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Abstract
Diseases of bone, such as osteoporosis and osteogenesis imperfecta, cause
weaker, more porous, and more brittle bones. Stem cell therapy has been suggested as
one alternative approach that can be applied to treat these diseases. This approach
however, would require distribution of the stem cells to the entire skeleton, which at
present is not an easy task. The present project focused on developing methods to
enhance trafficking of mesenchymal stem cells (MSCs) to the skeleton using mouse
models of injury. MSCs are the precursor cells to bone, cartilage, and many other tissues.
MSCs are found in extremely small amounts around the body, but mostly in the bone
marrow. The goal of this project was to determine if trafficking and engraftment of
intravenously injected MSCs in mouse models of injury could be enhanced by
parathyroid hormone (PTH) administration. Mesenchymal stem cells were harvested
from donor mice and were either labeled with PKH 26 to fluoresce red or harvested from
mice engineered to express red fluorescent protein (RFP). The donor, red fluorescing
cells were then injected into mice with marrow-ablated femurs to simulate an injury
model following PTH administration. Donor cells trafficking and engraftment were
assessed by histology, FACS analysis, and real-time PCR. By using PKH 26 to track the
donor cells using FACS analysis, the results showed that there was a trend that PTH
enhanced trafficking of donor MSCs in femurs of recipient mice at 48hr following cell
injection, although no significant difference was detected. At day 7, all mice showed
higher cell engraftment in femurs and tibia and no differences were noted between
groups. These data suggested that PTH may be important for immediate trafficking but
at later points injury appeared to be the determining factor in donor cell engraftment.
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When RFP cells were used followed by histological analysis 48 hours after the injection
of donor MSCs, there appeared to be more donor cells in tissue sections made from
femurs and tibia of recipient mice than in the control mice that did not receive PTH. At
day 7 there appeared to be a greater number of donor MSCs found in both femur and tibia
of both the PTH and control groups. To confirm the histological findings, Real-Time
PCR was used. The results showed that at 48hr following donor cell transplantation, mice
treated with PTH had a higher engraftment of donor cells in femurs and tibia than in mice
that did not receive PTH. Although the data showed more donor cells in PTH treated
mice, there was a fluctuation in engraftment of donor cells between individual mice,
resulting in no significant difference. Although the data was not significant, there was a
trend indicating that either PTH or injury enhanced trafficking of MSCs.
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Chapter 1: Introduction
Stem Cells
Stem cells are very important to tissue homeostasis due to their incredible ability
to differentiate into several kinds of tissues. They help repair the body by proliferating
into cells that can replace worn out or damaged tissue. Stem cells have the special ability
to undergo asymmetric division to maintain their progeny and also to give rise to
differentiated cells. There are two main types of stem cells: embryonic stem cells and
adult or somatic stem cells (Fig.1.1) [1]. As the names imply the embryonic stem cells
come from the blastocyst and adult stem cells coming from postnatal tissue.

Fig.1.1. Differences Between Embryonic and Adult Derived Stem Cells. The
embryonic stem cells come from the blastocyst and can become any of the three germ
layers. Adult stem cells are found in adult tissue and can mature into the tissue of its
origin as well as other tissues. Image modified from
http://brightnepenthe.blogspot.com/2010/10/stem-cells-part-2.html.
1

Embryonic stem (ES) cells are totipotent cells that come from the blastocyst
during gastrulation. Embryonic stem cells exhibit normal karyotypes and high telomerase
activity and express surface markers that characterize ES cells [2]. These cells, once
separated from other cells, can maintain their undifferentiated state. These cells have
basically an unlimited self-renewal and differentiation capacity [3]. ES cells are
considered to be uncommitted progenitors of the three embryonic germ layers (ectoderm,
endoderm, and mesoderm) and they have the ability to give rise to both somatic and germ
cell lines [3]. Embryonic stem cells exhibit normal karyotypes and high telomerase
activity and express transcription factor markers that characterize ES cells.
Adult stem cells are found exactly where their name suggests, in somatic, nongerm tissues. These cells are undifferentiated, yet found among differentiated cells in a
tissue or organ. These cells can renew themselves and differentiate to create the
specialized cell types of the tissue or organ [3]. Adult stem cells have several roles in the
body but the main one is to repair damaged tissue in which they are found. The stem cells
will remain non-dividing until stimulated by a need for more cells, injury, or disease.
Adult stem cells can be found in many tissues including brain, bone marrow, peripheral
blood, blood vessels, skeletal muscle, skin, teeth, heart, gut, liver, ovarian epithelium, and
testis. These cells are found in special areas of these tissues called the stem cell niche
(Fig. 1.2) [1].
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Fig. 1.2. Stem Cell Niche. Stem cells can be found in a variety of tissues, and where
these stem cells are found within the tissue is called a niche. Adult stem cells have the
ability to differentiate into a different tissue than where its niche is found (e.g. bone
marrow derived stem cells can differentiate into brain tissue, which comes from
ectoderm). Image adapted from
http://stemcells.nih.gov/info/scireport/pages/chapter4.aspx with permission from © 2001
Terese Winslow ( assisted by Lydia Kibiuk and Caitlin Duckwall)

Mesenchymal Stem Cells
Mesenchymal stem cells, or multipotent mesenchymal stromal cells, (MSCs) are a
specific type of adult stem cells that are very important in the future of regenerative
medicine, especially wound and fracture healing. The reason MSCs are so important is
that they are nonhematopoietic stromal [5] mesenchymal precursor cells [6] cells that are
capable of differentiating into, as well as helping with regenerating bone, cartilage,
muscle, ligament, tendon, and adipose in vivo (tissues of mesodermal origin) [5, 7, 8].
3

These cells reside within adult bone marrow, reticular cells, smooth muscle cells,
adipocytes, and osteoblasts [5]. These cells when cultured in vitro under certain
conditions can create colonies of fibroblastic, adipocytic, osteogenic, and chondrogenic
cells [6].
MSCs have many distinguishable characteristics, as before mentioned; however,
there are no specific markers that specifically identify them. They adhere to plastic; they
express a specific set of membrane molecules CD105, CD90, and CD73, CD146, CD144
and not those expressed by hematopoietic markers, e.g. CD14, CD34, and CD45, or
CD11b, CD79α or CD19 and HLA-DR. The cells differentiate into osteoblasts,
adipocytes, and chondrocytes in vitro [9,10].
Most characterized MSCs are those found in bone marrow (BM), but other
sources include adipose tissue, the periosteum, brain, liver, skeletal muscle, hair follicles,
umbilical cord, Wharton's Jelly [10], dental pulp, periodontal ligament, placenta,
cartilage, synovium, synovial fluid, spleen, and thymus [9]. The MSCs obtained from
these sources are a very heterogeneous cell population that is poorly defined. Although
most of the MSCs obtained for study come from BM, they make up only a small
percentage of BM. In fact, only about 0.001%--0.01% of the total cells in BM are MSCs,
and this number declines with age [10].
There is controversy whether MSCs circulate. There is evidence that MSCs exist
in circulation; the number however, is very low. The number of MSCs circulating in
peripheral blood increases under hypoxic conditions and under different kinds of stress,
such as inflammation, injury, ischemia, and skin burns. The MSCs in peripheral blood
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during these conditions will become mobilized and migrate to where they are needed
[10].
Mesenchymal Stem Cell Therapeutic Applications
Because of their ability to differentiate into many different tissue types there are
many possibilities for new therapeutic applications. These include, but are not limited to
long bone repair, vertebral disk regeneration, craniofacial defects, cartilage regeneration,
disease related cartilage damage, and tendon and ligament repair (Fig. 1.3) [9].
Mesenchymal stem cells have also been shown to promote recovery of neurological
function as well [11].

Fig. 1.3. Diagram Showing Tissues Into Which MSCs Can Differentiate. MSCs can
differentiate into many different kinds of tissues. Depending on the microenvironment the
MSCs are exposed to at the site of commitment, differentiation, and maturation
determines what type of tissue they will become. This ability to differentiate into multiple
tissues gives hope to new therapeutic application. Image modified from Caplan [12].
5

Transplanting MSCs has been modestly successful at best due to three primary
factors: poor survival, marginal proliferation, and limited functional
engraftment/commitment within the host tissue [9]. MSCs must be primed against
apoptotic, necrotic, and hypoxic conditions of the damaged tissue that they are to be
adopted by. Also, deterioration of the ability to proliferate as the cell ages affects the
stem cell regenerative capacity. Finally, even if the cells do proliferate they must still be
functionally capable of appropriate lineage commitment and functional integration;
otherwise the cells are predisposed to oncogenic transformation [2].
It is believed that MSCs have the ability to spread from circulatory pathways to
injured tissue due to the expression of chemokines and their receptors. Chemokines are
involved in the migration of other progenitor cells as well. CXCR4 is crucial for bone
marrow retention, mobilization, and homing of hematopoietic stem cells and are involved
in migration of primordial germ cells and recruitment of endothelial-cell progenitor cells
to sites of ischemic tissue [5, 11].

Mode of Application
There are many ways that MSCs can be used and manipulated to treat disease
(Fig. 1.4). The two main modes for delivering MSCs into tissues are direct injection and
via circulation. MSCs have been successfully transplanted directly into injured tissue,
such as bone fractures [13-16]. For this method, MSCs are incorporated into a scaffolding
material and directly injected to the tissue (Fig. 1.5).
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Fig. 1.4. Modes of Using Stem Cells for Therapeutic Applications. There are several
ways to use stem cells for therapeutic application. Represented here is the direct injection
of normal donor stem cells, correcting the patients own stem cells and injecting the
corrected stem cells, creating a scaffold with normal donor stem cells and placing the
scaffold in an injury site, and activating endogenous factors for normal stem cells. Image
adapted from Dr. Christopher Niyibizi.
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Fig. 1.5 Diagram Showing Scaffolding for Direct Injection of MSCs. Many factors are
involved in order to create an effective tissue substitute. The stem cells must be combined
with a scaffold and soluble factors. Mechanical forces must be present to help with the
differentiation. Vascularization must also be created in order to keep the tissue alive and
healthy. The tissue substitute can then be transplanted into a facture site. Image adapted
from Dr. Christopher Niyibizi.

Direct injection is not effective for systemic diseases, mainly because when
multiple tissues are affected it is not possible to inject into every tissue. This would
require delivery of the cells via the circulatory system. This approach has been suggested
for the treatment of OI which affects skeletal tissue in which type I collagen is
synthesized [15-21]. Several studies have suggested that MSCs could be transplanted
successfully to bone via the circulatory system in animals [17, 19, 22]. However, there
are other studies with contradictory results, in which MSCs did not engraft. This has
8

prompted many studies on ways to get MSCs form the peripheral blood to damaged
areas. One way in which researchers have attempted to improve the engraftment
efficiencies is by the over-expression of CXCR4. Yu et al. have shown that lentiviral
vectors carrying CXCR4 gene and genetically engineered rMSCs to over-express CXCR4
can enhance engraftment in stoke model mice. The over-expression allowed for an
enhanced response of rMSCs to SDF-1 induced chemotaxis and enhanced mobilization to
ischemic areas [12].
Another approach for enhancing trafficking of MSCs is through use of integrins on
the surface of MSCs. This can be accomplished by using a high-affinity and specific
peptidomimetic ligand, LLP2A, conjugated to a bisphosphonate, alendronate (Ale),
which serves as a bone seeking component in order to direct both the cells and the
compound to bone. The integrin α4β1 is highly expressed in osteoprogenitor cells and
had a high affinity for LLP2A. Guan et al. found that treatment with LLP2A-Ale
increased the amount of MSCs that differentiated into osteoblasts, increased the
migration of MSCs, can direct transplanted MSCs to bone, increase homing and retention
of MSCs to bone, and increase bone-formation rates [24]. Because LLP2A-Ale can direct
transplanted human MSCs to the hone, this could help treat diseases such as osteoporosis.

Application of MSCs for Generalized Skeletal Diseases
Osteoporosis is a major systemic disease that can be ameliorated with parathyroid
hormone (PTH) treatment. In fact, Forteo (a recombinant form of PTH) has been
approved for treating Osteoporosis. Osteoporosis is a disease of bone loss that also affects
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the macro- and micro- architecture of the remaining bone and can lead to vertebral and
femoral fractures that cause pain and a lower quality of life [25].
Osteogenesis imperfecta (OI) is another bone related systemic disease that can
possibly be treated with MSCs. OI is a genetic disorder characterized by defective type I
collagen [26,27]. Type I collagen is the major structural protein of bone. Like
osteoporosis, patients with OI have fractures but also have skeletal deformities and
retarded bone growth.
Because OI is a genetic disease, there is no cure available. However, many attempts
have been made to increase bone formation. Calcitonin and growth hormone had mixed
results [28, 29]. Then bisphosphates began being used and have shown some reduction in
fracture rates and bone pain [30, 31]. Now, the application of MSCs is an appealing
option because it could replace defective osteoblasts with normal osteoblasts that will
normalize tissue function [3]. Horwitz, et al. has shown that bone marrow transplantation
is a possible way to engraft functional MSCs to the bone affected by OI and they can
contribute to new bone formation [32]. Many studies have shown benefits of MSC
therapies in animal models [6, 17, 20, 21, 33], even though engraftment and
differentiation of the MSCs can be low [34-37]. The mechanisms of action are not clearly
understood. Stem cell therapies for these bone related conditions would require high
levels of cell engraftment in the bones.

Parathyroid Hormone (PTH)
Parathyroid hormone (PTH) is a peptide hormone that is naturally released from the
parathyroid glands. It mainly acts on bone and kidney cells and is involved in systemic
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calcium homeostasis (Fig. 1.6) [38]. Presently, PTH and PTH equivalents such as Forteo
(the first 34 amino acid sequence of PTH), are the only anabolic FDA approved to
treatments for human patients with osteoporosis. However, little is still know about the
mechanism relating PTH to bone formation [39]. PTH is believed to enhance stem cell
trafficking because it has been found that PTH activates the bone marrow stem cell niche,
which regulates osteoblasts [39-41]. Osteoblasts produce hematopoietic growth factors
and are activated by PTH or the locally produced, PTH-related protein (PTH-rP), through
the PTH/PTHrP receptor (PPR) [42,43].
It has also been found that intermittent PTH administration induced the mobilization
of progenitor cells in mice. PTH promoted the proliferation of lin -/c-kit+/Sca-1+ stem
cells by activation of PTH receptor positive osteoblasts and increased homing of
hematopoietic stem cells to the bone marrow after lethal irradiation [38].
In addition, in a study by Ballen, et al. [39] looking at stem cell transplantation in mice
with cancer, a decreased number of their own stem cells, and low transplant success;
treatment of animals with PTH (amino acid sequence1- 34) improved animal survival and
bone marrow cellularity [39]. The data from this study suggests that using PTH to alter
activity of the stem cell microenvironment may improve either the yield of stem cells
derived from treated donors or the efficiency of engraftment in treated recipients.
Another intriguing study on PTH and stem cells has been done by Yu, et al [44],
whose work suggests that PTH increases stromal derived factor-1 (SDF-1) expression in
the bone marrow. This means that PTH potentially contributes to homing. The present
project will determine if PTH enhances the trafficking and homing of intravenously
injected MSCs into the bones of the ablated mice.
11

Fig. 1.6 Structure of Parathyroid Hormone. The first 34 amino acid sequence of PTH
is commonly referred to as Forteo. PTH and Forteo are presently the only anabolic FDA
approved treatment for patients with osteoporosis. Image adapted from http://parathyroidhormone.com/.
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Chapter 2: Hypothesis and Specific Aims
Hypothesis
The hypothesis of this study is that parathyroid hormone will enhance trafficking
of systemically transplanted stem cells to sites of injury in bone. Forteo (Teriparatide,
PTH 1-34) has been approved for use in the treatment of osteoporosis. The mechanisms
by which PTH functions are not clear but the drug has on effect on osteoblasts activity. It
also hypothesized that PTH plays a role in stem cell mobilization. To test the above
hypothesis, the following aims will be followed.

Specific Aims
Aim 1: Create an animal model of marrow ablation.
An animal model of marrow ablation will be created using established protocols to
simulate injury.
Aim 2: Test hypothesis that adherent MSCs will be enhanced to migrate to sites of bone
injury following PTH treatment.
Adherent MSCs labeled with PKH26 and MSCs harvested from RFP mice will be
injected into the marrow ablated mice following PTH treatment for 6 days. Recipient
mice will be sacrificed at 2 and 7 days following cell injection and assessed for cell
engraftment. Control mice will not be injected with PTH but will be injected with a saline
solution and will receive cell transplantation.
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Chapter 3: Methodology
Isolating MSCs
Murine bone marrow-derived MSCs were isolated from four 7-week-old female
mice (JAX FVB). FVB mice have been used in other MSC studies, so they were used in
this study to stay consistent. FVB mice were also of the same strain of the RFP mice later
used. The mice were anesthetized with Ketamine/Xylazine 1M + 9 ml PBS. The mice
were then sacrificed via spinal dislocation. The femurs and tibias were harvested from the
mice, placed in Petri dishes, cut at both ends, split open, and scraped gently with a needle
to release the cells from the bone surface as well as bone marrow. The bones were placed
in Petri dishes containing Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 20% fetal bovine serum (FBS), 1% penicillin/streptomycin (vol/vol). After 7 days in
culture I removed the bone fragments as well as the medium from the Petri dishes. The
adherent cells were washed with PBS then they were fed with new medium supplemented
with 20% FBS, and 1% penicillin/streptomycin (vol/vol). The cells were maintained in
culture until confluence is reached [14,15]. The same methodology to isolate MSCs was
later applied to 7 week female mice that were genetically engineered to express red
fluorescent protein (RFP). These mice were given by Dr. Edward Gunther. [45].

Osteogenic Differentiation
The MSCs isolated and cultured from the donor mice were then plated on a
twelve-well plate and exposed to an osteogenic medium, 1 ml per well. Once the cells
had differentiated, they were exposed to Alizarin Red solution. Alizarin Red is used in a
biochemical assay to determine, quantitatively by colorimetry, the presence of calcific
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deposition by cells of an osteogenic lineage.
The osteogenic medium consisted of HDEM supplemented with 10% FBS, 10 μl
110x ASA, 10 μl 100x β-GP, 1 μl 103 dexamethasone, and 1% penicillin/streptomycin
(P/S). The cells were maintained in culture with medium changes every 3 days for 21
days. After 21 days, the media were removed, and the cells were rinsed in phosphatebuffered saline (PBS), fixed in 10% formalin, and stained with alizarin red S. The plates
were treated with the Alizarin Red solution and incubated for 5 minutes at room
temperature. After 5 minutes, the plates were rinsed in distilled water and were then
examined under a light microscope and photographed [22].

Label PKH 26
The marker used in this experiment was PKH26, which is a fluorescent cell label.
PKH26 allowed precise tracking of labeled stem cells in vivo. The labeling is so effective
because it is composed of highly aliphatic molecules that incorporate stably into the lipid
bilayer of target cell membranes. PKH26 then becomes trapped due to its inherent
insolubility in aqueous solutions. PKH26 also made a good label to track the added stem
cells because it has been found that the label partitions equally among daughter cells,
allowing for identification of labeled cells compared to non-labeled cocultured cells.
All steps were done at 25 °C according to the established protocol. The adherent
MSCs were removed from the plates using proteolytic enzymes (trypsin/EDTA) and
dispersed into singe cell suspension. A total of 27x107 single cells were placed in a
conical bottom polypropylene tube and washed once using medium without serum. The
tube was centrifuged at 400g for 5 minutes. The supernatant was aspirated, leaving the
15

pellet. 1ml of Diluent C was added to the cell pellet and the cells were resuspended. A 2x
Dye working solution (4x10-6 M) was prepared in Diluent C by adding 4 μl of the PKH
26 ethanolic dye solution to 1ml of Diluent C in a polypropylene centrifuge tube and
mixed. 1 ml of 2x cell suspension was added to 1 ml of 2x Dye working solution and
mix. This produced a final concentration of 1x107 cells/ml and 2x10-6 M of PKH 26. The
dye/cell suspension was then incubated for 5 minutes.
An equal volume of serum was added to stop the staining. Another equal volume
of complete medium was added. The cells were centrifuged again for 10 minutes and
remove the supernatant. The cells were re-suspended in complete medium and transferred
to a fresh tube. The cells were then centrifuged for five minutes and washed two more
times to remove unbound dye. Finally the cell pellet was re-suspended in in complete
medium for counting a viability assessment. The cells were checked under a fluorescent
microscope using Spot RT SE digital camera (Diagnostics Instruments Inc., Sterling
Heights, MI, http://www.diaginic.com). 95% of the cells were dyed.

Red Fluorescent Protein Mice (RFP)
After completing FACS and histology with PKH 26 labeled donor MSCs,
histology and real-time PCR were performed using MSCs from Red Fluorescent Protein
(RFP) mice. The mice have been genetically engineered to have cells that express RFP.
These extra mice were used to confirm the results from the PKH 26 labeled cells. The
mice were given by Dr. Edward Gunther. The mice were a novel strain created by
mutagenesis of DsRed mice to express mRFP1 [45].
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PTH Injection
20 mice were used in this study other than those that were used for MCS isolation.
The 20 mice were randomly divided into four groups. Two groups served as the control
receiving saline injections daily, and two groups received PTH injections daily. The mice
in the PTH groups received intraperitoneal injections on their underbellies of 8μg/ml of
PTH. The control mice received injections of 8μg/ml of saline solution daily as well.
After 7 days of injections, all the mice received tail vein injections of the cultured and
stained MSCs previously described. The mice in the PTH groups continued to be injected
with PTH for up to 7 additional days and the control mice continued to receive saline
injections.

Marrow Ablation
An animal model of marrow ablation was created in all of the mice by taking
marrow from their femurs. An incision was made over the patellar ligament and tibial
tuberosity of both the right and left legs. A very small needle was used to puncture the
patellar ligament and enter the tibia. The marrow was removed by gentle scraping the
inside of the femur with the needle. The syringe contained saline solution for rinsing the
marrow cavity. Ablation of this sort will get rid of the bone marrow and MSCs within the
bone. This injury will hopefully start mobilization of trafficking of PKH 26 dyed MSCs
to these areas.
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Harvesting Tissue
There were two time points for when the tissue was harvested: 48 hours and 7
days. 48 hours after the mice had received the PKH 26 labeled cell injection or the RFP
MSC injection, one PTH group and one control group were sacrificed. The femurs and
tibias of the left side were harvested and placed in Petri dishes with PBS to obtain cells
for fluorescence-activated cell sorting (FACS) analysis. The left leg bones were cut at the
ends and were flushed with PBS into a petri dish to obtain the MSCs. These cells were
placed in 15 ml tubes and centrifuged. The PBS was aspirated out and 1ml of red blood
cell lysis buffer was added. The tubes were then vortexed by holding the samples on a
vortex platform . After 3 minutes, 4ml of PBS was added, and again the tubes were
centrifuged. The supernatant was removed and 1ml of 2% paraformaldehyde was added.
The right femurs and tibias, and hearts, lungs, spleens, kidneys, livers, and brains were
immediately fixed in 4% paraformaldehyde for histological analysis.
Seven days following the PKH 26 MSC injection or RFP MSC injection, the two
remaining groups of mice (one PTH and one control) were sacrificed as well. This final
PTH group continued to receive PTH injections until the day they are sacrificed as well
as the control group continuing to receive saline injections. Similarly to the mice that
were sacrificed after 48 hours, the left tibias and femurs were harvested to obtain cells for
FACS analysis and were flushed with PBS and preserved in 2% paraformaldehyde. The
right femurs and tibias, along with the heart, lungs, liver, spleen, kidneys, and brain of
each mouse were harvested and preserved in 4% paraformaldehyde for histology.
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Fluorescence –Activated Cell Sorting Analysis for PKH 26 Label
The cells retrieved from the femurs of the PTH and control mice at 48 hours and 7
days were analyzed by fluorescence-activated cell sorting (FACS) for the PKH 26 and
RFP donor cells. The Canto II machine was used to perform the FACS. The procedure
for FACS analysis was adapted from other MSC studies. In brief, a total of 2 x 105
cultured osteoprogenitor cells were resuspended in 200 μl of Dulbecco’s PBS containing
2% FBS and 0.01% NaN3 and incubated for 30 minutes at 4°C. After labeling with PKH
26, the cells were fixed in 2% paraformaldehyde, and quantitative FACS analysis was
performed on a FACStar flow cytometer (BD Biosciences, San Diego,
http://www.bdbiosciences.com) gating 10,000 cells per sample. The cells retrieved from
bone and bone marrow of the recipient mice at 48 hours and 7 days to see if there was a
difference in the number of PKH 26 cells found in control versus PTH treated mice.

Histology
In order to test if the PKH 26 MCSs and the RFP MSCs are found in the bones of
the mice, the bones were prepared for sectioning. Right femurs and tibias harvested from
recipient mice were immediately fixed in freshly prepared 4% paraformaldehyde in PBS
containing 10% sucrose and kept at 4°C for 24 hours in the dark. The bones were then
rinsed with PBS and placed in 1.5 ml of sucrose with 0.5M EDTA for decalcification.
The sucrose/EDTA medium was replaced every other day for 7 days. The bones were
washed with 70% EtOH. The bones were then washed with PBS and then placed in a
10% sucrose solution without EDTA and stored at room temperature overnight. The
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sucrose protected the bones from allowing any water into the bones and causing cavities
during the freezing process.
The following day the bones were ready to be frozen. The bones were slowly
lowered into isopentane that was in a beaker halfway submerged in dry ice. Because the
bones must not be frozen too quickly, the dry ice only covers the bottom half of the
beaker, creating different temperature levels, the bones were lowered slowly into the
isopentane, stopping at five levels throughout the beaker. The bones remained at each
level for approximately ten seconds. The bones then turned completely white when
frozen. Frozen tissues were embedded in optimal cutting temperature compound, and 10μm sections were cut and mounted on glass slides. The slides were directly observed
under a fluorescent microscope (Olympus IX71) without the cover slips, but he sections
were kept hydrated in PBS. Images were acquired using the Spot RT SE digital camera.
The images were overlaid with images taken using the filter for RFP detection [22].
Soft tissues collected were placed in 1 ml of sucrose for 24 hours and then frozen
in the same way as the tibias and femurs as before. The organs were then sent to the
histology lab to be sectioned.

Real-Time PCR
Real-time PCR was only performed on bone samples that were taken from mice at
the 48 hour time point. Due to the data collected from the FACS analysis and the
histological sections, it was clear that the PTH played a more significant role earlier after
the donor cell injection. It was also clear that more mice than were available for each
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group were needed to yield significant data. Due to these restrictions, all 36 RFP mice
available were used to test the 48 hour time point.
In order to perform real-time PCR, DNA purification was completed from the
bones of the PTH and control groups of mice that were stored in 4% paraformaldehyde.
The QIAamp DNA mini kit protocol was followed: DNA purification from tissues. First,
The bones were cut into small pieces of 25 mg and placed in a 1.5 ml microcentrifuge
tube, and added 180 μl of Buffer ATL. 20 μl proteinkinase K was then added, mixed by
vortexing, and incubated at 56°C until the tissue was completely lysed. The samples were
vortexed occasionally during incubation to disperse the sample. After incubation, the 1.5
ml microcentrifuge tubes were centrifuged to remove drops from the inside of the lids.
200 μl Buffer AL was added to the samples, mixed by pulse-vortexing for 15 s, and
incubated at 70°C for 10 min. 200 μl of ethanol (96%) was added to the samples, and
mixed by pulse-vortexing. The mixture was then applied to the QIAamp Mini spin
column (in a 2 ml collection tube). The samples were centrifuged at 8000 rpm for 1 min.
The QIAamp Mini spin columns were then placed in a clean 2 ml collection tube. The
tubes containing filtrate were discarded. 500 μl Buffer AW1 was added to the Mini spin
columns. The samples were centrifuged at 8000 rpm for 1 min. The QIAamp Mini spin
columns were placed in a clean 2 ml collection tubes, and the collection tube with the
filtrate was discarded. 500 μl of AW2 was then added and centrifuged at 14000 rpm for 3
min. The QIAamp Mini spin columns were placed in clean 1.5 ml microcentrifuge tubes,
and the collection tubes with the filtrate were discarded. 200 μl of distilled water was
added, incubated at room temp for 1 min, and then centrifuged at 8000 rpm for 1 min.
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The amount of DNA isolated from each sample was then determined using a
BioPhotometer. The results were in units of μg/μl
Once the DNA was extracted from the bone samples via DNA purification, realtime PCR was performed to mathematically see if more RFP stem cells traveled to the
femurs or tibias in those mice that were treated with PTH. Each sample was tested with
an albumin primer and a forward and reverse primer. First, the DNA was diluted from all
the samples to a common concentration of 0.09 μg/μl. A 398 well plate was used which
had four wells for each sample. Each well contained a total of 12.5 μl. Each well
consisted of 6.25 μl SYBR Green PCR master mix, 1.25 μl primer, and the remaining 4.5
μl was the DNA/water solution. The reaction mix was mixed thoroughly and dispensed
the appropriate volume of 12.5 μl into the wells. The template DNA was then added to
the individual PCR wells containing the reaction mix. The real-time cycler was
programmed to 2 min at 50°C, then 15 min at 95°C, 15 s at 94°C, 30 sec at 58°C, 30 s at
72°C, for 40 cycles.

22

48 hours

7 days

Fig. 3.1. Diagram Showing Sequence of Events of Methods. This diagram pictorially
shows that there was a 48 hour and 7 day group, both having sub groups either being
treated with PTH injections or a control group receiving saline injections. The mice were
then given tail vein injections with either PKH 26 labeled MSCs or RFP MSCs. Tissues
were harvested and used for FACS, Histology, and Real Time PCR.
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Chapter 4. Results
Osteogenic Differentiation
The first step that needed to be done was to determine if the cells that were
harvested to be labeled with PKH26 and the harvest RFP MSCs were indeed
mesenchymal stem cells. The cells that were being cultured with osteogenic
differentiation media were covered with Alizarin Red solution for 5 minutes. These cells
turned orange, indicating the presence of calcium and suggesting that they had become
osteoblasts. The fact that the cells cultured had the ability to differentiate into osteocytes
demonstrates that the cells collected from the donor mice were indeed MSCs.

Fig. 4.1. Osteogenic Differentiation. After collecting cells from donor mouse bone
marrow to be used for injection, the cells were cultured in osteogenic differentiation
medium. After the final step of staining with Alizarin Red, it was seen that the cells were
staining red using bright field 400x magnification, indicating that they were indeed once
MSCs before differentiation.
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Fluorescence-Activated Cell Sorting Analysis
The first experiment done to quantify the number of the PKH 26 labeled MSCs in
mice treated with PTH compared to those not treated with PTH was FACS analysis.
These data were taken from mice that were sacrificed at 48 hours (Fig. 4.2) and 7 days
(Fig. 4.3).
T-tests were performed to test for significance between the groups (Table 4.1 and
Table 4.3). At 48 hours, the marrow-ablated femurs of the PTH treated group and the
saline treated control group had more PKH 26 labeled donor cells but there was no
significant difference between the femurs and the tibias. The tibias from those two groups
had about the same percentage of donor cells. The femurs of the PTH treated group did
not have higher levels of donor cells present than the saline treated group.
At 7 days, all of the groups (PTH femurs, PTH tibias, control femurs, and control
tibias) averaged more PKH 26 labeled donor MSCs than were present at 48 hours. At this
time point there were no significant differences between any of the groups, suggesting
that neither PTH nor marrow ablation had an affect on MSC trafficking or engraftment.
Because no groups showed significant difference between each other, a power
analysis was performed to see how many mice would be needed to create a significant
difference at 48 hours (Table 4.2) and 7 days (Table 4.4). To see a significant difference
between the femurs and tibias of the PTH treated mice, and to see a significant difference
between the femurs and tibias of the non-PTH mice, about 9 mice would have to be used
per group. Using the power analysis to see how many mice would be needed at 48 hours
to demonstrate a significant difference between the PTH femur and control femur, and
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the PTH tibia, and control tibia; it was determined an infinite number of mice would be
needed. Therefore a significant difference could never be reached.
Similar data were collected from the FACS analysis at 7 days. Again, a power
analysis was performed to see how many mice would be needed in each group to see a
significant difference between the groups. To see a difference between the control femurs
and the control tibias, and between the PTH femurs and control femurs at 7 days, about
12 mice per group would be needed. It was determined that at 7 days, an infinite number
of mice would be needed to see a significant difference between the PTH femur and PTH
tibia groups, and between the PTH tibia and control tibia groups. This indicates that a
significant difference could never be reached, even with more mice than were used in this
study.
48 Hours

Fig. 4.2. PKH 26 Labeled MSCs Found in Femurs and Tibias at 48 Hours. Using
FACS, the percentage of PKH 26 labeled MSCs that now make up a portion of the total
MSCs in the bone was calculated. It was concluded that there were no significant
differences between any of the groups at 48 hrs. Neither the ablation nor the PTH made a
significant difference in the amount of labeled MSCs that trafficked or engrafted in the
host bone.
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Table 4.1. T-Test of FACS Analysis Results at 48 Hours. This table shows the p values
for comparisons between PTH treated bones versus their non-PTH treated equivalents
and between the bone of the PTH group and the bones of the control group using FACS
analysis. At 48 hrs, there was no significance difference between any of the groups.

Table 4.2. Power Analysis of FACS Results at 48 Hours. Because there was not a
significant difference between any of the groups at the 48 hr mark using FACS analysis, a
power analysis was performed. This shows how many mice would be needed in each
group to reach a power of 0.8 which would lead to a significant difference. For a
signicant difference between PTH femurs and PTH tibias, and between control femurs
and control tibias, about 9 mice need to be used. For a significant differnce to be found
between PTH femurs and control femurs an unreasonable amount of 214 mice would be
needed. There would be no significant difference between the PTH tibias and the control
tibias no matter how many mice were used.
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7 Days

Fig. 4.3. PKH 26 Labeled MSCs Found in Femurs and Tibias at 7 Days. Using
FACS, the percentage of PKH 26 labeled MSCs that now make up a portion of the total
MSCs in the bone was calculated. It was concluded that there were no significant
differences between any of the groups at 7 days. Neither the ablation nor the PTH made a
significant difference in the amount of labeled MSCs that trafficked or engrafted in the
host bone.

Table 4.3. T-Test of FACS Analysis Results at 7 Days. This table shows the p values
for comparisons between PTH treated bones versus their non-PTH treated equivalents
and between the bone of the PTH group and the bones of the control group using FACS
analysis. AT 7 days, there was no significance difference between any of the groups.
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Table 4.4 Power Analysis of FACS Results at 7 Days. Because there was not a
significant difference between any of the groups at the 7 day mark using FACS analysis,
a power analysis was performed. This shows how many mice would be needed in each
group to reach a power of 0.8 which would lead to a significant difference. For a
signicant difference between control femurs and control tibias, and between PTH femurs
and control femurs about 12 mice need to be used. There would be no significant
difference between the PTH femurs and the PTH tibias, and between the PTH tibias and
control tibias no matter how many mice were used.

Histology
Histological sections from mice that were injected with PKH 26 showed no sign
of PKH 26 labeled MSCs in the bone tissue. At this point, MSCs that expressed RFP
were then used instead of PKH labeled MSCs to continue the experiment. The histology
did confirm that RFP donor cells did in fact make it to both femurs and tibias treated with
PTH and those that were not treated with PTH at both the 48 hour and 7 day mark. At 48
hours, there did not seem to be a difference in the number of donor RFP MSCs found in
tibia versus the femur of the control groups. However, both the tibia and the femur had
increased levels of RFP donor MSCs in the group treated with PTH (Fig. 4.4). Bone
samples from the 7 day post RFP MSC injection time point showed that all samples had
increased levels of donor MSCs (Fig. 4.5). Even the groups that were not treated with
PTH showed higher levels of donor MSCs than those tissues that did not receive PTH
from the 48 hour group. There was no noticeable difference in the number of donor RFP
MSCs found between the PTH and the control groups for the tibia or femur.
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Control Femur 48 hours

PTH Femur 48 hours

Control Tibia 48 hours

PTH Tibia 48 hours

Fig. 4.4 Collages of Histological Sections of Tibia and Femur Treated With and
Without PTH at 48 Hours After Donor Cell Injection. The sections are at a
magnification of 400. The filters are as follows for each collage (from top left,
clockwise): RFP, GFP, Merge of Blue and RFP, and Dapi.
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Control Femur 7 days

PTH Femur 7 Days

Control Tibia 7 days

PTH Tibia 7 days

Fig. 4.5 Collages of Histological Sections of Tibia and Femur Treated With and
Without PTH at 7 Days after donor cell injection. The sections are at a magnification
of 200. The filters are as follows for each collage (from top left, clockwise): RFP, GFP,
Merge of Dapi and RFP, and Dapi.
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Real-Time PCR
The last experiment that was completed was Real-Time PCR. This experiment
determined how many RFP MSCs were present in each sample. The values were
determined by using the average of the delta CTs for each sample. There was a trend that
the groups treated with PTH had more RFP MSCs in the bone of those samples compared
to the bones that were not treated with PTH (Fig. 4.6). This trend was not as statistically
conclusive because the p values were not significant. This could be due to individual
mice having different efficiencies of engraftment of donor MSCs, causing the standard
deviations for the PTH femurs and PTH tibias to be so high.

Fig. 4.6 Real-Time PCR. Representation of the average percentage of donor cells found
for each group of bones tested. Those mice treated with PTH had bone tissues with higher
levels of donor MSCs than those groups treated with saline. These differences are not
significantly different. The standard deviations are also very large in this graph. This is
due to individual mice having different efficiencies of accepting donor MSCs.
32

A t-test was performed to find the p values for comparison between the different
groups (PTH femur, PTH tibia, control femur, control tibia) tested (Table 4.5). Although
the PTH treated bones appeared to have more donor RFP MSCs present at the 48 hour
mark using Real-Time PCR, there was no significant difference between any of the
groups.

Table 4.5 T-Test of Real-Time PCR Results at 48 Hours. This table shows the p values
for comparisons between PTH treated bones versus their non-PTH treated equivalents
and between the bone of the PTH group and the bones of the control group using RealTime PCR. AT 7 days, there was no significance difference between any of the groups.

When each sample was graphed individually within their group (femurs or tibias
treated with PTH or saline), it showed that within each group certain animals accepted
donor cells better than others (Fig. 4.7). The standard deviations for the PTH treated
groups were too high to be considered scientifically significant in the previous graph
(Fig. 4.6) because those mice within these groups when accepting donor MSCs accepted
much more than those groups that were not treated with PTH.
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Fig. 4.7 Real-Time PCR Individual Samples by Group. Data for the four individual
groups and their standard deviations are shown. All groups had some mice that responded
to engraftment of donor MSCs better than others. The mice that accepted donor MSCs in
the PTH groups had much higher levels of MSC engraftment but had higher standard
deviations. The X-axis corresponds to which mice were used (e.g. P1F would indicate a
femur from mouse 1 of the group treated with PTH; and C1T would indicate a tibia from
mouse 1 from the control group, or the non PTH group.
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Figure 4.8 has all of the individual samples from Figure 4.7 graphed together.
This graph allows all the individual samples to have the same y-axis values, giving a
sense of how PTH affects the recruitment of donor MSCs of each group compared to
each other. From this graph one can appreciate that PTH treated mice had more donor
MSCs found in their tibias and femurs, while noting that within each group different mice
responded differently to the PTH.

PTH Femur

PTH Tibia

Control Femur

Control Tibia

Fig. 4.8 Real-Time PCR Individual Samples Combined. When graphed next to each
other it can be seen that mice that accepted the donor MSCs accepted more MSCs when
treated with PTH compared to those not treated with PTH. This graph allows all the
individual bone samples to have the same y-axis values.
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Chapter 5. Discussion
Fluorescence-Activated Cell Sorting
Using another studies relating PTH to stem cell trafficking [39], it was
hypothesized that the presence of PTH would enhance the migration of mesenchymal
stem cells to sites of injury, particularly the PKH 26 labeled MSCs or RFP MSCs that
were injected via the tail vein of mice. When looking at the mice not treated with PTH
versus the mice treated with PTH using FACS analysis there is a trend that after 48 hours
PTH enhanced the trafficking of donor MSCs to sites of injury. The femurs (where the
marrow ablation/injury model was performed) of both the PTH treated group and saline
treated control group had more PKH 26 labeled donor MSCs than the tibias. This trend
was not supported by a significant difference, but it has been determined that with more
mice available, there may have been a difference. There seemed to be little difference
between the tibias treated with PTH versus no PTH at 48 hours. Also, even though the
amount of donor MSCs found in the tibias was the same, the femurs from PTH treated
mice had more donor MSCs than the femurs from mice not treated with PTH. This
suggests that though the injury enhances the trafficking of stem cell, the PTH also
enhances the trafficking in addition to the injury. Unfortunately, the standard deviation is
too high to support this trend. This is due to the difficulty trying to locate the exact
population of MSCs to count using the FACS machine. Also it has been shown in other
studies that stem cell migrated differently depending on the individual mouse even within
a given strain [46].
At 7 days, when using FACS analysis, all samples (femurs and tibia with and
without PTH) had higher amounts of labeled MSCs detected. This was expected since the
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labeled MSCs had more time to traverse the circulatory system to reach and engraft on
the bones. There seemed to be a smaller difference between tibia and femurs of the PTH
mice than seen after 48 hours. This suggests that PTH may be better at stimulating the
trafficking of some of MSCs right away, but eventually the other MSCs will travel
throughout the body as well. Again however, there was no significant difference to
support any differences in the groups. The femur of both groups had more donor MSCs
than the tibias, supporting that an injury will also enhance the trafficking of MSCs.
However, the tibia and femur of the non-PTH group had higher levels of the labeled
MSCs than the group that received PTH injections. These data could be due to different
animals accepting donor cells differently, and more studies are needed.

Histology
Using RFP donor MSCs, the histological sections taken from the tibia and femurs
also showed more RFP MSCs in the groups treated with PTH compared to the groups not
treated with PTH at 48 hours. Even though there seemed to be more RFP positive donor
MSCs in the femurs and in the tibias of the mice treated with PTH compared to those
tissues that did not receive PTH, it was extremely difficult to differentiate between
background and true positives. As shown in the images above (Fig. 4.3), there are more
cells that fluoresce red in the groups treated with PTH. This would support the hypothesis
of PTH enhancing the trafficking of MSCs, especially because there did not seem to be a
difference between femurs and tibias. This means that the PTH was more important to the
trafficking than the injury. However, those cells also seemed brighter when using the
GFP filter as well. This suggests that the red fluorescence is not truly a RFP MSC
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fluorescing, but rather background. Because of this statistical analysis of the histological
sections could not be done. However, this showed that our donor cells did indeed engraft
to the recipient mice’s femurs and tibias.
At the 7 day time point (Fig. 4.4), it is clear that there are many RFP MSCs that
have engrafted in femur and tibia of both the control and PTH treated groups. When
looking at the control groups, there is more RFP donor MSCs than the control group at 48
hours. There also seems to be no difference in the number of RFP MSCs between the
control and PTH groups at 7 days. These data suggest that PTH is more important for
trafficking of MSCs early after the donor cells are injected. As time passes, it seems as
though PTH is not as important, and the bone tissues receive the same number of MSCs
as the groups that do not receive PTH treatments. The histological sections yielded
similar data as the FACS analysis, showing a trend that PTH enhances MSC trafficking
early after transplantation.

Real-Time PCR
The Real-Time PCR showed a positive trend that the groups with PTH had higher
levels of RFP MSCs. Again, a trend of more RFP MSCs was present in the bones treated
with PTH supports the hypothesis that PTH enhances trafficking of MSC cells. However,
the relatively small number of animals used caused a large standard deviation that
precluded the detection of statistical significance. There has been other data from our lab
that shows that mice receive the donor cells differently and this may affect, and create a
gap, in the amount of donor MSCs each mouse receives and uses [43]. This was also
shown from the data obtained in this study (Fig. 4.6). When the groups are broken down
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to individual mice, it is clear that certain mice receive the donor MSCs better than other.
But when PTH is administered, the levels of those mice that do accept the donor MSCs
efficiently now have more of the RFP donor MSCs in their bones. Another interesting
aspect of the Real-Time PCR results is that the tibias of mice treated with PTH showed
higher levels of RFP MSCs than the femurs of mice treated with PTH (although the
difference is not significant). I hypothesized that the injury model created in the femurs
would stimulate MSC trafficking to the injury site as well as the PTH. This data shows
that maybe PTH has more of an affect than does the injury. This goes against the FACS
analysis at 7 days when the femurs of the mice that did not receive PTH injections had
higher amounts of labeled MSCs present, but is supported by the 48 hour FACS analysis.
Some individual mice that accept the donor cells better than others, which throw off the
trend, can explain this. Using Real-Time PCR, there is no difference between the femur
and tibia of the groups that were not treated with PTH, even though the femurs have the
injury model. This again supports that the PTH in more important than the injury.
This study has led to no significant data that support the notion that PTH
stimulates the trafficking of MSCs. Data from FACS analysis, histological sections, and
Real-Time PCR has all shown positive trends to support my hypothesis, but no
significant differences. Due to the differences in individual mice to accept the donor
MSCs, the standard deviation of these experiments is larger than statistically significant.
However, the trend of PTH treated animals having larger amounts of donor MSCs
engrafted cannot be ignored. A larger number of mice would need to be used to achieve
significance and better data interpretation.
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