C, then media replaced with growth media (20% FBS/DMEM with antibiotics).
Figure 2-1 shows the GFP expression in satellite cells twenty four hours after
transfection. Efficiency of transfection is estimated to be 31%, based on visual
inspection of bright field and fluorescent images taken in triplicate. It is possible
that there is a higher efficiency, and that the GFP is not visible in some of the
successfully transfected cells.
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Figure 2-2. Efficiency of GFP transfection in satellite cell cultures. Panel [A]
representative bright field image of satellite cells twenty four hours after
transfection with the pEGFP plasmid vector, and panel [B] is the corresponding
fluorescence image showing GFP expression in approximately 31 % of the cells.
Scale bar represents 100 microns. Calculations were based on cell counting of
three different field of views.
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PEGFP Primer Design
Primers were designed against the EGFP sequence of the plasmid vector.
These primers were checked for overlap with endogenous rat DNA using BLAST
sequence checker. The primers were run on PCR and visual inspection used to
select the most selective and sensitive primer set. The appropriate annealing
temperature was determined using a temperature gradient PCR method. Table 24 illustrates the primer set selected for the assay.

Table 2-4. Rat primers and annealing temperatures used for pEGFP real-time
PCR analysis.
Gene

Forward primer

Reverse Primer

Temp

pEGFP

GAC GTA AAC GGC CAC AAG TT

AAG TCG TGC TGC TTC ATG TG

63 °C

55

Results
Gene Expression of Satellite Cells Cultured Under Various Conditions
Conditioning treatments to enhance cultured myoblast survival following
transplantation that have previously been proposed include addition of growth
factors (Kinoshita et al., 1995), heat shock/stress (Tremblay, 2004), hypoxia (Hu
et al., 2008), and hypoxia mimics such as cobalt chloride. An understanding of
the effects these treatments have on cultured rat satellite cells may be useful in
predicting the potential effectiveness of specific treatments in enhancing cell
survival following transplantation. Gene expression studies were conducted on
second passage cultures subjected to various treatments including hypoxia, cobalt
chloride, heat stress, and a normoxia control. Genes were selected to provide
information on the metabolic state (lactate dehydrogenase-A), about upstream
regulator of pro-survival genes (HIF-1α), downstream genes of HIF-1α (VEGF) and
additional indicators of cellular responses to stress (hsp70 and hsp90).
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Figure 2-3. Gene expression for various treatment groups on passage two rat
satellite cell cultures. To evaluate various treatment groups, hsp90, hsp70,
LDHA, HIF-1α, and VEGF were selected as markers of a cellular stress response.
Cultures were expanded to passage two, exposed to heat stress (5 % CO2, 41 °C),
hypoxia (1 % O2, 37 °C), hypoxia mimic (5 % CO2, 37 °C, 150 uM CoCl2), and as a
control normoxia (5 % CO2, 37 °C). Real-time PCR results show the highest
elevated expression of hsp70 and hsp90 for heat stress treated satellite cell
cultures. All treatment groups show increased expression in VEGF.
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Figure 2-4. Western Blot showing HIF-1α stabilization in treatment groups. An
upregulation of the HIF-1α gene was not expected under the presented treatment
groups, but western blot analysis does show a stabilization of HIF-1a with hypoxia
and CoCl2 treatments. For this western hypoxia (1% O2, 37 °C) and hypoxia
mimic (150 uM CoCl2, 5% CO2, 37 °C) were used to treat cell satellite cell cultures
for 24 hours and compared to normal culture conditions (5% CO2, 37 °C).
Nuclear extracts (NE) and cytoplasmic extracts (CE) were evaluated separately for
the presence of HIF-1α. Results are normalized to normoxic culture conditions.
[Flann, K. et al – publication in progress].
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In this study, heat treatment increased expression of all five genes of
interest (figure 2-3); expression of both hsp70 and hsp90 were increased as was
HIF-1α and two genes it regulates, VEGF and LDHA. In contrast, hypoxia and
CoCl2 treatments increased VEGF and LDHA, as expected, and only hypoxia
treatment increased hsp70. Neither hsp90 nor HIF-1α expression was stimulated
in these treatment groups. Gene expression levels of these two HIF-1α-regulated
genes, VEGF and LDHA, were increased by hypoxia and CoCl2, even in the absence
of an increase in HIF-1α expression. However, as illustrated by the western blot,
shown in Figure 2-4, HIF-1α stability was increased leading to an increase in HIF1α protein content, which presumably caused the increase in VEGF and LDHA.
In addition to genes that indicate cellular stress and metabolic changes,
expressions of a second set of genes that are likely involved in satellite cell
chemotaxis were examined in cultures subjected to the same treatments. Gene
expression for CXCR4, HGF and c-Met were characterized in satellite cells cultured
under the following conditions for 18 hours: normoxia (20% O2), hypoxia (1% O2),
and a hypoxia mimic (150 µM CoCl2). Results presented in Figure 2.5 indicate
that heat stress dramatically increased expression of CXCR4 and c-Met while
inhibiting expression of the c-Met ligand, HGF. The hypoxia and CoCl2 treatments
expression results for these genes are similar to heat stress, although not to the
same magnitude.
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Figure 2-5. Relative expression of migration genes for treated satellite cell
cultures. Treatment groups for satellite cell cultures include heat stress (41 °C,
5% CO2), hypoxia (1% O2), and hypoxia mimic (150 µM CoCl2, 37 °C, 5% CO2).
Migration genes of interest include: CXCR4, HGF, and C-Met. The ΔΔ Ct method
with normalization to beta-actin was used for gene analysis. Data shows a very
large increase in CXCR4 and C-Met gene expression for heat stress treated
satellite cell cultures.
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PEGFP Real-time PCR Is More Sensitive Than Y-Chromosome Real-time PCR.
In order to assess the effectiveness of cell culture conditioning treatments
on the subsequent transplantation efficiency, an assay was required that would be
rapid enough to lend itself to efficiently analyzing multiple samples. Two assays
based on real-time PCR were examined; one was based on Y-chromosome SYR3
gene sequence and the other on sequence from a transfected plasmid carrying the
gene for EGFP. Donor cells from male Fischer 344 rats were cultured as
previously described were transfected with a pEGFP. Twenty-four hours later
EGFP-transfected cells were transplanted into the TA muscles of female F344 rats
at 1x103, 1x104, 1x105, and 1x106 cells per muscle. Rats were sacrificed and TA
muscles were excised and DNA was extracted from the tissue for real-time PCR.
Real-time PCR results are shown in Figure 2-6 with supporting statistical
data shown in Table 2-5. A dose-dependent decrease in cycle number was
observed with an increasing cell number for EGFP and SYR3 (Y-chromosome).
When comparing the sensitivity of the SYR3 real-time PCR assay and the pEGFP
assay, the data shown in Figure 2-6 indicates that the pEGFP real-time PCR assay
is more sensitive. Table 2-5 shows a statistical difference between the two
assays. The pEGFP real-time PCR assay is at least 24% more sensitive than the
Y-chromosome assay. For both assays, the standard error increases with
decreased cell number. Based on this increased sensitivity, pEGFP transfection of
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cells was incorporated into the labeling process for further satellite cell
transplantation studies.
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Figure 2-6. Comparison of Y-chromosome and pEGFP real-time PCR for
quantification of cell number (n=3). Real-time PCR for Y-chromosome and
pEGFP was used against 5 ng/ml DNA samples from TA muscles with 1x103,
1x104, 1x105, and 1x106 cells transplanted into them. TA muscles were excised
and DNA extracted immediately after transplant to characterize sensitivity and
reproducibility of the real-time PCR assays. These data show that the pEGFP
assay is at least 25% more sensitive than the Y-chromosome assay and that the
standard error increases with decreased cell number.
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Table 2-5. Statistical data for Y-chromosome and pEGFP real-time PCR assays.
Cell #
Ct Value
St Error
Ct Value
St. Error
% Diff
(Y-Chrom)

(Y-Chrom)

(pEGFP)

(pEGFP)

1x10

3

35.77

1.03

27.70

0.56

34.99

1x10

4

31.44

0.82

24.65

0.63

30.55

1x10

5

29.34

0.28

21.25

0.41

28.61

1x10

6

25.10

0.18

16.82

0.17

24.43

Survival of Heat Stress vs. Non Heat Stress Cultured Satellite Cells
The pEGFP real-time PCR assay was shown to be more sensitive than the Ychromosome, therefore was used to evaluate cell survival in heat stressed versus
non-heat stressed transplantation studies. To demonstrate the pEGFP assay,
5x105 passage two satellite cells that were heat stressed and control cells were
transplanted IM into the TA muscle of Fisher 344 rats. Rats were euthanized and
TA muscles were excised on day 7 post-transplantation. Using the pEGFP realtime PCR assay cell survival was quantified. Results from this assay indicate a
1.6 fold increase in GFP expression in heat stressed cells versus non-treated
control cells, as shown in Figure 2-7. Although results were not statistically
significant (p=0.244), there was a trend towards enhanced survival of cells that
were heat stressed. In this study, cells were treated for 18 hours at

41 °C. It is

possible that increasing the temperature or modifying the time of exposure may
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confer better survival in transplanted satellite cells. Presented here is a basic
approach to evaluate different culture treatments and evaluate cell survival. Using
these methods, optimization of duration of treatment and the investigation of
other tissue culture treatments to increase cell survival can be accomplished.
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Figure 2-7. Real-time PCR results from heat stress vs. no heat stress
transplanted satellite cells on Day 7 post transplantation (n=2). 5 X 105 cells
were transplanted IM into the TA muscles of rats. The left TA muscle was injected
with heat stressed (41 °C for 18 hours) cells and the right TA muscle was injected
with satellite cells cultured under normal culture conditions (37 °C). Cell number
was evaluated using real-time-PCR against pEGFP and are presented as
expression relative to the control (right leg). Results indicate a trend towards
increased survival, but are not statistically different.

66

Discussion
Because cell survival of transplanted cells is essential to the regenerative
capacity of satellite cell-based therapy, the first aim of this research focused on
developing tissue culture techniques for enhanced survival of transplanted
satellite cells as a therapy to treat muscle disease. Typically satellite cells are
cultured under ambient, or normoxic conditions. When used as a therapeutic tool
to repair muscle injury, cells cultured under standard conditions must adapt to a
low oxygen tension (1% O2) in ischemic tissue. By pre-conditioning cells to this
stress, we hypothesized that there would be an increased survival during
transplantation. Gene expression studies on cultured cells subjected to heat
stress or hypoxia showed an up-regulation of genes such as VEGF, LDHA, hsp70,
and hsp90, that are markers of a cellular response to stress. Hypoxia and cobalt
chloride treatments resulted in a slight increased gene expression of hsp70,
VEGF, and LDHA.
In this study, HIF-1α levels moderately increased for heat stress and
showed a slight decrease in hypoxia and CoCl2 treatments. These results are not
surprising; under hypoxic conditions, HIF-1α is stabilized and shuttled into the
nucleus where it acts as a transcription factor for numerous known genes,
whereas normoxia triggers hydroxylation of the HIF-1α subunit by proline
hydroxylases (PHDs) and subsequent degradation. As shown by the Western blot
in Figure 2-4, the presence of HIF-1α, indicates stabilization rather than upregulation in these treatment groups. HIF-1 is known to regulate erythropoietin,
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glucose transporters, glycolytic enzymes, and angiogenic factors like VEGF.
Specifically, HIF-1 has been shown to activate glycolytic genes and suppress
metabolism through the Krebs cycle, hence stimulating the conversion of glucose
to pyruvate and subsequently to lactate (Kim et al., 2006). Glycolytic enzyme
genes with HIF-1 sites include: PFK, aldolase, pyruvate kinase, PGK, enolase, LDH,
hexokinase, and GAPDH (Firth et al., 1995; Semenza et al., 1996). LDHA was
selected as a biomarker of glycolysis switch because it is downstream of the
pathway. As shown in the gene expression LDHA increases slightly with heat
stress and increase more than 2.5 fold for hypoxia and hypoxia mimetic CoCl2.
Cobalt chloride, a transition metal, chemically mimics hypoxia which stabilizes
HIF-1α. It is also a weak inhibitor of PHD1-3, and a strong inhibitor of factor
inhibiting hypoxia-inducible factor (FIH) (Hirsila et al., 2005). In addition, it
inhibits VHL binding to HIF1α even when HIF-1α is hydroxylated (Yuan et al.,
2003). This is why data acquired after CoCl2 treatments correlate well with
hypoxia results.
Heat stress treatments are known to induce several kinds of self-protective
proteins to protect cells. As shown, hsp70 is upregulated during heat stress
treatments. This elevation has been reported to persists in cells for 48 to 72
hours at most (Suzuki et al., 2000); therefore, it may be that this is a transient
response and hsp70 levels revert back to the original metabolic state shortly after
the condition is removed. The hsp90 gene has also been observed to play a
critical role in stress response by preventing irreversible protein aggregation
(Malrad, 2007), but the increased expression is limited. For heat stress
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treatments hsp70 and hsp90 were both up-regulated, but for hypoxia and cobalt
chloride, there was minimal up-regulation for hsp70 and no effect on hsp90.
Pre-conditioning satellite cells under heat stress, hypoxia, or hypoxia
mimics could provide an overall benefit in cell transplantation by increasing both
survival and the ability to home to sites of injury. Therefore, in addition to
markers of cellular stress, genes expressed by satellite cells, such as CXCR4, CMet, and HGF, that may be involved in chemotaxis were examined for these
various treatment groups. HGF and its receptor c-Met represent an early pathway
responsible for cell migration, which are particularly important in satellite cells as
the primary signaling pathway that activates quiescent satellite cells (Tatsumi et
al., 1998). C-met is constitutively expressed in quiescent and active satellite cells,
while HGF is expressed only after activation as cells prepare to enter the cell cycle
and migrate to damaged areas (Tatsumi et al., 1998). In a similar manner the
chemokine receptor CXCR4 is expressed when quiescent satellite cells become
activated, but the ligand for this receptor, SDF-1, is not expressed to any
significant degree in satellite cells (Ratajczak, 2003). SDF-1 was previously
established as a chemokine vital in stem and progenitor cell recruitment for tissue
repair after injury (Kollet et al., 2003), and it induces homing of stem cells to
bone marrow by binding to its complimentary receptor CXCR4 (Peled et al.,
1999). Therefore, CXCR4 is a reasonable candidate for mediating satellite cell
chemotaxis.
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Of particular interest to the matter of conditioning cultured cells for
enhanced survival and targeting, expression of both receptors, CXCR4 and c-Met,
are up-regulated by heat, hypoxia and CoCl2 treatment. If these signaling
pathways are involved in the targeted migration of satellite cells to damaged
areas, the stress treatments may increase this response, as well as basic survival.
These results indicate that heat stress treatments are a leading technique for
increasing both cell survival and migration of transplanted passage two satellite
cells.
In previous studies, treating cells with growth factors such as HGF and FGF
has been used to increase cell survival, but use of growth factors can be expensive
and limit increased expression to isolated genes. Therefore, a more global
approach to increase cell survival and migratory genes may be to use elevated
temperatures, hypoxia, or hypoxia mimics. Because of the exquisitely tight
control oxygen levels exert on cells and because heat treatment appears to
activate many of the same genes activated by hypoxia, plus more, it was decided
to carry out initial transplantation experiments using heat treatment on cultured
satellite cells. Furthermore, heat treatments have already been shown to increase
cell survival following transplantation of skeletal myoblasts into the heart muscle
(Suzuki et al., 1997).
By leveraging the amplification of DNA used in real-time PCR, a very
sensitive assay was developed for quantification of cell survival studies.
Transplanted cells have already been quantified using Y-chromosome real time
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PCR (Yasuda et al., 2005). Mesenchymal stem cells were transplanted into the
myocardium of a rat host and quantification of remaining cell number was
accomplished using primers against the Y-chromosome (Yasuda et al., 2005).
Myogenic cells engineered to express EGFP have also been quantified by real-time
PCR (Sacco et al., 2008). Experiments in this study compared both approaches
and found real-time PCR analysis of EGFP in transfected cells to be more sensitive
than Y-chromosome gene detection. The Y-chromosome method has the
advantage over the use of the pEGFP real-time assay because it captures 100%
percent of the cells remaining as opposed to the 31% transfection efficiency using
the pEGFP plasmid, but cells infected with GFP-expressing adenovirus may
provide even greater stability and sensitivity. The disadvantage of using the Ychromosome label for cell transplantation is the inability to easily visualize cells in
tissue sections and sensitivity, as shown in Figure 2-6.
A demonstration of the approach to studying cell culture conditioning and
its effect on cell survival through a quantitative GFP-based real-time PCR assay
was described. Transplantation efficiency of heat-treated cells was compared to
control cells. Heat stressed and control cells were transplanted IM into the TA
muscle of Fisher 344 rats. The TA muscles were excised on day 7 posttransplantation. Results from the GFP assay indicate a 1.6 fold increase in GFP
expression in heat stressed cells versus non-treated control cells. Although
results were not statistically significant (p=0.244), there was a trend toward
enhanced survival of cells that were heat stressed. Limited success of
transplantation studies using heat treatments may be attributed to transient gene
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expression that reverts back to the original levels soon after transplanting into the
muscle. This temporal gene expression should be characterized further using
real-time PCR. Also, statistically significant results may be obtainable by
increasing the sample number of rats from two to five, as long as these results do
not have standard errors greater than already collected data. The presented
techniques can be used for this further optimization of exposure times,
temperatures and evaluation of other cell conditioning techniques.
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3. SPECIFIC AIM 2: Tracking Cell Migration of Transplanted Satellite Cells

Introduction
The stem-like qualities of satellite cells make them a good candidate for
treating skeletal muscle disease. Although much work is needed in the area of
enhanced viability of in vitro-expanded myoblasts derived from satellite cells,
discussed in Chapter 2, the second major challenge in cell transplantation is
directed cell delivery to sites of interest. Because diseases such as Duchenne
muscular dystrophy are systemic in nature, the need to direct cells to multiple
sites of interest within, not only the skeletal muscle, but also the diaphragm and
heart is key to therapeutic approaches.
It has already been shown that endogenous satellite cell populations will
migrate to sites of injury induced by focal crush injury. The satellite cells located
several millimeters away from a site of injury are stimulated to proliferate and
later migrate towards the site of injury (Schultz, 1985). Both in vitro and in vivo
experiments are being undertaken to explore the physiological role of cell
signaling systems that participate in directed migration and to determine if these
chemokine and growth factors can be manipulated to enhance efficacy of cellbased therapies involving skeletal muscle satellite cells.
To date, most of the current knowledge of cell migration has been
elucidated through in-vitro modified Boyden Chamber transfilter migration assays.
In this setup, cells migrate towards a chemokine gradient. These in vitro
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migration assays are useful for acquiring basic migration comparisons between
different chemokines and cell types, but lack the complexity essential for a
systematic understanding of these processes. In vitro assays also lack
contributing factors from immune cells, extracellular matrix interactions, three
dimensional nature of cell migration, and fiber to fiber migration. lt is difficult to
mimic the nature of muscle injury and regeneration in an in-vitro model. This
research thus focuses on an in vivo migration assay that utilizes the tibialis
anterior (TA) muscle of the rat. The TA muscle has often been a site for cell
transplantation studies, but very little research has been accomplished in the area
of migration within the muscle. In fact, the literature is filled with data that
indicates lack of migration of transplanted satellite cell within skeletal muscle
(Torrente et al., 2003). It is hypothesized here that systemically and locally
transplanted satellite cells will migrate towards sites of injury and that earlier
presented results are indicative of local increased release of injury related
chemokines at the site of injection thus restricting cells to this region.
Cell fate and biodistribution are key challenges in future cell therapy
applications, and the ability to track labeled cells in the host is necessary for a
clear understanding of cell migration in cell therapy. Techniques proposed for cell
tracking include: magnetic resonance imaging (MRI) of nanosized
superparamagnetic iron oxide (SPIO) labeled cells (Cahill et al., 2004), radio
labeled cell techniques (Liu et al., 2007), and bioluminescence (Sacco et al.,
2008). All these techniques offer advantages and disadvantages that need to be
evaluated based on sites of interest (superficial versus core localization of signal),
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quantification requirements, cell numbers, length of study, and migratory or
scattering of labeled cells (resolution required).
Bioluminescence relies on the light emitting from an internal biological
source, does not require external excitation and can be detected using a sensitive
CCD camera. Reporter genes that encode bioluminescence enzymes, such as
firefly luciferase (Contag et al., 1997), can be used to study biological processes
and disease. Typically reporter genes are integrated into the genome and thus
replicate with each cell division, therefore providing the opportunity for long-term
tracking (Sacco et al., 2008). Functional information can be acquired by placing a
reporter gene under control of various promoters of satellite cell differentiation.
Markers such as myosin heavy chain (MHC) or myogenin can provide information
related to satellite cell differentiation and regeneration within the muscle.
Although bioluminescence has been demonstrated for satellite cell survival,
migration studies may be limited to non-quantifiable results due to optical
absorption by tissues. SPIO-based MRI has the advantage of being iron-based
with biodegradable versions having the capability to be cleared naturally. The
disadvantage of SPIO is that the iron is not an optimal material for MRI (Bulte,
2005) and there is considerable anatomical noise in MRI images making cell
determination difficult. Increasing the size of the particle may increase the
contrast, but may also result in increase immune system activity and a decrease
in cell motility (Kraitchman et al., 2005). Along with other labeling approaches,
SPIO agents can only be monitored for finite period of time when rapidly dividing
cells are used.
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The fate of transplanted cells has also been monitored by direct fluorescent
labeling or by genetic modification adding reporter genes such as GFP or beta
galactosidase (B-gal). However, these experiments are difficult to quantify cell
number and require sacrificing the animal and explanting the muscle to determine
results. Single photon emission tomography (SPECT) or positron emission
tomography (PET) are both sensitive imaging modalities that are capable of
measuring gamma and beta radionucleotides respectively. Although PET imaging
is more sensitive, beta radio nucleotides emission are not as long a gamma
emission, therefore studies are limited in time. Both radioactive imaging
modalities are well suited for tracking and mapping biodistribution and cell fate.
Radiolabeling satellite cells with 111-Indium oxine provides a method to
image migration of satellite cells without sacrificing the animal. We demonstrate
the transplantation of 111-Indium oxine labeled satellite cells and imaging of cell
migration to a bupivacaine injured TA muscle. Determination of cell fate after
transplantation will have a major impact on cell therapy for treatment of muscle
disease as well as other stem cell therapies.
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Materials and Methods
Satellite Cell Isolation & Tissue Culture
Primary satellite cells were isolated from the gastrocnemius, soleus,
plantarus muscles of adult male Sprague Dawley rats for gene expression studies
and Fisher 344 rats (National Institutes of Health Aging Colony maintained by
Harlan Spraque Dawley Laboratories) for the transplantation studies. Muscles
were digested for one hour in Protease XIV digestion buffer. Muscles were
extracted and digested for one hour in a 1.25 mg/ml Protease XIV (Sigma) in PBS
buffer. Digested tissue was centrifuged at 1500xg for 5 minutes and resuspended
in PBS buffer. Satellite cells were collected from digested tissue through a series
of washes with PBS and centrifuging for 10 min, 8min, and 1min at 500xg. After
each spin, the supernatant was collected in a separate 50 mL conical tube, which
was later centrifuged at 1500xg for 5 minutes. The cell pellet was resuspended in
10%FBS/DMEM pre-plate media and plated in a culture dish for two hours in a
37 °C CO2 incubator. After the two-hour pre-plate, cells not adhered to the tissue
culture plate were collected from the dish and seeded on poly-L-lysine (MP
Biomedicals)/fibronectin (Roche) /coated tissue culture dishes. Cells were
cultured in 20% FBS/DMEM with 1% Abam (GIBCO) and 0.05% gentomyocin
(GIBCO) for three days passaged 1:4. On day four, cells were passaged again 1:4.
To label cells, 10 nM BrdU was added to the media for 18-24 hours. Cells were
also labeled with the pEGFP-C1 plasmid vector for 6 hours, as described below.
Cells were allowed to culture another 24 hours before collection. Growth media
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was changed every two days. All procedures were performed using sterile
technique and in compliance with IACUC-approved protocols.

PEGFP Transfection
On day 4, cultured cells were transfected with pEGFP-C1 plasmid vector
(BD Biosciences Clontech: GenBank Accession #:U55763) using FuGENE 6
(Roche) at a 1:3 ratio of DNA(µg): transfection reagent (µl). Briefly, 12 µg of
plasmid DNA was diluted in a 1164 µl Opti-MEM(GIBCO) and 36 µl FuGENE 6
complex and added to each 15 cm dish. The cells were incubated for 6 hours at
37 °C, then media was replaced with growth media (20% FBS/DMEM with
antibiotics).

Quantum Dot Labeling of Satellite Cells
Satellite cells were isolated from Fisher rats. Similar to as describe earlier.
On day 5, twenty-four hours after second passage, cells were labeled with
Qtracker 705 (Invitrogen) for three hours at a 2nM – 15nM concentration in
antibiotic free growth media. After three hours, the media was changed to normal
growth media (20% FBS/DMEM) with antibiotics. Twenty-four hours after
labeling, cells were trypsinized using TrypLE Select (GIBCO) and resuspended in
40 µl of DMEM for direct intramuscular injections and 100 µl of DMEM for tail vein
injections.
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Radiolabeling Satellite Cells
To demonstrate in vivo tracking of satellite cell migration, radiolabeling
transplanted cells and gamma imaging was utilized. This allowed non- destructive
evaluation of the migratory patterns of satellite cells over a seven day time frame.
On day 7 of cell culture, cells were trypsinized and resuspended in 1 ml of serum
free media (DMEM) at a concentration of 2x10

6

cells per ml. Cells were then

incubated with 111-Indium oxine radiolabel at 100 µCi/million cells for 20
minutes. To remove unbound label, cells were washed twice with PBS (Brenner et
al., 2004). Labeling efficiency of satellite cells ranged from 70% to 90%, as
measured on a Capintec CRC-15W radionuclide calibrator. Viability of cells was
97%, according to trypan blue assay, with no effect on the ability of satellite cells
to differentiate into muscle when exposed to differentiation media. Once cells
were washed, cells were resuspend in 40 µl of DMEM for IM and 100 µl for IV
transplantations.

Animals & Muscle Injury Model
Twenty four hours prior to transplantation of satellite cells, Female Fisher
344 rats were injured in the TA muscle using 40 µl and 200 µl injections of 0.75%
Bupivacaine HCl (Sensorcaine, AstraZeneca) for local and systemic migration
studies respectively. Bupivacaine injections were located towards the bottom of
the TA muscle for local migration studies and throughout the muscle for systemic
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migration studies. Animals were anesthetized with isoflurane during injury in
accordance with the requirements and recommendations under Institutional
Animal Care and Use Committee (IACUC) guidelines.

Animals & Cardiac Injury Model
After trachea intubation, animals were ventilated using a ventilator with a
mix of oxygen and room air. The chest was opened at the 4th or 5th intercostal
space and the heart was exposed. Myocardial infarct was induced by temporarily
ligating the left coronary artery (LCA) for one hour. Respiration,
electrocardiogram (ECG), and body temperature were monitored during the
surgery. Post-temporary ligation, the chest was closed and the animal was
allowed to recover from surgery and anesthesia until able to ambulate. All
experiments were performed on F344 rats in accordance with the requirements
and recommendations under IACUC guidelines.

Animals & Satellite Cell Transplantation
After labeling with 111-indium oxine, cells were resuspended at 5x105 cells
per 40 µl of DMEM for local migration studies and 2 x 10

6

cells per 100 µl for

systemic migration studies. For local migration studies, resuspended cells were
injected into the top of the tibialis anterior (TA) muscle of Fisher 344 rats allowing
ample distance between the cell injection site and the site of injury. For systemic
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migration, cells were injected into the tail vein of each rat. Radioactivity was
measured before and after injections to estimate the number of cells delivered to
the host. Tail vein injected cells were chased with 200µl of DMEM to assure
proper dispensing of cells

In vivo Imaging
Two hours post-transplantation of cells and for an additional seven days,
daily imaging of radioactivity was accomplished using a high resolution three
dimensional single photon emission computed tomography (SPECT) imaging
system, FASTSPECT II, developed by the Radiology Research Lab at the University
of Arizona. SPECT is a nuclear medicine imaging technique for quantifying
radioactive materials emitting gamma rays. The system consists of 16 modular
scintillation cameras. Each camera has a NaI (Tl) scintillation crystal and a 3X3
array of 1.5 inch diameter PMT (Furenlid et al., 2002). The spatial resolution of
the system is approximately 1 mm and the system sensitivity is 10 cpc/µCi (Liu et
al., 2007). The animal was anesthetized with Isoflurane and placed inside the
aperture using a translational stage. The animal was positioned so that both the
right and left leg muscles were in the center of the field of view and 10 to 30 min
acquisitions were acquired from a total of 16 projections to generate a data set of
tomographic reconstructed images.
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Image Analysis
Images acquired using FASTSPECT II, were reconstructed using the
ordered-subset expectation maximization (OS-EM) algorithm developed by The
Radiology Research Lab at the University of Arizona. Three dimensional images
were computed into 0.5 x 0.5 mm voxel format using AMIDE 0.9.1 Medical Data
Image Examiner Software. For each set of images, a region of interest (ROI) was
selected over the injured leg (left side) and over the control leg (right side). This
ROI was used to average the intensity of radioactivity over ten 1 mm slices for
each leg. The results are presented as mean intensity normalized to the control
leg. All quantitative data are expressed as mean + /- standard error mean (SEM).
Statistical comparisons of variables were assessed using paired t-test and
(p<0.05) was considered significant.

Autoradiography & Biodistribution
On day seven, post transplantation, rats were euthanized, and treated
muscles, control muscles, organs, and blood were collected, weighed, and
radioactivity measured using Capintec CRC-15W radionuclide calibrator.
Biodistribution of the radiolabel was measured and normalized to weight of the
tissue unless noted otherwise. Spatial distribution of radioactivity was visualized
using autoradiography. The TA and EDL muscle was removed from each animal
and exposed to FujiFilm phosphor imaging plates for 15 – 30 minutes. Images
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were acquired from the film using a FujiFilm BAS5000 Bio-Imaging Analysis
System (Stamford, CT).

Immunostaining of Tissue Sections
Tissues were embedded in OCT tissue freezing media (Tissue Tex, Inc.)
using 2-methylbutane precooled in liquid nitrogen. TA muscles were
cryosectioned in 10 um sections, and stained for dystrophin, BrdU, MyoD, Pax7,
and DAPI. Antibodies used in staining include: rabbit anti-dystrophin (Santa Cruz;
1: 200) with a secondary Alexa Fluor 488 donkey anti-rabbit (Molecular
Probes;1:700), mouse anti-BrdU (G3G4; Developmental Studies Hybridoma
Bank;1:5) with a secondary Alexa Fluor 594 rabbit anti-mouse (Molecular Probes;
1: 1000) , anti-MyoD with a secondary Alexa fluor 488 (Molecular Probes;1:
1000), mouse anti-Pax7 with a secondary Alexa fluor 488 (Molecular Probes;
1:1000), and a glycerol DAPI stain (Santa Cruz) was used to cover slip slides for
visualization of nuclei.

PEGFP RT-PCR Assay
The TA and EDL muscles were explanted from the rat, frozen in liquid
nitrogen, and stored in -80 °C freezer for later DNA extraction. Tissue samples
were ground into fine powder in mortar and pestle with liquid nitrogen. A
representative sample of 100 mg was taken from each group and digested using
the DNEasy kit (Qiagen). The final DNA was dissolved in 200 µl of AE buffer, then
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precipitated overnight in 100% EtOH and 0.1 mM NaCl, centrifuged at 4 °C for 20
minutes, washed with 70% EtOH, and centrifuged at 20,000xg for 5 minutes at
4 °C. Samples were dried and resuspended in 20 µl each. The four tubes were
then collected into one tube and DNA concentrations measured using the
Nanodrop (ND-1000) spectrophotometer. For real-time PCR measurements, DNA
samples were loaded at 5 ng/µl using SYBR green (BioRad) and readings acquired
using the Bio-Rad IQ5 icycler. The pEGFP primers, designed under Specific Aim
1, included Forward: GAC GTA AAC GGC CAC AAG TT, and Reverse: AAG TCG TGC
TGC TTC ATG TG. The annealing temperature used for these experiments was 63
°C.
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Results
Tracking of Indium-oxine Labeled Satellite Cells Provides a Quantifiable Method to
Study Migration
The TA muscle of the rat has the advantage of being superficial for easy
access and imaging. The length (approximately 20 mm) of the muscle allows for
adequate working distances for separating out true migration from dispersion
effects of transplanted cells. To demonstrate FASTSPECT II imaging techniques
for quantification and tracking of satellite cells, 1 x 10 6 passage two rat satellite
cells were labeled with 111-Indium oxine and injected IM into the right TA muscle.
The satellite cells were labeled with 100 µCi/1 x 10 6 cells and 82 µCi was injected
into the rat, resulting in approximately 8.20x105 cells. The rat was imaged for
seven days using FASTSPECT II gamma imager (University of Arizona-CGRI). This
machine allows for the translation of the animal into the aperture on a stage for
full body imaging, but for this study we focused on the region around the legs, as
shown in Figure 3-2. Images shown in Figure 3-3, show the spectral intensity from
the region of injection (right TA muscle) versus the control side (left TA) with time.
From the reconstructed images, quantification of label was measured by selecting
an ellipsoid cylinder region of interest (ROI) with dimensional voxel units (15 x 35
x 10 ) using Amide medical imaging software. This ROI was centered around the
TA muscles as determined using previous scans of rats with fiduciary markers.
The plot below the images has been corrected for the 111-Indium decay. These
correction factors were collected from standards, data shown in Figure 3-1.
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Figure 3-1. Calibration data from 111-Indium oxine standards. Serial dilutions
of 111-Indium oxine were measured using Capintec CRC-15W radionuclide
calibrator. A decay of 77% is calculated by 144 hours from this fitted curve with a
R2 of 0.997. Decay factors from this data was used to correct spectral intensity for
time based radioactive measurement, shown in Figure 3-3. These data correlate
well with the estimated 67.2 hour half life of 111-Indium.
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Figure 3-2. Optical Image of rat oriented in the FASTSPECT II translational
stage. This image shows the mounting stage and orientation of the rat for
translation into the aperture for imaging. This 40 mm X 40 mm field of view
correlates to the field of view shown in Figure 3-3.
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Figure 3-3. Spectral Images (coronal view) of rat legs transplanted with 1x106
satellite cells. The legs of the rat were imaged using FASTSPECT II over 144
hours. Images were taken with 10 min acquisition times and are reconstructed
from the back of the rat, as apposed to the optical image that shows the front of
the rat. Therefore, the right spot in the image is the right leg. Using Amide
Medical Imaging software, intensity for regions of interest were acquired and
plotted below. These data were corrected for decay of 111-indium oxine using
measurements from standards, as shown in Figure 3-1. Images show that the
spectral Intensity decreases with time. From this activity data, 5% of cells are
estimated to survive out to 144 hours.
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The physical half-life of 111-Indium oxine, allows us to monitor cell
distribution for about 7 days, with a decay of 78% by 144 hours. As cited in
literature, the percentage of cells that survives after 144 hours is typically less
than 5%. The plot shown in Figure 3-3 correlates well with these findings,
showing a drop off of 95% in the first 144 hours. Post imaging, the TA and EDL
muscles were excised from the rat and the radioactivity measured using a
Capintec CRC-15W radionuclide calibrator to be 0.9 µCi (68 x 10 3 cpm) on the
right side of the rat. Corrected for decay of the 111-Indium label, reduction in
activity is 97% from the original 82 µCi (5.65 x 10

6

cpm), correlating well with

the imaging data shown in Figure 3-3. The techniques presented offer a
quantifiable means to study the cell survival and migration of transplanted
satellite cells within the seven day study period.

Locally Transplanted Satellite Cells Migrate Towards Sites of Injury
Radiolabeled satellite cells can also be used to track local migration in the
rat TA muscle and can be used to investigate in vivo effects of migration. When
locally transplanted satellite cells are injected at the top of the TA muscle in a
non-injured muscle, there is very little migration away from the site of injury. As
discussed and shown in Chapter 1 (Figure 1-2). This limited migration is possibly
due to the injury at the injection site restricting the cells to an already high
expression of injury related chemokines. There is some observed dispersion over
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time, but the majority of cells remain localized around the site of injection. We
hypothesize that when an additional injury/stimulus is introduced into the muscle,
that there is a stronger gradient of chemokines that induces migration away from
the site of injection.
To investigate cell migration, the TA muscle was selected because it is a
superficial muscle that is easily accessible to inject cells, large enough to
distinguish migration from dispersion of injected cells, and easily imaged using
gamma ray imaging and potential optical imaging modalities. For this study, a 40
µl injection of 0.75% bupivacaine was introduced at the bottom of the left TA
muscle to create the injury. The right side is used as a non-injured control for this
study. Twenty four hours post injury, 5x105 satellite cells labeled with 111-Indium
oxine were injected IM into the top of the TA muscle. Seven days post
transplantation, the TA and EDL muscles were excised for autoradiography. In
addition, biodistribution data were acquired for these muscles. Presented in
Figure 3-4 are the autoradiography images showing the spatial distribution of
radioactivity in the TA and the EDL muscle for rats injured with bupivacaine on the
left bottom of the TA muscles. The presented images show more spatially
dispersed activity in the left injured side indicating cell migration towards the
bottom of the TA muscle and into the EDL muscle. The right side shows intense
“hot” spots centered around the site of injection, indicating that the cells
remained within this location. Figure 3-5 shows the biodistribution data for these
tissues of interest. Using activity measurements from biodistribution data, we see
that the intensity differences in the images may be attributed to loss of
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activity/cell death. The activity in the sum of the left TA and EDL muscles are
statistically less than the sum of the right TA and EDL muscles (p<0.01). Also of
note in these images is the intense signal from the EDL muscle on the left side
and increased activity within the EDL, as shown in the biodistribution data. The
EDL muscle lies directly below the TA muscle and was most likely injured in the
bupivacaine injections. Figure 3-6 presents the same biodistribution data, but
breaks the activity measurements out into regions (top versus bottom) for the TA
and EDL muscles.
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Figure 3-4. Autoradiography images of IM injected satellite cells with left sided
injury. Each panel represents a different rat with the TA muscles at the top and
the EDL muscles at the bottom. The right muscles are on the left side of the
panel and the left muscles are on the right side of the panel. For each rat, 5x105
satellite cells were injected into the top of both the left and right TA muscles 24
hours post injury to the bottom of the left TA muscles. Autoradiography images
shown indicate increased activity in the right top TA muscles compared to the left
TA muscles (injured side) seven days post transplantation.
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Figure 3-5. Biodistribution data for IM injected 111-Indium oxine labeled
satellite cells with left sided injury (n=3). Injury was induced into the left bottom
of the TA muscle through bupivacaine injections and cells were transplanted into
the top of both the right and left TA muscles. The biodistribution data is not
normalized to weight and is presented as total count per minute activity. The
presented data shows that the sum of the left TA and EDL muscles is statistically
less than the sum of the right TA and EDL muscles (p<0.01). This statistical
difference may be an indication that there was cell death in the injured side and
that the observed dispersion in the autoradiography images in not only due to
migration. Activity in the soleus and gastrocnemius is presented as a control for
background activity.
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Figure 3-6. Regional biodistribution data for IM injected 111-Indium oxine
labeled satellite cells with left sided injury (n=3). Injury was induced into the left
bottom of the TA muscle through bupivacaine injections and cells were
transplanted into the top of both the right and left TA muscles. Biodistribution
data is broken up into regional activity (top vs. bottom) for the TA and EDL
muscles and is presented as a percentage of the total activity in the sum of the
left TA and EDL muscles for each side. Although not statistically different, these
data indicate increased activity within the left bottom TA muscle (site of injury)
over the right sided control. These results imply that there is a migration from the
site of injection to the area of injury.
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Validation of Local Migration Using Quantum Dot Labeled Satellite Cells.
To validate local migration studies conducted previously using 111-Indium oxine
labeled cells and FAST SPECT imaging, quantum dot labeled satellite cells were
injected IM at the top of the TA muscles in injured (left) and non-injured (right) TA
muscles of rats, as previously described. Twenty four hours post injury of the left
side, 5x105 cells were injected. Three days post-transplantation, TA muscles were
excised, embedded in OCT, sectioned, and stained for dystrophin (green) and
DAPI nuclear stain (blue). Quantum dots (QD705) were used to label satellite
cells and is presented in red. Images shown in Figure 3-7 are from the left
(injured) and right (non-injured) TA muscle and show the site of satellite cell
injection [A] and [B], and the bottom region of the muscle [C]. These images
show restriction of transplanted cells to the injections site with no migration to the
bottom region of the muscle. The images of the left TA muscles show intense
label at the site of injection [d] and [e] as well as dispersed quantum dots at the
site of injury [f]. These images validate data that local migration from
transplantation sites to sites of injury within the TA muscle obtained using radio
labeled satellite cells.
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Figure 3-7. TA muscle tissue three days post IM transplantation of quantum dot
labeled satellite cells. Sections are immunostained for Dystrophin (green), DAPI
nuclear stain (blue), and quantum dots (QD705) are shown in red. Panels [a], [b],
and [c] are from the right TA muscle and show transplanted satellite cells are
restricted the site of injection. Panels [d], [e], and [f] are from the left TA muscle
and show localization at the site of injection as well as dispersed quantum dots
within the site of injury [f].
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Systemically Delivered Satellite Cells Migrate to Sites of Injury
To determine if satellite cells can be transplanted systemically and migrate to
sites of injury, 2 x 10

6

111-Indium oxine labeled satellite cells were injected into

the tail vein of a F344 rats 24 hours post-bupivacaine injury of the TA muscle
(n=3). Imaging was accomplished using FASTSPECT II at 2, 24, 72, 144, and 168
hours post transplantation with 30 min acquisition times. From the reconstructed
images, quantification of label was measured by selecting an ellipsoid cylinder
region of interest (ROI) with dimensional units (15 width x 35 height x 10 depth)
using Amide medical imaging software. This ROI was centered around the TA
muscles as determined using previous scans of rats with fiduciary markers. The
results from these measurements are shown in Figure 3-8 with statistical
information in Table 3-1. Spectral intensity measurements were compensated for
differences in injected dose as well as 111-Indium decay over time.
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Figure 3-8. Quantification of radioactivity in the TA muscle over seven days post
tail vein injections (n=3). Injury of the TA muscle took place 24 hours prior to
satellite cell delivery though the tail vein (0 hours). Data shows an increase in
radioactivity in the first 72 hours in the bupivacaine injured TA muscle (left side)
of each rat. At 72, 144, and 168 hour time points the radioactivity in the left
(injured side) is significantly higher than the right (non-injured) side (p<0.05 is
considered significant). These data suggest that the delivered cells either reside
in other organs or circulate vascularly until they home to the site of injury.
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Table 3-1. Statistics on imaging data shown in Figure 3-4 (n=3).
Hours

Left Side (Average)

Right Side (Average)

Left (Average) –

P-Value

Right (Average)
2

0.00000280

0.00000171

0.00000109

0.083

24

0.0000117

0.00000255

0.00000915

0.069

72

0.0000232

0.00000635

0.0000168

0.005 *

144

0.0000161

0.00000486

0.0000112

<0.001 *

168

0.0000178

0.00000610

0.0000117

<0.001 *

The intensity data, shown in Figure 3-8, shows very little spectral intensity
3 hours post IV injection of satellite cells. By 72 hours post transplantation, there
is a peak intensity measurement with a tapering of intensity by 144 hours. This
loss of intensity can be attributed to cell death or migration. Table 3-1 illustrates
the statistical data for these images. Using a student t-test with p<0.05 being
significantly different, the left side shows a significant difference in measured
activity over the right side for 72, 144, and 168 hours, as indicated by the
asterisks in the plot and table. The slow increase in radioactivity over the first 72
hours suggests that the tail vein injected satellite cells either reside in other
organs or circulate in the vasculature until they home to sites of injury.
These data were validated using autoradiography and biodistribution data.
After seven days of imaging, the TA and EDL muscles were excised and
autoradiography used to image label within the tissue. Images were exposed for
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30 minutes and are shown below in Figure 3-9. Panel [A] and [B] were taken on
the same film and panel [C] was taken at a later time that day. As shown in the
autoradiography figures, there is intense signal from the left TA muscle and the
left EDL muscle (injured side), but only slight background signal from the right
side (non-injured). Because the EDL muscle lies directly below the TA muscle, it
is likely that the bupivacaine cytotoxic solution leaked into the EDL muscle
causing muscle damage or the damage in the TA muscle also caused
compensation by the EDL muscle, and thus an increased demand for growth and
satellite cell recruitment. Also, shown in Figure 3-9 [D] is a transplant study,
where the rat was injured 48 hours after transplantation. As shown in this image,
there is a higher intensity in the left/injured side over the right/control side. The
decreased activity shown in panels [D] as compared to panels [A], [B], and [C] is
attributed to either less cells or reduced activity between day 8 and day 10, as
shown on the time line in Figure 3-9. 111-Indium oxine has a half-life of 67.2
hours, therefore there would be a significant decay (38%) within this 48 hour time
difference.
To determine other areas of activity within the rat, radioactivity was
measured in control muscles, and other organs of interests. These results are
shown in Figure 3-10 and Figure 3-11 for three separate rats. Biodistribution data
shows a high level of 111-Indium activity localized in the left TA and EDL muscles
(injured side), as also shown by autoradiography images. Also high levels of
activity are measured in the lung, liver, spleen, and kidneys. Figure 3-11 shows
differences in 111-Indium activity in the left TA and EDL (left leg muscles) vs. the

100
right TA and EDL (right leg muscles). The activity in the left leg muscle is
statistically greater than the right (p<0.01) and suggests that IV transplanted
satellite cells migrate to areas of injured muscle within the rat.
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Figure 3-9. Autoradiography images of bupivacaine-damaged TA muscles (left)
versus uninjured TA muscles (right). The right side of each panel is an image of
the left TA muscle with the TA muscle at the top and the EDL muscle below.
Images [A], [B], and [C] validate time-based imaging results shown in Figure 3-8
and show that there is systemic migration of transplanted satellite cells to the
sites of injury on day 7 post-tail vein injections of 2x10 6 cells (n=3). These
images are from the same rats that were imaged (data shown in Figure 3-8) with
injury induced in the TA muscle 24 hours prior to satellite cell delivery, as shown
by the timeline. The image shown in panel [D] shows an autoradiographic image
of the TA muscle from a rat that was transplanted with satellite cells 48 hours
prior to inducing injury in the left TA muscle (n=1). This image shows a slight
increase in activity on the injured left side an indication of cell migration.
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Figure 3-10. Biodistribution of radioactivity within tail vein injected rats on day
seven (n=3). Biodistribution data is normalized to weight of the tissue and shows
increased radioactivity within the left side (injured side) of rat as well as other
filter and clearing organs such as the lung, liver, spleen, and kidneys. These data
validate the time-based imaging of radioactivity as well as autoradiography
results.
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Figure 3-11. Biodistribution of left versus right leg muscles (n=3). Data was
calculated by adding up normalized radioactivity in the tibialis anterior (TA),
extensor digitorum longus (EDL), gastrocnemius (gast), and soleus muscles for
each side. Data shows a significant difference in the radioactivity of the left
(injured side) versus the right side control (p<0.001). These data suggests a
migration of vascularly delivered satellite cells to areas of injured muscle within
the rat.
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The results of the presented imaging study show the capability to image
homing and biodistribution of transplanted satellite cells throughout 168 hours
post transplantation. These data also demonstrate that satellite cells will exit the
vasculature in an area of bupivacaine induced skeletal muscle injury. As
discussed earlier, the bupivacaine injury model is well established as damaging
the muscle fibers without effecting satellite cells or the vasculature.
To rule out possible uptake of label by immune cells, transplanted satellite
cells were both labeled with BrdU and transfected with the pEGFP plasmid vector
presented earlier. Because the cells were transfected with the pEGFP vector
during culture, fluorescent imaging as well as real time PCR techniques,
established in Specific Aim 1, can be used to validate the existence of
transplanted satellite cells within the injured TA muscles. Figure 3-12 shows
these images and real-time PCR results for pEGFP. These images establish that
the intense radioactivity in the left TA muscle (injured side) are in fact the IV
transplanted satellite cells. These tissue sections can also be stained for antiBrdU to validate existence of transplanted satellite cells and to characterize their
role in muscle regeneration. As shown in Figure 3-13, BrdU labeled cells are
located in the center of regenerating myofibers (white arrows). This localization of
BrdU within a nuclei that is centrally located within myofiber demonstrates that
the transplanted cells are involved in active regeneration of skeletal muscle.

105

Figure 3-12. Validation of radiolabeled IV satellite cell transplantation using
GFP. [a] GFP RT-PCR on explanted TA muscles (n=2) and [b] Immunostaining of
TA muscles validating GFP labeled transplanted satellite cells within injured TA
muscle (n=1). The DAPI nuclear stain (blue) was used to co-stain section with
GFP labeled cells (green). The yellow scale bar represents 100 µm.
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Figure 3-13. Validation of radiolabeled IV satellite cell transplantation using
BrdU. Section from TA muscle in IV transplanted satellite cells showing BrdU
label within centrally located nuclei (white arrows). Sections are stained for
dystrophin (red), BrdU (green), and DAPI nuclear stain (blue). This localization of
BrdU within a nuclei centrally located within a myofibers indicates that the
transplanted satellite cells are contributing to regeneration of the skeletal muscle.
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Methods to improve the targeted migration from the bloodstream to the
site of injury after IV injection can now be developed in a rational manner. These
methods may include techniques to upregulate migration receptors of
transplanted cells or increase chemokines in the areas of interests. General
limitations of this 111-Indium labeled satellite cell study include: length of
imaging study with tracking capability limited to approximately a week, possible
limited cellular retention of 111-Indium oxine, and irradiation of radiolabeled cells
resulting in impaired cellular viability and function. Additional studies should be
continued to determine these effects and methods to isolate such effects from
results.

Quantum Dot Labeled Satellite Cells Validate Systemic Migration to Sites of Injury
To validate the 111-Indium labeled satellite cell migration studies and
determine cell fate of transplanted cells once they are in the site of injury,
quantum dot-labeled satellite cells were injected IV, in a similar manner as
presented earlier. Quantum dots can be excited optimally with UV or violet lasers
and are available with various emission peaks. The exceptional stability, narrow
excitation, tunable emission spectra, and the capability to multiplex through timegated and spectral imaging techniques make quantum dots ideal for in vivo
tracking of transplanted satellite cells. Used in this study is QD705, which has an
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emission spectrum around 705 nm and can be visually identified using a standard
fluorescence microscope with a Cy5.5 filter set. The use of this quantum dot also
allows the opportunity for future optical whole animal imaging techniques, where
absorption of tissue is ideally minimized. To determine effects of quantum dots
on cell differentiation, satellite cells were labeled at various concentrations and
allowed to differentiate in 2% FBS/DMEM. Images, shown in Figure 3-14, were
taken 48 hours after labeling with a 10 nM concentration of the quantum dot
complex. As shown, labeling the satellite cells with quantum dots show quantum
dots located in myotubes and therefore did not hinder differentiation.
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Figure 3-14. Quantum dot-labeled satellite cell cultures. Panel [A] is a bright
filed image of proliferating satellite cells 24 hours after labeling and panel [B] is
the corresponding fluorescent image taken with a Cy5 filter set. Panel [C] is a
bright field image of differentiated satellite cells, 48 hours after labeling and [D] is
the corresponding fluorescent image. This image shows aggregation of quantum
dots in recently fused myofibers. The scale bar represents 100 microns.
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Once labeling techniques were determined, 2x106 passage two satellite cells were
labeled with QD705, resuspended in 100 µl of DMEM, and were IV delivered into
F344 rats through the tail vein 24 hours post injury of the left TA muscle, in a
manner similar to 111-Indium radiolabel study. Seven days post transplantation,
TA muscles were excised, embedded in OCT, cryosectioned, and immunostained
for dystrophin, MyoD, and Pax7. Figure 3-15 illustrates representative images.
As shown in Figure 3-15 [A], large number of quantum dot labeled satellite cells
escape the vasculature and migrate to sites of injury in the TA muscle. These
results validate data from the 111-Indium oxine labeled satellite cells IV
transplantation studies presented earlier. Figure 3-15 [B] and [C] are close up
images showing location of quantum dot satellite cells with respect to aDAPI
nuclear stain and regenerating muscle fibers. Also shown in this image, are
muscle fibers with centrally located nuclei that indicate areas of active skeletal
muscle regeneration. Figure 3-15 [D] and [E] indicates that the quantum dot
labeled cells express MyoD and are therefore myogenic in nature. Figure 3-15 [E]
shows that the cells contribute to regeneration. During myoblast fusion, the
cytoplasmic quantum dots disperse through the newly formed myotubes (white
arrow). Although limited, some transplanted cells still express Pax7, an early
marker in satellite cells, as shown in Figure 3-15 [F]. This is to be expected, since
these images are seven days post transplantation and the majority of
differentiating cells will have down regulated Pax7 expression.
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Figure 3-15. Validation of radiolabeled IV satellite cell transplantation using
quantum dots (QD705). Panel [A] and [B] are sections from rat TA muscle
stained for dystrophin (green), DAPI nuclear stain (blue), and QD705 labeled
satellite cell (red), [C] Blow up of image B insert, [D] Image of TA muscle stained
for MyoD (green) and QD705 satellite cells (red), [E] Image of TA muscle stained
for MyoD (green), DAPI nuclear stain (blue), and QD705 labeled satellite cells
(red), [F] Image of TA muscle stained for Pax7 (green), DAPI nuclear stain (blue),
and QD705 labeled satellite cells (red). Yellow scale bar is 100 microns. QD
labeled satellite cells migrate to sites of injury and stain positive for MyoD (D),
contribute to regeneration (E) and stain positive for Pax7 (F).
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Tail vein injected satellite cells also migrate to infarcted cardiac tissue
To determine if IV injected satellite cells will migrate to other types of injury, a rat
cardiac ischemic model was used to induce a cardiac injury, as described by Liu
et al. (Liu et al., 2007). Briefly, the left coronary artery (LCA) was temporarily
ligated on two Fisher 344 rats. Twenty-four hours post injury, 2x10
cells were injected via the tail vein for one rat, while 2 x10

6

6

satellite

fibroblasts were

injected into the other rat. Fibroblasts through expansion of a single colony
obtained from the pre-plate of a satellite cell isolation preparation. Seven days
post IV injection of cells, rat hearts were explanted and sectioned. The images
presented in Figure 3-16 show that the spatial distribution of radioactivity in the
autoradiography photos [A] and [C] correlate well with the infarct sites (indicated
by arrows) as distinguished by evans blue dye in the gross photographs [B] & [D].
These preliminary results show that cells not only migrate to sites of injury
induced through cytotoxic insult but that there is a more global migration
mechanism toward sites of injury in general. Although the rates of migration and
quantity are not demonstrated here, these data also show that muscle derived
fibroblasts migrate to these sites of injury as well.
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Figure 3-16. IV injected satellite cells migrate to infarcted cardiac tissue. [A]
Autoradiography and [B] gross photographs of heart sections perfused with evans
blue dye that were transplanted with 2 x 10 6 fibroblasts via the tail vein injection.
[C] Autoradiography and [D] gross photographs of heart sections perfused with
evans blue dye that were transplanted with 2 x 10 6 satellite cells via the tail vein
injection. [E] Schematic showing ligation of LCA for heart ischemia model used
for injury.
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Discussion
High resolution, small animal imaging capabilities have been the focus of
many research labs to accomplish basic research on rodent models.
Demonstrated here is the use of FASTSPECT II imaging system and
autoradiography techniques to track locally and systemically transplanted 111Indium labeled satellite cells within the host. In addition to radiolabeled cell
studies, BrdU, GFP, and quantum dots have all been used to validate cell
migration and regeneration within skeletal muscle.
From these studies, cell survival under normal direct injections was
established to be less than 5% by 144 hours IM delivery of cells. These data
correlate well with already established data in the field of satellite cell
transplantation. The IM delivered satellite cells were shown to migrate locally
towards site of injury within the TA muscle over seven days. These data
contradict the limited migration discussed in previous papers. It is hypothesized
that this limited migration in satellite cell transplantations may be attributed to an
increase in released chemokines within the site of injection, as it is a site of injury.
This chemokine expression restricts cells from migrating away, unless there is a
stronger chemokine gradient in another location. The in-vivo migration assay
established here is a baseline for future studies related to migration within
skeletal muscle. Real-time PCR data, shown in Figure 2-5, establishes increased
expression of CXCR4 and c-Met expression in hypoxic and heat stressed satellite
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cell cultures. These results imply that one may enhance satellite cell cultures for
increased migration towards sites of injury.
Because muscular dystrophy is a systemic disease that requires therapy
for both superficial muscles as well as embedded muscles it is necessary to
establish techniques that include systemic delivery of cells. Systemically
transplanted cells have previously shown very little success in homing to areas of
injury. The presented data establishes that satellite cells, following systemic
delivery, escape the vasculature specifically at sites of skeletal muscle injury. By
utilizing 111-Indium oxine as a label and FASTSPECT II gamma ray imaging
techniques, it was shown that the migration of transplanted cells to sites of injury
does not take place immediately, but rather is a slower process that peaks
between 48 and 72 hours post transplantation.
These results raise questions as to where the cells go during this time and
what mechanisms are involved. Also presented here is preliminary data
demonstrating that injuries that take place 48 hours post transplantation also
show cell migration to the injured site. From these data, we hypothesize that
injected cells either stay in the blood stream or reside in the lung or other organs
until signals induce cells to migrate to sites of injury. To validate the radiolabeled
cell tracking data satellite cells were also labeled with BrdU, GFP and quantum
dots and all indicate that cells egress from the vasculature to the injured TA
muscle and not to the control non-injured side. Immunostaining on explanted
tissue from these studies indicate that these transplanted cells are still myogenic
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in nature (MyoD+) and contribute to regeneration of skeletal muscle (centrally
located BrdU labeled nuclei). Also presented through a cardiac injury model are
results that show that cells not only migrate to sites of injury induced through
cytotoxic insult but that there is a more global migration mechanism toward sites
of injury in general. Overall, the methods presented here provide useful in vivo
tools for optimization of tissue culture treatments that can enhance subsequent in
vivo cell migration and regeneration.
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4. DISCUSSION AND FUTURE WORK

Summary
Duchenne muscular dystrophy (DMD) is an X-linked recessive disease that
affects 1 in 3000 live male births throughout the world (Blau, 2008). In DMD
patients, the lack of dystrophin protein weakens the muscle fiber, resulting in
constant skeletal muscle damage and irregular regeneration that presents as an
overabundance of fibrosis and irregular sized muscle fibers. This muscle
architecture provides limited functionality and progresses to a stage of
immobilization by age early teens in patients. In normal skeletal muscle, the
satellite cell is the adult stem cell that is responsible for growth and regeneration
of skeletal muscle. In DMD patients, a defect in the proliferative capacity of
satellite cells was found in clonal analyses of cells cultured from Duchenne
muscular dystrophy (DMD) patients and is shown to have a profound effects on
postnatal muscle development and results in the progressive muscle degeneration
characteristic of the disease (Blau et al., 1983). Because, muscular dystrophy
patients are in a chronic state of injury due to the lack of dystrophin protein that
links the actin filament to the cell membrane (Mendell et al., 2006), the satellite
cell pool is depleted at a very young age, an outcome that parallels aging studies
on skeletal muscle regeneration (Wakayama et al., 1979).
Suggested treatments for muscular dystrophy and other muscles disease
include the transplantation of autologous satellite cells expanded in cell culture
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with or without gene therapy. Partridge et al. showed that injected normal muscle
precursor cells can fuse with pre-existing or regenerating mdx muscle fibers to
render many of these fibers dystrophin positive and so to partially or wholly
rescue them from their biochemical defect (Partridge et al., 1989). Because
these cells were mononucleated and dystrophin is not expressed before the
formation of multinucleated myotubes, these results suggest that there is new
synthesis of dystrophin, rather than passive carriage of this protein by injected
cells taking place (Partridge et al., 1989; Watt et al., 1993).
Early results suggested that direct intramuscular (IM) injections of normal
myoblast could lead to dystrophin expression in dystrophic mdx mice and in
humans (Skuk et al., 2004). However, previous attempts to examine satellite cells
transplantation as a therapy for muscular dystrophy report that the majority of
cells die quickly after intramuscular injections (Beauchamp et al., 1997; Fan et
al., 1996; Hodgetts et al., 2000; Peault et al., 2007; Qu et al., 1998; Rando et al.,
1995). This treatment cannot be implemented without addressing significant
issues related to cell survival, migration of satellite cells to site of interest, and
immunosuppression required for non-autologous transplantation. Also, if gene
therapy is going to be considered as a realistic approach to treating muscle
disease, challenges related to cell survival of satellite cells expanded in culture
must be addressed. There has been increased survivability, cell integration and
proliferation with transplantation of intact myofibers with their satellite cells
(Rosenblatt et al., 1995; Suzuki et al., 2000) or freshly isolated satellite cells
(Montarras et al., 2005), but isolation using this technique is limited to fewer
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cells, requires tedious isolation protocols and may be impractical from a clinical
perspective due to the low number of cells available for transplantation.
The primary goal of this research was to develop techniques for successful
transplantation of cultured satellite cells for muscle regeneration. In a recent
review by Peault, et al., three challenges were outlined in the area of satellite cells
transplantation: 1) cell survival, 2) cell migration, and 3) host rejection (Peault et
al., 2007). To summarize the work presented in this dissertation specific Aim 1
and specific Aim 2 address 1) increasing cell survival of transplanted satellite cells
and 2) developing strategies for delivery and tracking of transplanted satellite
cells, respectively.

The first specific aim focused on developing techniques that will increase
the transplantation efficacy of cultured satellite cells. Gene expression studies
showed an upregulation of genes such as HIF 1alpha, VEGF, hsp70, hsp90, and
LDHA that are markers of a cellular response to stress. Typically satellite cells are
cultured under ambient, or normoxic conditions. When used as a therapeutic tool
to repair muscle injury, cells cultured under standard conditions must adapt to a
low oxygen tension (1% oxygen) in ischemic tissue. By pre-conditioning cells to
stress, we hypothesized that there would be an increased survival during
transplantation. Experiments in the first specific aim also demonstrated the
methods to evaluate cell survival through a quantitative GFP-based real-time PCR
assay and the comparison with Y-chromosome real-time PCR techniques
established by Yasuda, et al. (Yasuda et al., 2005). Although the efficiency of GFP
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plasmid transfection is limited to 31 %, this approach proved more sensitive than
targeting the Y-chromosome, most likely do to multiple copies of GFP plasmid
DNA in each cell. To demonstrate the GFP assay, 5x105 male derived satellite
cells, that were transfected with GFP, were heat stressed and control cells were
transplanted IM into the TA muscle of female Fisher 344 rats. Seven days post
transplantation, results from the GFP assay indicate a 1.6 fold increase in GFP
expression in heat stressed cells versus non-treated control cells. Although
results were not statistically significant (p=0.244), there was enhanced overall
survival of cells that were heat stressed. Using this technique, future optimization
of exposure times, temperatures and different treatments groups can be
accomplished.
In addition to fthe heat stress treatments, real-time gene expression also
demonstrated enhanced upregulation of key genes with hypoxia and cobalt
chloride treatments. Cobalt Chloride is a hypoxia mimic that has been used to
induce hypoxic response in cells by this lab and others. These treatments were
not demonstrated here, but would be a logical approach to enhance cell survival.
The developed assay could also be used to optimize treatment conditions. For
example, there may be a higher survival rate with longer or higher temperature
heat stress treatments of cell cultures. It is possible that the lack of success in the
heat stress studies may be due to a transient response of these genes and that
over time, gene expression reverts to the original levels and do not produce
significant increased survival. Gene expression studies on treatment groups also
included key migratory genes such as CXCR4 and c-Met. Results from the
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treatment groups indicate increased expression of both CXCR4 and c-Met with
heat stress and minimal upregulation of these genes with hypoxia and cobalt
chloride. These data provide additional advantages to the heat stress approach
and are worth further investigation in future experiments.
The second specific aim focused on the second major challenge in cell
transplantation, cell migration to site of injury and approaches in cell delivery for
the treatment of muscular dystrophies. Because muscular dystrophies are
systemic diseases that require therapy for both superficial muscles as well as
embedded muscles it is necessary to establish techniques that include systemic
delivery of cells. Systemically and locally transplanted satellite cells have
previously shown very little success in homing to areas of injury.

To date, most of the current knowledge of cell migration is elucidated
through in-vitro modified Boyden Chamber transfilter migration assays. In this
setup cells migrate towards a chemokine gradient. These In-vitro migration
assays are useful for acquiring basic migration comparisons between different
chemokines and cell types, but lack the complexity essential for a systematic
understanding of these processes. In-vitro assays also lack contributing factors
from immune cells, extracellular matrix interactions, three dimensional nature of
cell migration, fiber-fiber migration, and lt is difficult to mimic the nature of
muscle injury and regeneration in an in-vitro model. This research thus focuses
on an in vivo migration assay that utilizes the tibialis anterior (TA) muscle of a rat.
Using both 111-Indium oxine and quantum dot labeling techniques, satellite cells
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were tracked anywhere from 3 to seven days post IM injection. Both techniques
show extensive migration to sites of injury as well as regeneration at the site of
injury, as indicated by quantum dot studies. It is therefore shown here that locally
transplanted satellite cells will migrate towards sites of injury and that earlier
presented results may be indicative of local increased release of injury related
chemokines at the site of injection, restricting cells to this region.
Based upon these specific aims, new approaches have been demonstrated
to study cell survival and cell migration. In the past, research has focused
primarily on techniques that utilize cell labeling and sectioning for determination
of cell survival and location within the host. These techniques are not only
laborious and plagued with sampling error, but require sacrifice of the animal for
analysis.
Other outcome from this dissertation work include the demonstration that
satellite cells expanded in cultured are capable of migrating to sites of injury in
not only direct IM injections but also in IV delivery through the tail vein. The
implication of such findings are key to the clinical application of cell therapy for
the treatment of muscular dystrophies. The highly sensitive nature of
radioisotopes combined with imaging capabilities has provided the means to
determine migration that may have been overlooked in the past using standard
techniques of visual inspection of stains on preserved tissue sections. The
observed outcomes were demonstrated using FASTSPECT II imaging techniques
and validated using four different cell labeling approaches. To address cell
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tracking, four different approaches were used in these experiments, each
providing unique advantages that provide information about cell survival,
migration, and phenotype. Green fluorescent protein (GFP) was used as a very
sensitive, quantifiable marker of cell survival, as demonstrated in Chapter 2. Cells
numbers as low as 1x103 cells within tissues of interests were measured.
Radiolabeling cells with 111-Indium oxine has the advantage of quantification and
very high sensitivity for approximately a week. As demonstrated, label can be
imaged using FASTSPECT II techniques and can provide quantifiable
measurements based on these images, as shown in Chapter 3. The disadvantage
of this approach is that studies are relatively short term (1 week). Longer-term
studies (30 days) will require other labeling approaches that do not dilute out with
cell division, such as cells isolated from constitutively expressing GFP animals.
Also presented here, is the use of quantum dots to label cells and track cell
migration. Quantum dots have the advantage of narrow emission spectrum and
do not require post staining. Because there is no requirement for staining,
quantum dot studies were used to validate the 111-Indium results. Another
advantage of quantum dot labeling, for future studies, is the multiplexing
capability inherent in the different emission spectrums available for distinct
materials. Lastly BrdU was utilized in all studies. BrdU is intercalated into the
DNA during cell division. For these studies, BrdU was added to the cell culture for
18 to 24 hours for cell labeling. Muscle tissue staining with anti-BrdU was used to
identify transplanted satellite cells. Because BrdU is localized in the nucleus, it
provides valuable and unique information about the cells involvement in
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regeneration that GFP and quantum dot labeling do not provide. For example,
early signs of regeneration is noted by the formation of centrally located nuclei
within a smaller new muscle fiber, as indicated by dystrophin staining. If the
BrdU labeled cell is colocalized with the centrally located nucleus of the muscle
fiber, then muscle regeneration can be attributed to the labeled cell.
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Future Work

Increasing Cell Survival of Transplanted Satellite Cells
To address cell survival, we present heat stress as a viable option for
increasing cell survival in transplanted satellite cells. Although there was a trend
in overall survival of cells in this study, results showed only slight increases in cell
survival that may not warrant the implementation of this process clinically. The
foundation for the use of heat stress was based on gene expression studies,
previous research group’s findings, and the ease of implementation. Proposed
here is the use of presented techniques for evaluating cell survival to evaluate
other treatment conditions as viable approaches to increasing cell survival. In
addition to the heat stress treatments, real-time gene expression also
demonstrated enhanced upregulation of key genes with hypoxia and cobalt
chloride treatments. Adaptation to hypoxia include shifting energy metabolism
and upregulation of genes responsible for pro-survival. Cobalt Chloride is a
hypoxia mimic that has been used to induce hypoxic response in cells by this lab
and others (Ceradini et al., 2004). Hypoxia and cobalt chloride treatments were
not demonstrated here, but would be a logical approach to enhance cell survival.
The developed assay could also be used to optimize treatment conditions in heat
stress studies. For example, there may be a higher survival rate with longer or
higher temperature cell culture conditions. It may be that the response to the
proposed culture treatments are transient and may not be sufficient to withstand
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the insult of injections into ischemic areas of injury. To address the need for
consistent expression of presented cellular stress genes, constitutively expressed
genes may need to be inserted into satellite cells in culture through adenoviral or
lentiviral techniques. A gene that has obvious global impact on the survival would
be HIF-1α. As discussed in Chapter 2, the upregulation of HIF-1α is upstream of
numerous genes of interests that would provide a more global effect on cell
survival and cell migration within treated cells.

Cell Tracking of Transplanted Satellite Cells
Cell fate and biodistribution is a key challenge in future cell therapy
applications. The ability to track labeled cells in the host is necessary for clear
understanding of cell therapy. Presented here is the use of FAST SPECT II
imaging of 111-Indium oxine radiolabeled satellite cells. The long lifetime of 111Indium oxine and the ability to quantify label using FAST SPECT imaging
techniques make this technique ideal for in-vivo tracking of transplanted satellite
cells for week long studies. Although effects on viability studies were examined
here, there are still outstanding questions with regards to cell retention of the
label and long term radiation effects on the labeled cells and the muscle
regeneration process that warrant investigation.
Another gamma imaging approach that may address the issue of cell
retention includes the use of adenovirus mediated transfer of the thyroid
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sodium/iodine symporter (NIS) gene into satellite cells. The NIS is a molecule
involved in the active accumulation of iodine in the thyroid gland for biosynthesis
of thyroid hormone and can concentrate iodine up to 40-fold with respect to
plasma (Upadhyay et al., 2003). Iodine transport in thyroid cells through NIS is
the basis for using radioiodine for diagnosis and treatment of differentiated
thyroid carcinoma (Levy et al., 1998). This approach has previously been used for
tracking tumor cells (Boland et al., 2000) and mesenchymal stem cells (Lee et al.,
2008). Radioprobes that are compatible with the NIS include: Iodine-125 (half
life: 60 days), Iodine-123 (half life: 13 hours), Iodine-131(half life:8 days),
technetium (99mTc) (half life:6 hours), and technetium pertechnetate (99mTcTcO4-) (half life: 6 days) (Lee et al., 2006). The transfer of the NIS gene into
satellite cells could provide signal after radioactive iodine administration. The
advantages to this approach include: long term imaging capability that is not
limited by the lifetime decay of label. It would be preferable to use a radioisotope
with a very short lifetime, such as Iodine-123, that can be administered on a daily
or weekly basis and is cleared by the next imaging session.

These dynamic

approaches also address cell retention and long term effects of radiation on cell
viability and the muscle regeneration process. Because the use of NIS reporter
genes is not well documented in satellite cells, proper tissue culture experiments
should be accomplished prior to transplantation studies to determine both
efficiency and functionality of the inserted gene.
In addition to the use of constitutively expressed NIS for tracking cell
distribution, NIS expression could be used as a reporter for markers of cell
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function by inserting after the promoter of genes of interest. Using this reporter
technique, myogenic (MyoD), muscle fusion (MHC) with events being quantifiable
non-invasively within the host. Because radiolabeled iodine is administered before
each imaging session, the lifetime does not become problematic for long-term
studies.
This research briefly addresses function and phenotype of transplanted
cells once they migrate to the sites of injury. Through the use of quantum dot
labeling, we were not only able to validate 111-Indium studies without staining
slides, but were also able to use immunostaining techniques to identify
dystrophin, MyoD, and Pax7 and determine the phenotype of the cell once it
arrives seven days post transplantation. From these experiments, it was
determined that these cells are myogenic in nature (MyoD +) with very little
staining Pax7 expression, indicating they had moved further down the
differentiation pathway into myoblast/myotube formation. Also shown here is that
these cells fuse to form myotubes, indicating skeletal muscle regeneration
Other approaches for cell tracking include the use of SPIO in MRI and
optical imaging of bioluminescence and quantum dot labeled cells. Although not
presented here, whole body imaging can be achieved with the use of quantum
dots using optical microscopic techniques. The QD705, used in this work,
provides options for deep tissue optical imaging. Illustrated in Chapter 3, is that
satellite cells can be labeled with quantum dots without affecting differentiation
and can be transplanted into the host without loss of label. Quantum dots are
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commercially available with various narrow emission spectra that can be used for
multiplexed labeling of different cell types and tracking migration of these cell
types simultaneously within the host through spectral or lifetime imaging. To
acquire lifetime images time-gated microscopy can be utilized. Imaging of
quantum dots can be very sensitive when using time-gated imaging approaches.
This system allows the use of long lifetime fluorescent nanoparticles to separate
out short lifetime auto fluorescence from tissue providing enhanced signal to
noise measurement capability. Using time gate capabilities, there is also the
capability of multiplexing numerous cell populations by imaging the separate
spectral and lifetime characteristics of the quantum dot label.

Local In Vivo Migration Assay and Increasing Cell Migration
To date, most of the current knowledge of cell migration is elucidated
through in-vitro modified Boyden Chamber transfilter migration assays, in which
cells migrate towards a chemokine gradient. These In-vitro migration assays are
useful for acquiring basic migration comparisons between different chemokines
and cell types, but lack the complexity essential for a systematic understanding of
these processes. This research thus focuses on an in vivo migration assay that
utilizes the tibialis anterior (TA) muscle of a rat. The TA muscle has often been a
site for cell transplantation studies, but very little research has been
accomplished in the area of migration within the muscle. Here we show that
locally transplanted satellite cells will migrate towards sites of injury. Future
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studies, using this migration assay, will include perturbations to cell migration
through tissue culture techniques and addition of chemokines such as SDF-1 and
HGF to increase migration towards sites of injury.
It seems likely that the SDF-1-CXCR4 axis could play a more key role in
trafficking of CXCR4+ satellite cells to damaged areas of muscle. Sites of injury
have been shown to release chemokines, such as SDF-1 and HGF, that are key
factors in this homing of stem cells to the area for the purpose of regeneration
(Ratajczak, et al., 2003, Tatsumi et al., 1998). Preliminary experiments, from
C2C12 cells, suggest that the chemokine SDF-1 and its receptor, CXCR4, as well
as hepatocyte growth factor and the c-met receptor could be involved in targeting
satellite cells to damaged muscle (Ratajczak, et al, 2003).
The obvious next step for this research is to use the tools presented to
study mechanisms of migration and develop techniques to perturbate these
mechanisms for increased cell homing to sites of interest. Previous data
established in this lab (data not shown), demonstrates the ability to increase cMet expression, the unique receptor to HGF, by culturing the cells in media
containing 10 ng/ul HGF. Although this does provide a technique for upregulating
key migratory receptors, the use of growth factors can be expensive and may
provide limited expression of other key genes of interest; for example, real-time
PCR on the same cell cultures demonstrated very little CXCR4 expression. We
propose that by culturing cells under hypoxic or heat stress conditions, c-Met,
CXCR4 and other cellular stress genes can be upregulated. This approach seems

131
to be a more global approach to increasing pro-survival and pro-migratory genes.
We show that satellite cells cultured in hypoxia induces expression of c-Met, the
receptor for hepatocyte growth factor (HGF), and we hypothesize that this will
enhanced c-Met signaling and their migration rates. The chemotactic and
antiapoptotic properties of SDF-1 toward bone marrow stem cells suggest that the
chemokine would be ideal for studies of cell transplantation, hence continued
investigation of the use of SDF-1 to induce migration to the TA muscle of a rat
from tail vein injections would be beneficial. Also, the use of endogenous HGF
located within the host’s muscle is clinically advantageous over injected HGF.
HGF is released from skeletal muscle with injury or stretch (Tatsumi et al., 1998).
This may be a therapeutic approach to increase migration of locally transplanted
cells.
Both in vitro and in vivo experiments should be undertaken to explore the
physiological role of these two signaling systems (SDF-1/CXCR4 and HGF/c-Met)
in directed migration and to determine if these chemokine and growth factors can
be manipulated to enhance efficacy of cell-based therapies involving skeletal
muscle satellite cells. As discussed previously, these types of migration studies
would be very limited using already established in vitro migration techniques. The
in vivo migration assay demonstrated here allows for more complex
understanding of cell migration.
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Systemic Cell Delivery
Lastly, systemic cell delivery for treatment of muscular dystrophy as well as
other disease states is the overall target in this field. Demonstrated here is the
capability for cells to exit the vasculature in regions of both cytotoxic injury in
skeletal muscle and ischemic injury in cardiac tissue. The most compelling
preliminary data shown, that deserves further discussion, is the localization of
transplanted satellite cells in areas of injury when injury is induced 48 hours after
transplantation of cells. These finding open up additional questions as to where
the cells reside and what mechanism are involved. Using radiolabeled cell
tracking techniques, biodistribution, and autoradiography techniques,
transplanted cells were tracked over a seven-day period. By utilizing the noninvasive high resolution FASTSPECT imaging, long-term studies of transplanted
satellite cells were available without sacrificing numerous rats. From these
studies, it was determined that tail vein injected satellite cells migrate to sites of
injury. This migration is not specific to bupivacaine muscle damage, but is also
demonstrated in a rat cardiac ischemia model. The ability to deliver cells to
global sites of injury without sequential injections directly into the muscles is key
to a clinically relevant cell therapy approach. Although these findings were
presented on a rat model, the use of the MDX mouse model would be a logical
next step towards the development of more clinically relevant research. Future
studies include the combined use of tissue culture treatments and injections of
chemokines that will increase the migration rate to these sites of injury. As
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shown here, cells do not go directly to the site of injury after tail vein injections,
but rather arrive there over a seven day or longer time frame. We show that cells
injected with no injury reside in the lungs and that rats injured 48 hours post
transplantation, cells migrate to the site of injury. Taken together, we hypothesize
that a population of tail vein injected satellite cells reside in either the lung or
blood and that there is a chemokine based migration towards sites of injury. This
hypothesis can build off the methodology presented here, but requires additional
temporal-based whole body FASTSPECT II imaging combined with CT overlay for
registering anatomical features.
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