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A Comparison of Bone Marrow Derived and Adipose Derived Stem Cells in Point of 

Care Goat Non-Instrumented Posterolateral Intertransverse Spinal Fusion 
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Supervisor: Roger P. Farrar 

 

Concentrated bone marrow containing mesenchymal stem cells (BMSCs) in 

combination with osteoconductive scaffolds has been used in orthopaedics to replace the 

need for iliac crest bone grafts.  Autologous BMSC volume is limited, but adipose tissue 

represents a large reservoir of stem cells; adipose derived stem cells (ADSCs). To test 

these cells, a large animal model using goats was selected due to their similarities to 

humans in loading conditions of the spine, trabecular bone structure of the vertebrae, and 

their common use in testing orthopaedic therapies as a clinically relevant model.  The aim 

of this study is to characterize cell surface markers of the isolated cells through flow 

cytometry, compare goat BMSCs and ADSCs using multilineage differentiation into the 

osteogenic and adipogenic lineages, and utilize them in a “Point-of-Care” non-

instrumented posterolateral lumbar spinal fusion.   

 

 Both BMSCs and ADSCs were confirmed as stem cells through lack of 

expression of markers CD34, CD45, CD90, and CD105, which is supported by literature.  
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Both cell types also differentiated into both the adipogenic and osteogenic lineages.  

Although we had positive in vitro results, we had limited in vivo results.  There were no 

differences between BMSCs, ADSCs and control implantation in identifiable spinal 

fusion at 3 or 6 months through radiographs or CT scans.  Additionally, there were no 

differences between groups at 6 months in biomechanical testing, histology and 

microradiographs.   

 

Although our in vivo results were lacking in demonstrating fusion at 6 months, 

this study is the first of it’s kind to investigate a large animal model comparison of 

BMSCs and ADSCs in spinal fusion and demonstrated that “Point-of-Care” stem cells 

derived from either bone marrow or adipose tissue demonstrated the potential for bone 

formation.  The in vivo results suggests that this model can be used for stem cell research 

in orthopaedics, but further research needs to be performed to determine their use, proper 

scaffold and potential osteoinductive materials needed for solid fusion results in the in 

vivo model.   
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Chapter I.  Stem Cell Introduction 

 

The human body maintains homeostasis by the breaking down of old or dead cells and 

generating new ones.  The cells responsible for generating new tissues are stem cells.  

Stem cells have great potential to be utilized in tissue repair and regeneration.  The focus 

of this dissertation was the utilization of adult stem cells harvested from either bone 

marrow or adipose tissue.  These cells demonstrate pluripotentcy, and their use is not 

complicated by ethical considerations associated with embryonic stem cells.  There is 

extensive research being conducted with adult stem cells, which are a separate population 

of cells within the adult body that can be harvested and used to treat illnesses and other 

conditions.  Their use has the potential for autologous stem cell implantation for tissue 

repair.   

 

Adult stem cells are already being used in the clinical setting and offer a promising future 

in research focused on tissue engineering.  A common example of the use of adult stem 

cell is in bone marrow transplants.  Bone marrow is a source of adult stem cells, and one 

of the most commonly used to harvest and isolate stem cells, but by no means is the only 

source.  Adult stem cells are found in every tissue of the body.  They are used from the 

time of birth and throughout life to heal wounds and to regenerate cells for tissue after 

cell death.  There is increasing interest in the use of adipose derived stem cells due to 

their abundance, accessibility for harvesting and high yield during isolation. 
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Stem cells have two main characteristics that differentiate them from other cells in the 

body.  They have the ability for long-term self-renewal and the ability to differentiate into 

many cell lines.  Adult stem cells are pluripotent, which means that they can differentiate 

into many, but not all tissue lineages.  This characteristic is part of what differentiates 

them from embryonic stem cells.  Adult stem cells are categorized into two groups:  the 

lineage that forms the blood cells or better known as hematopoietic stem cells (HSC), and 

those that form the other tissues in the body known as mesenchymal stem cells (MSC).  

Their proliferation ability, morphology, surface markers, and their ability to differentiate 

into multiple lineages in vitro such as bone, cartilage, muscle, marrow, ligaments, 

tendons, connective tissues and many others characterize the mesenchymal stem cells. 

(61) These cells are housed within niches in the tissue where they are activated by 

specific cues within this localized environment to either self-replicate or to differentiate. 

From these niches, the tissues and ultimately the body can maintain function and replace 

cells that have been damaged or have died.   

 

The niche is a physiologically segregated area of the tissue wherein the stem cells are 

restrained from commitment to extensive proliferation and differentiation and where the 

stem cells are housed throughout one’s life. (7, 22) They are thought to be hypoxic areas 

due to lower oxygen levels in the vasculature that reaches the bone marrow.  Cipolleschi 

et al reported on the low oxygenation levels in the bone marrow blood and suggested that 

the hypoxic areas are needed for long-term maintenance of stem cells, as the cells are 

more concentrated in the low oxygen areas of the bone marrow. (7) They attribute this to 
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the lack of active mitochondria within the cell, which may slow their ability to respond to 

growth factors.  Additionally, they suggest that with oxygenation, the cells may be 

encouraged to proliferate and differentiate through increased numbers of mitochondria, 

which activate the cell to respond to these changes as well as other growth factor signals.  

As the stem cell niche is responsible for housing and activating stem cells, the niche can 

signal the cells through the microenvironment to migrate from the hypoxic toward areas 

of higher oxygen levels for differentiation and proliferation in times of tissue 

stress/repair.   

 

The microenvironment of the niche is very important in the determination of a stem cell’s 

fate.  It helps to define the potential of the stem cell through direct contact of the stem 

cells with other cells, such as the osteoblast, within the niche through adherens junctions. 

(22) The loss of contact between the cells after niche signaling pushes the stem cell into 

its defined fate.  Furthermore, the fate of the stem cell is dependent on either symmetric 

or asymmetric differentiation on the basal lamina within the niche.  In symmetric 

differentiation, two identical stem cells are created, while in asymmetric, an identical cell 

and a committed cell are created. (22) The fate of the cell is determined by how the 

mitotic spindle is lined up to the basal lamina.  If the spindle is parallel to the basal 

lamina, the cell will proliferate into two identical cells (symmetric).  If the spindle is 

perpendicular to the basal lamina, one cell will be identical, but the other, which was not 

in contact with the basal lamina, will become the committed cell, to differentiate into the 

cell line needed given the microenvironment cues (asymmetric).  The polarity of the cell, 
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initiated through stimuli that prompt the reorganization of the actin skeleton, is a central 

component of the stem cell proliferation and differentiation process. (22) 

 

Another important concept of stem cells is their plasticity.  Plasticity is the ability of an 

adult stem cell to cross lineage profiles and adopt expression profiles and functional 

phenotypes of cells unique to other tissues. (6, 37, 62) These profiles are quantified by 

cell surface markers, which will be discussed at a later point.  Herzog et al state that 

several mechanisms that may drive stem cell plasticity include committed stem cells that 

may be able to transdifferentiate, terminal differentiation due to irreversible changes in 

DNA configuration, and fusion of the cell to a tissue cell, where fusion causes the cell to 

exhibit a gene expression more similar to its fusion partner than to a stem cell. (37)  

 

Plasticity is key for stem cells in their ability for use in therapeutics to treat disease and 

injury to a variety of tissues.  Therapeutically, these cells can be used in four different 

ways:  transplantation of normal autologous cells to regenerate tissue, to enhance or 

mobilize endogenous marrow-derived cells, transplantation of a gene-modified 

autologous bone marrow, and transplantation of allogenic bone marrow cells. (37) With 

the discovery of adipose tissue derived stem cells, these four therapeutic uses may also be 

applied to use these cells.  There is not enough evidence to determine if adipose tissue 

derived stem cells may be appropriate for bone marrow transplants since these cells are 

most commonly thought to be mesenchymal stem cells and may not have the needed 

hematopoietic stem cell lineages associated with the bone marrow.  Within the transplant, 
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the cells must be able to incorporate into the appropriate tissue (engraftment) and if the 

cells are unable to create a stable, self-renewing tissue, then multiple treatments may 

need to occur, as often seen with bone marrow transplants.  In these transplants, stem 

cells converge and house within the niches of the recipient’s bone marrow and engraft to 

reconstitute the bone marrow. (6) 

 

Another key point about stem cells, especially in regards to transplantation, is their 

potential ability to avoid allogenic rejection by the host, which makes these cells of 

particular importance for allogenic grafts.  Allogenic rejection has two sides.  First, there 

is a response to the foreign cell by the body.  This is coined the direct response and is 

mediated by the host T cells. (68) Secondly, there is the indirect response, where after 

foreign tissue is recognized the T cells then activate the immune system to create a 

rejection response. (68) MSCs are thought to avoid this response through controlled 

expression of the major histocompatibility complex (MHC) class I and class II antigens.  

These cells express the class I antigen, but lack the class II antigen. (32, 68)  

 

The expression of the class I antigen protects the cell from being targeted and destroyed 

during the immune response (i.e. do not invoke a T cell response) and the lack of 

expression of the class II antigens decreases the expressions of alloantigens, additionally 

decreasing the risk for an immune response.  With this expression type (MHC-I+/MHC-

II-), the host T cells may not recognize the stem cells as foreign and thus no immune 

response will be created.  Ryan et al states that MSCs additionally down-regulate other 
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factors that are seen in the immune response and avoid destruction by being 

hypoimmunogenic and creating an environment with suppressed immunogenicity. (68) It 

is due to these reasons that MSCs are believed to be a potent, yet safe source of cells for 

allogenic transplant in therapeutic uses.  

 

There are certain conditions that can affect the amount of stem cells within a tissue such 

as bone marrow.  The potential for stem cell therapeutic use may be limited by the ability 

to access the stem cell as well as the regenerative ability of the tissue based on it’s own 

stem cell pool.  Ultimately, the best use of stem cells is to use them in tissues that are 

already actively regenerating from their own stem cell niches. (15) However, there are 

some conditions where the pathology of the niche or the tissue in whole has declined and 

regeneration is unable to occur.  Degenerative conditions such as osteoporosis and 

osteopenia can lower numbers of progenitor cells.  Both the bone and bone marrow are 

affected in these conditions, potentially changing the niche size, which can affect the 

number of stem cells housed within the niche. (79) Smoking and excessive alcohol use 

can do the same. (70) Additionally, there is an aspect of age in the potential healing 

power of certain tissues in regards to the numbers of stem cells they have.  Bone marrow, 

for example, has a more robust healing capacity and number of stem cells in younger 

patients than in old. (73) The addition of other complications or health problems with 

advanced age can render the bone marrow a nonviable source for stem cells.  Due to this, 

other tissues, such as adipose tissue, are being researched as they seem to maintain cell 

numbers and do not decline in relation to age.  Additionally, site-specific injuries or 
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conditions such as osteonecrosis of the femoral head or spinal degeneration may alter the 

local microenvironment and create a need for transplantation of stem cells from healthier 

areas of the body to regenerate.   

 

It is important in the clinical setting that the number of stem cells, the viability of the 

stem cells in their future environment and the ability of the cell to differentiate into the 

tissue needed are all kept in consideration.  The future of tissue engineering and stem cell 

research relies on the application of these models in a clinical setting.  The focus is to 

find the best environment for these cells to grow with the right signals, in order to create 

the tissue needed.   
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Chapter II.  Bone Marrow Derived Stem Cells in Orthopaedics 

 

For the purposes of this study, the focus remained on the use of adult stem cells in 

orthopaedic therapies.  In orthopaedic therapies, bone repair and regeneration is driven by 

the implanted bone marrow MSCs (BMSCs) that either engraft directly into the bone or 

are recruited from the marrow to the bone. (19) The key is to maximize this benefit with 

the proper scaffolds and techniques to fully harness the body’s ability to regenerate bone.   

 

There are three aspects to a successful graft in orthopaedics.  The grafts must be 

osteogenic, osteoinductive and/or osteoconductive.  Osteogenic materials consist of the 

osteoprogenitor cells that can deposit the bony matrix and are noted as “cell based 

therapies.” (70) Examples of grafts that utilize osteogenic material are those that use 

donor derived iliac crest bone graft or bone marrow in some form, either whole bone 

marrow or concentrated bone marrow.   

 

Osteoinductive materials provide signals to induce differentiation of localized stem cells 

to osteoblasts.  A common example of an osteoinductive graft is the use of rhBMP-2. 

Medtronics developed a graft system that allows for osteoinduction on natural scaffolds 

by using recombinant bone morphogenic protein-2 (rBMP-2).  The recombinant protein 

is engineered in large quantities and is currently FDA approved and used in lumbar spinal 

fusions. The tissue and fusion construct produces bone through a localization of rBMP-2 

to the area, which can stimulate bone growth by present osteoblasts as well as stimulate 
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stem cell migration to the area through local signaling factors. (24, 70) However, rBMP-2 

has been found in some cases to overgrow bone and encroach on sensitive organs when 

used off label. (1) The Food and Drug Administration issued a warning after 38 patients 

reported complications of the use of rBMP-2 in cervical fusion, with complications 

ranging from swelling of the neck and throat tissue, compression of the airway, 

compression or neurological structures in the neck, difficulty breathing, swallowing and 

speaking.  While a promising therapy, there is a concern with recombinant proteins and 

their overzealous actions in the human body, where the natural protein exists in very 

minute quantities. 

 

Osteoconductive materials are the passive scaffolds that can promote vascularization and 

bone apposition on their surface, although vasculogenesis is considered secondary to new 

bone formation. (24, 70)  Common examples of these are demineralized bone matrices, 

fresh or frozen allograft bone, collagen sponges, hydroxyapetite, and tricalcium 

phosphate.  Fresh or frozen allograft bone has been linked to causing immunogenicity 

within the recipient, so other scaffolds are being sought to bypass this. (70) Scaffolds, 

nonetheless, are an important aspect in orthopaedic therapies. 

 

The only graft that successfully has all three components is the iliac crest bone graft.  It is 

considered the gold standard within orthopaedic therapies for regeneration of bone in 

graft transplants.  However, there is donor site morbidity and necrosis associated with the 

harvest of the graft, so researchers have been attempting to find an alternative, such as 
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bone marrow harvest and/or concentration. Bone marrow and the stem cells that lie in it 

are crucial in bone health as well as disease states.  Bone marrow stem cells are relatively 

easy to isolate and after implantation, can respond to local factors and developmental 

signals that can enhance their ability to directly heal or recruit other stem cells to aid in 

healing of the local defect/injury site. (24) Bone marrow concentrate on an appropriate 

ceramic or ceramic/collagen scaffold may provide a better and safer alternative to iliac 

crest bone grafts.  However, there is conflict about the osteoinductive capabilities of 

synthetic grafts using bone marrow stem cells (BMSC) and their ability to grow bone 

with local and systemic inductive signals or if there is need for an additional 

osteoinductive component such as BMP-2. (70)   

 

In cell based therapies that look to find an alternative to iliac crest bone grafts, not only 

do the stromal cells need to be harvested, but they may also need to be separated from the 

rest of the components in the marrow for best use at point of care therapy for orthopaedic 

procedures.  It is thought that with concentration, more cells can be harvested and utilized 

per equal volume of whole bone marrow and thus increase the success rate of fusion and 

regrowth. (35, 36)   

 

In 1989, Connolly et al published a report on how to develop a preparation of the bone 

marrow so that it has the greatest capacity to grow bone.  Specifically, they aimed to 

develop an injectable preparation of bone marrow for use in the treatment of fractures 

that do not heal, called nonunions.  Through this study, they found that using whole 
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marrow increased the fusion rate up to 28%, but with centrifuged marrow, had healing of 

the nonunions increased to 70%.  They created a technique that would allow bone 

marrow to be spun and the needed cells isolated within the time of surgery, aka “Point of 

Care.”  This allows the technique to be used in the surgical setting and deemed at “point 

of care.”  In orthopaedic procedures, it is important to be able to isolate and use the cells 

within the time of the surgery.  More importantly, not only does this benefit the 

biological results by using fresh isolated cells, but utilizing these techniques save time for 

the surgeon as the cells do not need to be previously harvested, isolated and expanded in 

an outside laboratory prior to surgery.  This in turn additionally lowers the cost in 

comparison to laboratory expansion for both the insurance companies and the patients. 

The Connolly et al study was one of the first studies to look at concentration of bone 

marrow for potential use in clinical therapies and since then, numerous publications have 

demonstrated the benefits of concentrated bone marrow for regeneration of bone. (25, 34, 

35, 42, 57) 

 

Concentration of bone marrow has been used to treat osteonecrosis of the femoral head as 

well. (25, 35, 36)  Osteonecrosis is an area within the bone that has had death of the 

cellular components that facilitate healthy bone turnover.  This condition can impair the 

ability of the bone marrow within the area to help regrow new bone.  This area could also 

lose the vascular components that supply the living bone cells with the nutrients they 

need to survive.  Hence, bone death.  If left untreated, this condition can lead to total 
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collapse of the femoral head with a requirement of a total hip replacement to regain the 

functional ability of the hip. (34)   

 

In 2002, Hernigou et al recruited 116 patients with osteonecrosis of the femoral head.  

The patients were treated with core decompression to remove the necrotic tissue and 

autologous bone marrow grafting to determine if cells from within the healthy bone 

marrow could replace and help heal the area of necrosis.  The bone marrow was 

concentrated through centrifugation and the red blood cells and plasma were removed, 

leaving just the fraction that contains the stem cells to be injected.  The patients were 

examined every three months for a year and then every six months up to two years.  Of 

the total patients, 59% of the hips were radiographically stable with maintenance of bone, 

and exhibited no need for total hip replacement.  About one third of the patients did have 

progression to a more diseased state and 8% of the patient population exhibited a 

decrease in progression showing no evidence of osteonecrosis within the femoral head.  

However, with the addition of concentrated bone marrow, 67% of the patient population 

tested either maintained their bone or healed completely, showing that the concentrated 

bone marrow did play a part in slowing or negating the procession of osteonecrosis in 

that area.  Other researchers have confirmed these findings, in that the addition of 

concentrated bone marrow and the stem cells that lie within the used fraction can 

decrease necrotic areas, decrease pain associated with osteonecrosis and additionally 

form new bone within the previously affected tissues. (25)   
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Another common application of stem cell based therapies is in the treatment of non-union 

fractures, whether due to physiological discrepancies, or induced in animal models.  A 

non-union is a fracture that has failed to heal after a bone has been broken.  It can also be 

induced in vivo through removal of a large section of bone where growth of new bone 

will be limited and the normal process of healing is halted.  In humans, these fractures are 

termed non-union if healing has not occurred within 6 months and the fracture is still 

evident with spaces between the bones.  However, it has been found that with the 

addition of concentrated bone marrow these non-unions can be healed, even after the 

initial 6 months have passed. (35, 36)   

 

Concentration of bone marrow has also been used in spinal fusions.  There are over 

185,000 spinal procedures implemented each year alone in the United States. (10, 52)  

These procedures are common, especially in the aging patient, to combat conditions such 

as degenerative disc disease, spondylosis and spondylolisthesis.  Typically, an iliac crest 

bone graft is used to fuse the segments of the spine.  However, with the potential for 

donor site morbidity and necrosis, other options are being sought such as bone marrow 

concentration.  Additionally, in fusions requiring large graft amounts, the iliac crest 

cannot provide enough bone, so the addition of concentrated bone marrow on other 

scaffolds such as demineralized bone marrow or ceramics may be used.  Previous 

research has shown that the addition of an enriched bone marrow clot can increase the 

efficacy of the graft. (57) The FDA has already approved the use of bone marrow stem 

cells for use in orthopaedics and many companies have come out with their version of 
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cell separators, which are basically centrifuges that have specialized cartridges to help 

with the separation of the nucleated cells from the plasma and red blood cells.  

Centrifugation can concentrate BMSCs up to seven times the normal levels seen in whole 

marrow without losing cell viability, functionality and ability to osteogenically 

differentiate.  This means that the concentration is safe and efficacious for point of care 

concentration of bone marrow of orthopaedic procedures. (46)     

 

The first use of this technique in human spinal surgery came in 2008.  Dr. Robert Johnson 

from the Methodist Hospital in San Antonio, Texas reported on the first 2 patients of 25 

that had undergone spinal fusion with concentrated stem cells on one side and iliac crest 

bone on the other.  Both patients were followed for 9 months and showed 

radiographically stable instrumentation and successive bone formation/fusion with both 

the iliac crest bone graft and bone marrow concentrate cell addition.  This demonstrated 

the successful use of bone marrow derived stem cells in human point of care therapy for 

the regeneration of bone in spinal fusions.   

 

With these results showing promise in the clinical field, mechanisms behind the healing 

ability of these cells are starting to be understood.  It is important to figure out what 

happens with centrifugation that allows concentrated bone marrow to seem more 

promising than whole bone marrow or iliac crest bone graft.  Possible answers lie in the 

cell counts of the resultant concentrated marrow as well as the density of the cells, which 

affects the resultant layering of the marrow components during centrifugation.  It is 
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proposed that concentration and removal of red blood cells and plasma increases the total 

nucleated cell count per volume when compared to whole marrow alone. (33)   

 

It has been reported that centrifugation can increase the nucleated cell count up to 70% 

with over 90% cell viability. (9) So that in each given volume of concentrated marrow, 

there are more stem cells that can be implanted to either heal the affected area or to call in 

stem cells from other areas of the body to facilitate tissue regeneration.  In fact, many 

researchers have reported the importance of cell counts and how the counts can predict 

the facilitation of healing. (9, 35, 57)  Cell counts in the literature for concentrated 

marrow have ranged from 16.4 x 106cells/mL to as high as 2.2 x 109 cells/mL in 

successful fusions or healings in orthopedic procedures. (34, 35, 42, 46)  These consistent 

findings show that a successful graft implant would contain millions of nucleated cells.  

Hernigou et al (2005) reports that the prevalence of progenitors in whole bone marrow is 

about 1 in 30,000 nucleated cells, which imply about 600 progenitors/mL.  However, 

with concentration, the number of these progenitor cells increases up to 2500 

progenitors/mL: a 4-fold increase over whole bone marrow.   

 

An interesting finding from the literature is that a significant effect will not be seen on 

healing if the stem cells applied are below a certain concentration.  Past this minimal 

threshold, a direct, positive relationship has been established between stem cell 

concentration and healing effects.  Hernigou et al (2005), as previously stated, had used 

concentrated bone marrow to heal nonunions and on average reported the nucleated cell 
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counts from the concentrated marrow at 18 x 106 cells/mL.  This number is slightly lower 

than other findings of hundreds of millions of nucleated cells/mL. (42, 46, 57)  The 

reason behind this parallels their clinical findings.  Seven of their patients did not heal 

after the concentrated bone marrow treatments.  In reviewing the cell counts, Hernigou et 

al found that these patients had a significantly lower concentration of progenitor cells 

(mean 634 ± 187 progenitors/mL) and total number of progenitor cells (19,324 ± 6843).  

This can be explained by both the habits that the person may have, i.e. smoking, drinking, 

and by increased age, as these are known to influence stem cell numbers within the bone 

marrow. (70) Grafts that failed had less than 1000 progenitor cells/cm3 and less than 

30,000 total.  It is believed that bone marrow concentration grafts must contain more than 

1000 progenitor cells/cm3 to be effective. (42) 

 

On the contrary side, there is no known research on if there is a ceiling of too many cells.  

Research is still continuing to determine the exact concentration and amount of cells 

needed to have a successful orthopaedic graft.  What is key to understand in BMSC use 

in orthopaedics is that it is not just the whole marrow that is effective, but that 

effectiveness can be greatly improved by removing the unneeded components of the bone 

marrow and applying a greater concentration of progenitor cells.  If left unconcentrated 

cells may be too diluted in the marrow and too few in number per given volume to be 

effective in bone regeneration.  Concentration is key and for the time being, the more 

cells one can get from aspiration and concentration, the more likely, fusion and bone 

regrowth will occur.   
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Finally, when discussing bone marrow and bone marrow concentrations, often the 

question is asked on alternative sources of stem cells to bypass the need for iliac crest 

bone graft.  An alternative could be vertebral bone marrow.  Vertebral bone marrow has 

been shown to be similar, if not better in cell counts and in vivo assays than iliac crest 

bone marrow. (53, 66)  Both vertebral bone marrow and iliac crest bone marrow show 

similar ability for osteogenic differentiation, colony forming units that express alkaline 

phosphate and similar whole marrow and concentration cell yields making them similar 

in their osteogenic potential. (53, 66)   

 

These data demonstrate that in otherwise healthy individuals undergoing a spinal fusion 

procedure, if small amounts of bone marrow are needed, that the vertebral body is an 

ample, if not better source of BMSCs than iliac crest bone marrow.  However, a 

limitation to this use is that there are very small amounts of marrow in the vertebral 

bodies and continuing up the spine to cervical regions, very little marrow, if any can be 

harvested.  The vertebral bodies at the higher levels have increased bone mass so the use 

of localized bone marrow may not be efficacious in cervical fusions.  Also, because the 

access to the vertebral body can only be done during surgery and after opening a hole for 

the placement of the pedicle screw, this procedure would be limited in use and not a 

viable option for other areas of orthopaedics.  Because of this, there is a push to find 

other sources of stem cells that may be more abundant or easier to harvest for use in 

tissue regeneration.  An option for these cells is adipose tissue. (70) The next chapter will 
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review the literature on adipose stem cells and their use in orthopaedics, as well as 

compare of the efficacy of adipose derived stem cells and bone marrow derived stem 

cells. 
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Chapter III.  Adipose Derived Stem Cells and Their Potential Use in Orthopaedics 

 

Recent work has shown that stem cells exist within the adipose tissue and may provide an 

alternate source for stem cell therapies. (80, 82)  Zuk et al’s work is the gold standard by 

which adipose tissue derived stem cells (ADSCs) are harvested, isolated and tested in 

vitro.  Through these articles, adipose tissue derived stem cells have shown to be similar 

to bone marrow stem cells in both cell surface markers and multilineage differentiation.  

It has been suggested that there are fewer complications with the harvest of adipose tissue 

derived stem cells in comparison to bone marrow derived stem cells and that these cells 

also exhibit plasticity. (16, 28, 70, 82)  Furthermore, the frequency of stem cells within 

this tissue may be up to 6.3% higher than those in bone marrow, regardless of the site of 

harvest and may be able to be used within point of care therapies. (30)   

 

Zuk et al (2001) explored if there was a population of multipotent stem cells within the 

adipose tissue and if they could be harvested and expanded in vitro.  They isolated the 

stem cells from human adipose tissue through enzymatic digestions and further 

concentration, and compared their efficacy of multipotent lineage to that of bone marrow 

stem cells.  Both the BMSCs and ADSCs were exposed to flow cytometry for cell surface 

marker comparison and tested for multilineage differentiation towards adipogenesis, 

chondrogenesis, myogenesis and osteogenesis.  For each differentiation lineage, the 

culture medium was different and specific assays were used to determine differentiation 

among those lineages. 
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The ADSCs were harvested from 300cc human lipoaspirate and after concentration, 

yielded about 2-6 x 108 cells.  Within the processed lipoaspirate (PLA) they found low 

levels of endothelial, smooth muscle and pericyte cells, which were not seen in the bone 

marrow samples.  Both cell lines stained positive for cells from the mesenchymal origin. 

(82) This suggests that while low levels of other cells are present in the PLA, the general 

population of PLA is made up of the mesenchymal stem cells, which makes comparisons 

to BMSCs possible.   

 

After culturing the cells in culture media for different lineages, they found evidence that 

the ADSCs and BMSCs both differentiate into adipocytes with positive staining for Oil 

Red O stain. (82) For osteogenic differentiation, the mean number of alkaline phosphate 

(AP) staining was 50.2±10.8% of the total PLA cell count.  The expression of AP was 

also seen in BMSCs.  However, because AP is produced in other tissues, it is important to 

have another marker for staining.  In this study, they used the Von Kossa stain to 

determine calcified extracellular matrix production.  Both the ADSCs and BMSCs 

indicated calcification with a positive stain for Von Kossa.  Alcian Blue stain and 

Collagen II- specific monoclonal antibody were used to test chondrogenic differentiation.  

The ADSCs and BMSCs stained positive for both after culture in chondrogenic medium.  

The cell types were compared to cartilage, which stains positive for both; and bone, 

which stains negative.  This shows that both cell types under the right conditions, can 

differentiate into cartilage cells.  Finally, ADSCs were tested for myogenic differentiation 
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and compared to cells from the skeletal muscle line.  After six weeks of myogenic culture 

and differentiation, the ADSCs stained positive for both myosin and MyoD1, which are 

indicators of muscular differentiation.  With these results, Zuk et al (2001) showed that 

the cells isolated from human adipose tissue could be a potential alternative source to 

BMSCs, as they both have the ability to differentiate to multiple lineages in vitro.   

 

Before delving further into the possibility of adipose tissue derived stem cells as potential 

options for therapies, there are additional important criteria that these cells must meet to 

be considered true mesenchymal stem cells, and thus similar to bone marrow stem cells. 

In a report by the International Society for Cellular Therapy (ISCT), there are three main 

criteria that define human MSCs (stromal cells): (18) 

1. MSCs must be plastic adherent when maintained in standard culture 

conditions. 

2. MSCs must express CD73, CD90 and CD105 and lack CD11b or CD14, 

CD19, CD34, CD45, CD79α and HLA-DR 

3. MSCs must be multipotent and differentiate into osteoblasts, adipocytes, and 

chondrocytes in vitro. 

Not only do Zuk et al in their papers confirm that ADSCs meet these criteria, but other 

researchers have also supported their findings. (5) These criteria are the first to be 

published that stem cell populations can be compared to and thus allow comparison of 

stem cells between two different tissue types. However, it is important to note that these 

criteria can change as more information is discovered on the populations of MSCs, but 
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these initial criteria provide a common starting ground for identifying populations of 

MSCs in various tissues outside of bone marrow.   

 

Adipose tissue can be harvested and processed with ease and allow for cell counts post 

processing.  Yields have been reported as high as 2-6 x 108 cells/mL after isolation from 

the adipose tissue. (82) Additionally, adipose tissue may yield a higher number of 

nucleated cells than bone marrow and within the processed portion of the adipose tissue, 

stem cells may account for up to 2% of the nucleated cells. (16, 74)  In a comparison 

review published by Strem et al (2005), BMSCs were found in concentrations of 1 in 

25,000 to 1 in 100,000 cells and that a general volume of bone marrow taken (around 

40mL) yields about 1.2 x 109 nucleated cells.  Of these cells about 2.4x104 are true 

MSCs.  From adipose tissue, a typical lipoaspirate is around 200 ml, which can yield up 

to 1 x 106 ADSCs.  While the harvest amounts listed here are different from bone marrow 

to adipose tissue, the bone marrow is limited in the total amount that can be harvested.  

However, most humans have ample adipose tissue that can be harvested, potentially 

yielding as much as 40-fold more therapeutic stem cells than can be concentrated from 

bone marrow.   

 

Stem cells derived from adipose tissue can differentiate into multiple lineages and 

express similar cell surface markers as BMSCs, and this will be discussed further in later 

chapters.  In regards to in vitro proliferation rates, ADSC and BMSC are similar.  ADSCs 

can also be cultured for longer periods of time than BMSC. (45) Also, it has been 
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reported that ADSCs can form over 500 times more fibroblast and alkaline phosphate 

colony forming units than bone marrow and may produce better osteogenesis than 

BMSCs. (21, 28) With these findings, there is more support for the use of ADSCs than 

BMSCs in therapy 

 

To date the majority of the research done on the characterization ADSCs has been in 

vitro, with some limited in vivo work in animal studies.  Thusly, their efficacy in human 

therapeutic use is still in its infancy.  There are promising results, however, from the 

animal models that suggest ADSC may be a better source of stem cells for use in 

orthopaedic therapies.   

 

ADSCs have been implanted subcutaneously on scaffolds and have been found to have 

better bone growth than control scaffolds alone, with up to 80% forming osteoids in vivo. 

(38) They have also been used to regenerate periodontal tissue in rats, producing bone 

regeneration on the surface of alveolar bone, as well as repairing critically sized calvarial 

defects in rats. (17, 76)  Degano et al (2008) found that both BMSCs and ADSCs 

increased bone mineral density within the defect and that both cells had greater bone 

formation than the scaffold without cells.  Interestingly enough, the BMSCs had a higher 

survival rate at 73%, whereas the ADSCs had a low survival rate at 5% when implanted 

in vivo and tagged with a green fluorescent marker.  Though both were able to heal 

defects in vivo, the low survival rate is concerning.  However, their ability to grow bone 

shows that the ADSCs may be more potent cells for healing defects, as fewer viable cells 
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were able to grow the same amount of bone as the BMSCs with higher viability.  These 

are some of the findings when using ADSCs alone with no osteoinductive properties.   

 

Unfortunately, many researchers find that the ADSCs for in vivo implantation must first 

be primed in order to grow bone, which is different from their in vitro capabilities for 

differentiation, where nothing is needed aside from the appropriate differentiation media.  

Options for this include the additions of BMP-2, either in media, as addition to the 

scaffold, or by retroviral transduction or osteogenic differentiation of the cells prior to 

implantation.  When osteogenically differentiated cells were seeded on tri calcium 

phosphate scaffolds, both BMSCs and ADSCs formed bone in vivo. (27) Similarly, 

osteogenically induced ADSCs formed bone in repair of palatal bone defects and stained 

positive for calcium and osteocalcin in vitro as compared to undifferentiated cells. (8) In 

another calvarial defect model, both control media grown ADSCs and osteogenically 

differentiated ADSCs exhibited bone growth within defects and along the periphery of 

the defects, although ADSCs that had been differentiated for 14 days in culture exhibited 

the best bone growth. (78) These results may suggest other osteoconductive materials 

may be needed to fully prepare and enhance the ADSCs for their best utility in 

orthopaedic procedures or the environments of the scaffolds need to be more 

osteoinductive. 

 

Another common additive in bone regeneration research is the use of BMP-2, Which can 

be added into the media or scaffold, or added to the cell through retroviral transduction.    
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Through adenoviral transduction with BMP-2, ADSCs were able to heal critically sized 

femoral defects in rats better than cells or BMP-2 alone. (60) However, it is known that 

BMP-2 alone can induce bone growth and is currently used in orthopaedic therapies.  

Additionally, a side-by-side comparison of BMSCs in the same condition was not 

performed. Because it is known that BMSCs can grow bone in femoral defects, it would 

have been interesting to note if they could reproduce these same results with BMSCs and 

see the similarities and differences between both cell types. (25, 34)  Both ADSCs and 

BMSCs that had been transfected with a BMP-2 adenovirus have been shown to induce 

fusion in a rat spinal fusion model, while both cells alone, without transfection, were 

unable to demonstrate the same results. (40, 55)  These are conflicting findings with 

clinical data as concentrated BMSCs are already FDA approved for use in human spinal 

fusions.  It is possible that other issues within the processing or plating of these cells may 

have made a difference in their osteogenic potential.  Finally, transduced ADSCs that had 

been grown in osteogenic media were able to heal critically sized defects in an ulnar 

defect model. (50) The study ultimately combined what is considered the best of both 

worlds, by not only adding the BMP-2 but also preconditioning the cells towards the 

osteogenic line prior to implantation to grow bone.  While these results are promising, 

they do not fall under the auspices of “point of care,” meaning that the methodology 

required are more than minimal manipulation of the cells and unable to be completed 

within the time of surgery.  For this reason, we did not utilize the use of BMP-2 within 

our study. 
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While gene transfection of BMP-2 is a possible alternative to localized high dosages of 

BMP-2 within the scaffold and surgery site, the FDA is very stringent on the rules and 

regulations for using genetically modified cells in therapeutic treatment and this could 

present a potential problem with their approval and use in humans.  It has been suggested 

that nucleofection may be a safer and more effective gene transfer therapy than 

adenoviral use, but these research is still in its infancy and their clinical effectiveness in 

human therapies remains to be seen. (71) Another criticism raised of in vivo animal 

models that use BMP-2 is that there are different responses between animals and humans 

in their reactions to BMP-2. (80) Due to this, some of the results mentioned above may 

not be seen in humans and ADSCs alone may be enough to create bony regeneration.  

Additionally, the isolation procedure, the collagenase used during isolation, and varying 

centrifuge speeds may also affect the viability and differentiation capacities of ADSC, 

which supports the need for standardization of these techniques to limit potential 

complications. (69) 

 

Finally, to date, there has only been one published use of adipose derived stem cells in 

human therapy for the regeneration of bony tissue. (49) The case report describes a 

seven-year-old girl who had suffered major head trauma and calvarial defects that were 

not healing with traditional therapies.  Due to massive bone resorbtion, chronic infection, 

and failure with other therapies, alternative ideas were needed to reconstruct the lost 

bone.  Resorbable macroporous sheets were implanted into the defects and milled 

cancellous bone from the ilium was applied across the defects.  Autologous adipose tissue 
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was harvested from the child and processed, and the resultant ADSCs were added to the 

bone grafts with fibrin glue to maintain cell placement.  Ultrasound examination at two 

and six weeks post ADSC implantation proved that the sheets were in place and at three 

months postoperatively, a CT scan showed regeneration of bone within the defect sites 

with bone formation indicating healing of the trauma induced fractures.  However, it is 

important to note that this procedure was done as a last case scenario.  To date, no other 

study has been published on ADSCs and their use in bone regeneration in humans.  From 

these findings, it is evident that ADSCs may provide a potential alternative to BMSCs for 

regeneration of bone in orthopaedic therapies.   
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Chapter IV.  Cell Surface Markers 

 

Prior to implantation and experimentation, characterization of these cells is imperative.  

A key to this lies in the identification of the surface markers of the cells by flow 

cytometry. Every cell has markers on the surface that act as receptors or ligands, which 

are important for cell signaling.  Many of these markers are classified as CD markers, or 

cluster of differentiation markers.  More than 250 cell surface markers have already been 

identified and through cell sorting techniques, like flow cytometry, these markers can 

identify certain populations of cells.  The presence or absence of the markers are marked 

by a + if the marker is present or a – if it is not.  Cell populations are not necessarily 

defined by one particular marker, and commonly share a combination of markers to 

delineate them from other populations.  CD markers are identified through the binding of 

two distinct monoclonal antibodies and subsequent flow cytometry to determine their 

presence.  

 

The NIH identifies cell surface markers that are important for adult stem cells, from both 

the hematopoietic lineage as well as the stromal lineage.  The bone morphogenic protein 

receptor is needed for the differentiation of stromal stem cells.  This marker is seen on 

mesenchymal and progenitor cells.(3) Other markers, such as CD4, CD8, CD34, and 

CD45 are present on cells within the hematopoietic lineage.  CD4 and CD8 are found on 

the white blood cells and are markers specific for T lymphocytes while CD34 marks a 

hematopoietic cell and is found on the cell surface of a bone marrow cell. (3) This marker 
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is very important in the characterization of MSCs from bone marrow and from adipose 

tissue.  As adipose tissue derived stem cells are still relatively new, the understanding of 

their markers and the designation of specific markers for this population of cells is still 

being determined. 

 

Bone marrow derived stem cells have been found to express markers such as SH2, SH3, 

CD13, CD29, CD44, CD49a, CD49b, CD71, CD90, CD106, CD120a, and CD124 and 

lacking expression of the hematopoietic markers CD14, CD34 and CD45. (6, 37, 61)  

Adipose tissue derived stem cells also show extensive similarities in cell surface markers 

to BMSCs with the exception of a few markers such as CD49a, CD106 and, depending 

on the author, CD34. (26) Both BMSCs and ADSCs express SH1, SH3, stro-1, CD13, 

CD29, CD44, CD49e, CD71, CD73, CD90, CD105, CD116 and CD117 and lack 

expression of SH2, CD14, CD15, CD31, CD34 (controversial in ADSCs), CD45, CD56, 

CD61, CD62e, CD104, CD106, CD133 and CD144. (30, 45, 58, 73, 80)  However, 

BMSCs and ADSCs do not express all the same cell surface markers.  For instance, they 

differ in their expression of CD49a and CD106.  Research has shown that ADSCs 

express CD49a and lack expression of CD106, while BMSCs are opposite with lack of 

expression of CD49a and expression of CD106. (21, 58, 74, 81)   

 

In review of the ISCT criteria for determination of stem cells:  Human mesenchymal stem 

cells must be plastic adherent when maintained under standard culture conditions.  They 

must have the ability for osteogenic, adipogenic and chondrogenic differentiation.  They 
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must express cell surface markers CD73, CD90, and CD106.  They must lack the 

hematopoietic markers c-kit, CD11b, CD14, CD19, CD34, CD45, and CD79. (18) (69)  

ADSCs meet all these requirements except for one that has raised much controversy. (69) 

Cell marker CD34 has been shown to have positive expression in isolated ADSC 

populations, but not in BMSC populations. (21, 23, 26, 29, 30, 45, 51, 54, 58)  

Expression of CD34 has been seen as high as 60% in the initial stromal vascular fraction 

of isolated ADSCs along with decreased expression of CD34 in subsequent passages. 

(54) There are a variety of explanations as to why these differences in expression have 

been seen.  One explanation may be that endothelial cells from the vasculature within the 

adipose tissue had been intermixed with the stromal vascular fraction or stem cells from 

within the vasculature walls, and have been plated along with the isolated ADSCs. (51) 

Another explanation may be due to changes within the microenvironment such as 

removing the cells from the adipose tissue and exposing them to culture conditions, or the 

adhesion and expansion process may enrich the cell to select a certain functional 

phenotype. (51) Finally, changes in expression of CD34 may be due to cell cycle at the 

time of harvest or reversible expression of the marker of the same cell population at 

different stages of activation. (6) Due to these discrepancies, not one specific cell surface 

marker can be used to denote a population of stem cells, but rather a variety of stem cell 

populations as seen in the ISCT requirements.   

 

The following page (Table 1) is a review of the most common cell surface markers 

mentioned in these articles and shows expected positive or negative expression for HSC, 
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BMSCs and ADSCs.  Additionally, the next page (Table 2) lists the cell surface markers 

that have been mentioned in the reviewed articles. (6, 21, 26, 30, 33, 37, 45, 47, 51, 54, 

58, 61, 63, 64, 69, 74, 81) Keep in mind, that Table 2 does not show the presence or 

absence of the markers, just merely the ones that were mentioned within the article when 

discussing stem cells.  Some are markers of hematopoietic stem cells, while others mark 

the endothelial or stromal stem cells.  In conclusion, it has been shown that 

characterization of the populations of BMSCs and ADSCs is key in experiments that 

utilize them for both in vitro and in vivo work.   
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Cell Marker Alternate name HSC BMSC ADSC 

sca-1  + +  

stro-1  + + ± 

CD13 Aminopeptidase  + + 

CD14  + - - 

CD29 ß-1 integrin  ± + 

CD31 PECAM-1 + - ± 

CD34  + - ± 

CD44 Hyaluronate - + + 

CD45 LCA + - - 

CD49d α-4 integrin  - + 

CD49e α-5 integrin  + + 

CD73   + + 

CD90 Thy-1  + + 

CD105 Endoglin  + + 

CD106 VCAM  + ± 

CD117 c-kit + + ± 

CD133 MDR-1 + - - 

CD166 ALCAM  + + 

 
Table 1.  Cell Surface Marker Expression In Different Stem Cell Populations. 
 



	   33	  

 

 

Table 2.  Cell Surface Markers Presented in the Literature 
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Chapter V:  Scaffolds 

 

There are a variety of scaffolds that can be used as the matrix on which stem cells grow.  

In general, there are three different types of scaffolds.  An autograft scaffold is derived 

from the donor (i.e. iliac crest bone graft (ICBG)).  While autograft is the preferred 

choice to limit the chances of graft versus host disease, there are limited tissues that can 

be harvested and in some cases, like the iliac bone crest, the donor site can experience 

morbidity and/or necrosis.  The second best option is the allograft.  Allograft is from one 

donor of the same species to another recipient and xenografts are those that come from a 

different species. Allografts for scaffolds are often used in orthopaedics.  There are 

natural scaffolds and synthetic scaffolds.  The natural grafts are bone chips, powders and 

fragments from cadavers and demineralized bone matrix, also from cadavers.  These 

natural scaffolds are good osteoconductors, but not good osteoinductors, as they lack the 

cells and some growth factors needed for bone regeneration.  Demineralized bone matrix 

is another natural scaffold option.  It is organic and is a concentrated source of bone 

morphogenic proteins, which are osteoconductors.  While the presence of cells on these 

grafts would promote osteoinduction, having the cells removed decreases the chance of 

an immunological response from the host to the donor cells.  A second option, aside from 

cadaveric bone, is a synthetic scaffold.  Synthetic scaffolds are often made up of ceramics 

or calcium phosphates or a combination of the two.  Xenografts, while they can be used, 

still have issues of histocompatibility between the animal the tissue is from and the 

human. (80) 
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Another concept to keep in mind about grafts and cells is osteogenesis, osteoinduction 

and osteoconduction.  Osteoconductive materials are passive scaffolds that can provide 

the framework for vascularization and new bone apposition on its surface.  

Osteoconductive materials do not contain cells or inductive properties and are merely the 

scaffold/matrix the cells would need to grow. (2, 31) While autologous bone grafts are 

ideal as it contains the osteogenic, osteoinductive and osteoconductive materials all in 

one, there is a limited amount that can be used in orthopaedic procedures. The focus then 

becomes to create alternatives that can still have all the properties of the bone graft, 

without the complications.   

 

Recently, marrow based grafts have been developed to bypass the issues with bone grafts.  

By using these techniques, the surgeon can still have the benefits of autologous grafts 

while diminishing the risks of complications. Shen et al (2005) reported on the grafting 

materials and their ability to meet the three requirements for growing bone. As mentioned 

above, cancellous bone autologous grafts are osteoconductive, osteoinductive, 

osteopromotive, and lack an immune response, but have donor site morbidity.  Fresh 

allograft is osteoconductive, can be osteoinductive, has no progenitor cells and has high 

risk of an immune response.  Frozen allograft is very similar, but is less likely than fresh 

allograft to cause an immune response.  Freeze dried allograft is osteoconductive, but not 

inductive and contains no progenitor cells.  Like the other allografts, this too can cause an 

immune response.  Synthetic scaffolds bypass the immune response, but are not 
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osteoinductive and contain no progenitor cells.  Alone, they are only osteoconductive.  

Demineralized bone matrix is a better option as it is osteoconductive, osteoinductive and 

does not generate an immune response.  However, demineralized bone matrix is not 

osteopromotive in that there are no progenitor cells in the product.  Below is a summary 

reproduced from the Shen et al (2005) review. 

 

   Osteogenic Osteoinductive Osteoconductive  Immune  
Response 
 

Autologous Grafts +  +  +   - 

Fresh Allograft  -  ±  +   + 

Frozen Allograft  -  ±  +   - 

Freeze Dried Allograft -  -  +   + 

Synthetic Scaffolds -  -  +   - 

Demineralized Bone -  +  +   - 
Matrix 
 

 

Bone marrow alone is osteoinductive and osteopromotive as it houses all the stem cells.  

However, because it is a liquid, and not a scaffold, there is no osteoconduction and must 

be used in combination with another scaffold.  As long as the bone marrow is from the 

donor and given directly back to the donor, then the immune response is nonexistent.  

However, if it is allogenic bone marrow, there is a risk of immune response.  Finally, a 

scaffold combined with bone marrow seems to solve all the prior problems.  Not only is 

the combination osteoconductive, it also has osteoinductive properties, contains the 
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necessary progenitor cells and lacks the risk of an immune response.  This combination 

can bypass the need for the painful and risky bone graft. 

 

Ceramics are very osteoconductive as they provide a three dimensional matrix for which 

the bone cells can grow into.  Common ceramics are hydroxyapetites (HA), tri-calcium 

phosphate (TCP) and calcium sulfate.  Additionally, other ceramics are mixes of these, 

which include HA, TCP and/or collagen.  Ceramics are used in orthopaedics for their 

wide ability to withstand mechanical forces and have low degradative properties.  

Calcium phosphates are typically seen in two types, ß-tricalcium phosphate (TCP) or in 

combination with hydroxyapetite to form a biphasic calcium phosphate often denoted as 

HA/TCP. (80) These scaffolds are used because of their ability to fill in irregular 

boundaries within a defect site. For bone, a hard, mechanically tough, porous material 

should be used to provide the structural integrity for the bony defect as well as to allow 

migration and adherence of cells, so that new bone growth will occur.  By combining a 

strong scaffold seeded with the cells, one removes the need for bone graft, as the new 

construct will not only provide the mechanical strength needed for structural support, but 

also the osteoconductive environment, the osteoprogenitive cells and ultimately the 

osteoinductive capability of the construct to regenerate bone without the risks associated 

with harvesting bone grafts. 
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Chapter VI:  Purpose 

 

We proposed a study that would characterize goat BMSCs and ADSCs as well as utilize 

them in point of care orthopedic therapy in goat non-instrumented posterolateral 

intertransverse spinal fusion.  The chapters below describe the specific aims and the 

methodology behind the testing for this study.  However, it is important to note that there 

were limiting factors, such as funding and time constraints that did not allow full testing 

of certain properties within the testing module.  For example, individual testing of each 

portion of the study (stem cell isolation, characterization with flow cytometry and 

multilineage differentiation, and implantation for surgery) did not occur separately.  After 

isolation and implantation in vivo, the isolate samples were then tested for 

characterization in vitro during the 6 month healing time period.  Due to these limitations, 

all testing methodologies/isolation of cell samples for in vitro testing were performed at 

the same time of surgery.  This forced decisions to be made on further in vitro testing as 

there were limited sample sizes remaining to be used for characterization.  These 

limitations will be discussed for each portion of the study.   
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Chapter VII:  Animal Model and In Vitro Characterization of BMSC For Use in a 

Non-Instrumented Posterolateral Intertransverse Spinal Fusion in Goats 

 

Methods: 

Animal Model 

Many animal models have been used to study spinal fusions.  Small animal studies have 

utilized rats and rabbits for short-term proof of concept research, while large animals 

have been used for longer studies and to examine clinically relevant techniques. (59) A 

very common large animal model for orthopaedic therapies is the goat. (56, 75) Goats 

have been used to test various scaffolds and to test the efficacy of new technologies for 

analysis of spinal fusions potential use in humans. (48, 72, 77) Smit et al (2006) have 

reported that the loading condition of the goat spine is similar to that of humans in axial 

compression, torsion, and shear stress.  They have also reported that the trabecular bone 

structure of the vertebrae and strength of a lumbar spine segment is comparable to that of 

humans.  Additional similarities to humans include their long legs, relatively straight 

spine, asymmetric gate, and the rotation and flexion of the lumbar spine. (39) For these 

reasons, we have utilized domestic goats for this model of posterolateral spinal fusion.   

 

Skeletally mature female domestic goats (n=15) (age 24-36 months) were used in this 

study.  They were obtained from Lone Star Laboratories (Seguin, TX).  The Institutional 

Animal Care and Use Committee (IACUC) at Lone Star Labs approved all 

methodological protocols prior to initiation of the study.  Photographs and embedded 
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microchips were used to identify the animals throughout the study.  Lone Star Labs 

provided care for the animals postoperatively and throughout the duration of the study, 

and was the site of all surgical procedures. 

 

Harvest of Bone Marrow 

The long and flat bones in the body can be aspirated to harvest bone marrow stem cells.  

In mice, the tibia and femur are used, while the iliac crest is used in rabbits, other large 

animals and humans. (9, 18)   The iliac crest contains one of the largest amounts of red 

bone marrow, and similarly to the iliac crest bone graft, is considered the best site for 

harvest site for orthopaedic therapies in humans. (16, 25, 33-35, 42, 46, 63, 73)  

 

Since this study aims to mimic the human model, bone marrow was harvested through 

percutaneous aspiration of the goat iliac crest.  Briefly, after sedation with general 

anesthesia, the donor site was shaved and cleaned.  Antiseptic ointment (bacitracin-

neomycin-polymyxin) was rubbed on the donor site to minimize the risk of infection.  A 

small incision was made in the skin above the iliac crest to allow for needle placement.  

A Jamshidi needle (6-8 cm long by 1.5 mm diameter) was inserted into the spongy area 

of the right or left iliac crest.  Once inserted, marrow was aspirated with a quick 

retraction of the plunger within the syringe.  Anticoagulant Citrate Dextrose Solution A 

(ACDA) within the syringe (8mL per 60 mL bone marrow) was used to prevent clotting.  

Between 2-3 mL of marrow was aspirated and the needle rotated 45º and repositioned to 

limit the potential of dilution with peripheral blood.  Successive pulls and rotations were 
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repeated until 60 mL of marrow was obtained.  Percutaneous aspirations of the other iliac 

crest were performed when more marrow was needed or if the aspiration obtained too 

much peripheral blood.  Once the bone marrow was harvested, it was concentrated on the 

Res-Q centrifugation device (SpineSmith LLC, Austin, TX) within the proprietary Res-Q 

disposable (SpineSmith LLC, Austin, TX). After harvest, the incision site was sutured 

and the animals watched for 24 hours post surgery. 

 

Bone Marrow Stem Cell Isolation 

The centrifugation process separates the bone marrow into platelet poor plasma, 

polynuclear cells, a light layer, and a buffy coat. (42, 46)  The polynucleated layer is 

heaviest due to the increased number of nuclei; the light layer consists of anuclear cells; 

and the buffy coat contains the needed progenitor cells as well as monocytes and 

lymphocytes. (35, 36) The Res-Q device used in this study separated these layers and the 

buffy coat was resuspended in a small amount of plasma.  The rest of the plasma and 

other layers that were not needed were discarded.  Unlike processing by hand, use of the 

Res-Q device yields concentrated cells within 15 minutes and allowed the harvesting and 

isolation of patient’s stem cells within the time constraints of the surgery. 

 

A 60 mL syringe containing the bone marrow was attached to the Res-Q disposable and 

the marrow was allowed to pass through filters to remove any clots prior to being 

processed.  The filter was then removed and the disposable placed in the automated 

centrifuge with a counterbalance of the same weight.  The first program ran the 
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centrifuge at 1200 g for 10 minutes.  After the 10 minutes, the centrifuge was opened and 

the disposable checked for clotting.  The centrifuge was then closed and run on a second 

program for 5 minutes.  Upon completion, the disposable was removed from the 

centrifuge and placed on a table.  The disposable containing concentrated cells was 

connected to a 10 mL syringe.  The disposable was set on the proprietary processing tray 

and after initiation of the processing tray programs, 2-3 mL was drawn up per 30 seconds 

until 10 mL of concentrated bone marrow was collected.  The syringe was emptied onto 

the scaffold (5mL concentrate on 5mL of scaffold).  Remaining concentrated bone 

marrow from a secondary draw was used for cell viability and then transported for culture 

and expansion at The University of Texas at Austin.  Surgical implantation and fusion 

methodologies will be presented in a later section. 

 

Cell Viability 

Bone marrow concentrate was subjected to cell counts for cell viability.  To determine 

cell viability at the surgery facility and at the “point of care”, the disposable for the 

Nucelocounter Cell Counter (ChemoMetec A/S, Denmark) was loaded and ran in the 

machine.  The results included total cell counts, live cell counts, dead cell counts, and 

viability.   

 

Similarly, the automated Countess (Invitrogen, Carlsbad, CA) was used to compare cell 

viability during in vitro testing, again determined through total, live, and dead cell counts 
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and viability.  Our laboratory has verified that both systems are accurate and similar in 

results and can be used interchangeably.   

 

Upon completion of cell viability, the cells were then taken back to The University of 

Texas at Austin on ice, centrifuged, the supernatant aspirated off, and the cells 

resuspended in control media (Dulbecco’s Modified Eagle’s Medium (DMEM)(Sigma 

Aldrich) + 10% Fetal Bovine Serum (FBS) (Invitrogen) + 1% Antibiotic/Antimycotic 

(AA) (Sigma Aldrich)) and plated in a large flask that contained 75 mL of control media.  

Once plated, the bottom of the flask was sprayed with 70% ethanol and placed into the 

incubator set at 37º C and 5% CO2.   

 

Maintenance of the Bone Marrow Stem Cells After Plating 

After plating for 24 hours, the old media was replaced.  At this point, the plastic adherent 

stem cells had adhered to the bottom of the flask.  The control media was removed 

through pipetting and the non-adherent fraction was replated in a 1:2 dilution of control 

media in secondary flasks.  With the old media removed, the initial flasks were washed at 

least twice with approximately 15 mL of Dulbecco’s Phosphate Buffered Saline (DPBS) 

(Invitrogen) to remove any cellular debris.  The DPBS was aspirated off each time.  Once 

the washes were finished, 75 mL of control media warmed to 37º C was added to each 

flask.  The bottoms were sprayed with 70% ethanol to ensure sterility and placed back in 

the incubator.  The initial plated flasks had a media change every 2-4 days or until the 

cells had reached between 70-80% confluency. The secondary flasks were watched for 
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any potential cells that had not adhered in the first 24 hours.  Once the non-adherent 

fraction demonstrated lack of stem cell adherence, these flasks were removed from the 

incubator and discarded appropriately.   

 

Passaging of Cells 

When the cells reached 70-80% confluency, as verified by microscopy, subculturing was 

necessary for the cells.  The media was removed from the flasks through aspiration and 

the cells washed twice with DPBS, which was also aspirated.  Next, 15 mL of 0.25% 

trypsin-EDTA (trypsin) (Invitrogen) was added to the large flasks and then incubated for 

approximately 3-5 minutes. Trypsin was used to remove the adherent cells, as it breaks 

the integrin and cadherin binding between the cells and the culture dish surface.  EDTA is 

often added to the solution to help the trypsin work more efficiently by binding divalent 

cations that may inhibit trypsin.   At the end of the incubation, cell detachment was 

checked under a microscope.  To ensure full cell detachment, the sides were lightly 

tapped.  The cell suspension was removed from the flasks and added into 15 mL 

centrifuge tubes (3 mL trypsin/cell solution per tube).  The flask was washed with 15 mL 

DPBS and 3 mL of the wash was added to each 15 mL tube for a total of 6 mL.  DPBS 

was added to each tube to meet the volume level of the additional sixth 15 mL control 

tube to ensure balance in the centrifuge.  The 15 mL tubes were centrifuged at 1000-x g 

for 5 minutes at 4º C.  After centrifugation, the supernatant was aspirated, leaving a pellet 

of MSCs.  At this point, the tubes were labeled for passaging, for cryopreservation, or for 
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flow cytometry testing.  The methodology for passaging and cryopreservation are 

described below.   

 

Passaging: 

After adding 75 mL of warmed control media to a large culture flask, approximately 2-3 

mL of control media was added to one 15 mL tube.  Using a 5 mL pipette, the control 

media was used to gently break up the pellet.  Once the pellet was broken up, it was 

added to the culture flask with the existing control media.  The flask was sprayed with 

ethanol and placed back into the incubator.  The first subculturing took the cells to 

passage 1 and so forth with each consecutive passage. 

 

Cryopreservation: 

The cells that were not needed for plating or for flow cytometry were cryopreserved for 

further testing if needed.  The freezing media (RecoveryTM Cell Culture Freezing 

Medium, liquid (Invitrogen)) was brought up to 37º C and 1 mL was added to one or two 

of the 15 mL tubes with the cell pellet.  The cells were resuspended through gentle 

pipetting into the freezing media.  The cells either from one or two 15 mL tubes were 

transferred into a 5 mL tube that has been pre-labeled with the cell type, sample 

identification number, the passage number of the cells, and the date of freezing.  The 5 

mL tubes were placed into an -80º C freezer in a Styrofoam container for 24-48 hours at 

which point the cells were placed in liquid nitrogen and stored for future use.   
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Replating of Cryopreserved Cells 

Cells that were frozen from passages 1-4 were used for flow cytometry as well as 

multilineage differentiation.  To do this required reheating the cells, isolating them from 

the freezing media and replating the cells.  The tubes containing the correct passage 

number of the cells needed were removed from liquid nitrogen and placed immediately in 

a heated water bath (37º C) to reconstitute the cell solution. After full melting, the 

solution in the tube was pipetted into a 15 mL centrifuge tube.  To ensure that all cells 

were obtained, about 1 mL of DPBS was added to the frozen tube as a wash and then 

transferred to the 15 mL centrifuge tube.  This tube containing the cells, freezing media, 

and DPBS was centrifuged for 5 minutes at 1000-x g at 4º C to isolate the MSC pellet. 

 

Flow Cytometry 

As mentioned previously, it is key to characterize the cells through flow cytometry by 

determining the cell surface markers on the population of isolated cells.  The most 

commonly tested cell surface markers are CD34, CD45, CD90 and CD105.  The 

fluorochromes for testing were chosen so that no two fluorochromes overlap in color 

analysis.  For this reason, we tested each of the markers with a different type of 

fluorochrome described below, following the Zuk protocol for analysis of bone marrow 

stem cells. (80, 81) 

 

Cells must be immunostained prior to flow cytometry testing.  Cells were suspended in 

phosphate buffered saline (PBS) with 2% Bovine Serum Albumin (BSA) at a 
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concentration of 0.5 x 106 cells.  From this, 500 µl was removed and placed in 

microcentrifuge tubes.  Between 10-20 µl of fluoroconjugated antibodies were added to 

the cells.  The antibodies for cell surface markers were Fluorescein isothiocyanate (FITC) 

CD34, Phycoerythrin (PE)-Cy5 CD45, Allophycocyanin (APC) CD90, and 

Phycoerythrin (PE) CD105.  After the antibodies were added, they were allowed to 

incubate for 30 minutes at room temperature in the dark, so as not to affect the 

fluorochromes.  After incubation, the cells were washed with 500 µl of DPBS/2% BSA to 

each microcentrifuge tube.  The samples were centrifuged at 3500 rpm for five minutes.  

After a secondary wash and centrifugation, the supernatant was aspirated.  The remaining 

cell pellet was resuspended in 500 µl DPBS/2% BSA and stored in the refrigerator (2-8º 

C) in the dark for flow cytometry testing within 2-4 hours. 

 

For some samples, filtration was necessary and was filtered with a 40 µm cell strainer to 

break up clumps.  Once prepared, the cells were transported on ice to The University of 

Texas at Austin CORE facility for flow cytometry analysis on the FACSCalibur (BD, San 

Jose, CA) to test for presence or absence of cell surface markers CD34, CD45, CD90 and 

CD105.  

 

Multilineage Differentiation 

To determine if the cell population that was isolated was truly that of stem cells, it was 

important to prove the “stemness”, or the ability of these cells to demonstrate the self-

renewing and differentiation characteristics of a stem cell through multilineage 
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differentiation.  For this study, osteogenic and adipogenic potential of both bone marrow 

stem cells and adipose tissue stem cells were determined following the Zuk protocols.   

 

Once stem cells were isolated from bone marrow, they were plated on normal culture 

plates with control medium.  (8, 50) Cells can be seeded at various densities for testing 

methodology and have been reported at densities from 5,000 cells/cm2 to 1x108 cells/mm. 

(8, 16, 27, 54, 73, 78) Once seeded, cells were maintained in an incubated environment 

throughout expansion and differentiation at 37º C and 5% CO2. 

 

After seeding, if expansion was necessary, the cells were allowed to expand and grow 

into colonies with the control medium being changed first at 24 hours and then at three 

days and then changed again every 3-4 days after. (16, 64)  The cultures were trypsinized 

at 85%-90% confluence, counted and replated.  From there, the cells were either allowed 

to continue passaging, each time reaching 70-80% confluence before the next plating, or 

the cells were removed and plated on culture disks containing a different lineage specific 

media supplement.   

 

The two main lineages that stem cells differentiate into for in vitro differentiation are 

adipogenic and osteogenic lineages. (6, 16, 48, 54, 61, 64, 65, 81, 82) Each lineage 

requires its own specific supplementation.  As mentioned above, the typical control 

medium is DMEM, 10% FBS, and 1% antibiotic/antimycotic.  For adipogenic 

differentiation, the media and serum were the same, DMEM and 10% FBS.  However, 
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the supplementation was 0.5 mM isobutyl-methylxanthine (IBMX), 1 µM 

dexamethasone, 10 µm insulin, 200 µm indomethacin and 1% antibiotic/antimycotic. (61, 

81, 82) Differentiation into the osteogenic lineage required DMEM and 10% FBS 

supplemented with 0.01 µM 1,250 dihydroxyvitamin D3, 50 µM ascorbate-2-phosphate, 

10 mM ß-glycerophosphate and 1% antibiotic/antimycotic. (80, 81) However, 0.1 µM 

dexamethasone could be used in osteogenic supplementation instead of 0.01 µM vitamin 

D. (4, 38, 61, 81) 

 

For this study, the cells were plated at a density of 1000 cells per well in 6 well plates.  

Control media was added to the plates and the plates incubated for 3 days.  Following 

incubation, the control media was aspirated and either adipogenic or osteogenic media 

added to the wells.  The osteogenic media contained control media supplemented with 20 

mM glycerol phosphate, 50 ng/mL thyroxine, 1 nM dexamethasone and 50 µM 

ascorbate-2-phosphate (Sigma Aldrich).  The adipogenic media contained control media 

supplemented with 5 µg/mL insulin, 50 µM indomethacin, 1 µM dexamethasone and 0.5 

µM 3-isobutyl-1-methyl xanthine (Sigma Aldrich).   

 

Once these media were added to the plates, they were allowed to incubate for 2 weeks 

with media change twice a week.  At the end of the two weeks, the media was removed 

and staining for each lineage performed.  Oil Red O Stain was used to stain cells 

undergoing adipogenic differentiation by staining the lipid droplets that formed through 

differentiation within the cells.  Alizarin Red Stain was used to stain cells undergoing 
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osteogenic differentiation by staining the mineralized secretions from the osteogenically 

differentiated cells.   

 

Oil Red O Stain  

The stock solution of Oil Red O (Sigma Aldrich) was made by adding 0.5 g Oil Red O to 

100 mL isopropanol.  Once mixed, it was filtered through a 0.2 µm filter.  Distilled water 

(4 mL) was added to Oil Red O (6 mL) and allowed to stand for one hour.  The control 

media was removed from the plates and cells washed with PBS three times.  The cells 

were fixed with 50 µl PBS containing 10 % formalin and allowed to stand for 1 hour at 4º 

C.  After 1 hour, the formalin was removed from the plates and the cells were allowed to 

dry.  The Oil Red O was additionally filtered through a 0.2 µm filter.  Oil Red O was 

added to each plate and allowed to stain for 15 minutes.  After staining, the cells were 

washed three times with distilled water or until clear.   

 

Alizarin Red Stain 

The cells were washed three times with 150 mM NaCl.  PBS could not be used in this 

protocol as it could create an artifact.  Once washed, the cells were fixed with 70% ice-

cold ethanol and allowed to stand for 1 hour at 4º C.  The 2% alizarin red solution was 

made by adding 0.2 g alizarin red (Sigma Aldrich) to 10 mL distilled water and the pH 

adjusted to between 4.1 and 4.3 with dilute NaOH.  The solution was filtered through a 

0.2 µm filter.  Once the solution was made, the cells sat for 1 hour, the ethanol was 

removed from the well.  The cells were washed three times with water.  Alizarin red 
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solution was added to the cells and allowed to stain for 10 minutes at room temperature.  

After staining, the cells were rinsed with water five times.  An additional wash was done, 

allowing the water to sit in the plates for 15 minutes before removal. 

 

Osteogenic differentiation was confirmed by microscopic analysis to show calcium 

staining of mineralizing cells.  Adipogenic differentiation was confirmed by microscopic 

analysis to show the presence of lipid droplets within the cells.  These were compared to 

undifferentiated MSCs that had been stained in both stains.   

 

Statistics 

ANOVA was performed on cell counts to compare initial concentrated cell counts to 

passaging cell counts.  Additionally, ANOVA was performed on cells isolated through 

the Res-Q device and those isolated through simple centrifugation to determine efficacy 

of the Res-Q device.  Post hoc analysis was done using the F-test. 

 

Results: 

To our knowledge, this is the first study to attempt to isolate and characterize MSCs from 

goat bone marrow.  For these reasons, it was important to quantify cell numbers and 

utilize flow cytometry and multilineage differentiation to confirm the isolated cell 

population type.  Cells were concentrated and lysis buffer added to aid in the removal of 

red blood cells, which can skew the results, and cell counts were obtained.  The total 

nucleated cell counts after concentration was 3.87x106±2.65x106.  Nonviable cells were 
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6.99x105±7.55x105and viable cells were 3.17x106±2.15x106 with an average viability of 

82±11%.  To easier understand these results, viable cells numbers were subtracted from 

total cell counts to determine dead cell counts.  Dead cells were determined by their 

staining by trypan blue as once the cells have died, the trypan blue permeates the cells 

and stains the nuclei.  Viability (%) was determined by dividing live cell counts by total 

cell counts and multiplying by 100 to determine percentage viability.  These initial results 

suggested that there were enough cells within the samples to plate and expand.   

 

Cells isolated from the bone marrow did adhere to the plastic flasks, and did expand.  

Using the same methods above to determine cell counts and viability, cell counts at 

passaging were on average for total cells 1.00x106±6.43x105, for nonviable cells 

8.58x105±6.66x105, for viable cells 1.06x105±1.04x105, and an average viability of 

75±28%.  There were no significant differences between any cell counts from those 

isolated after concentration to those isolated during passaging. 

 

Additionally, we compared cell concentrates from the Res-Q device to those isolated 

through simple centrifugation in a 50 mL centrifuge tube and plated in the same fashion  

(Table 3).  There were no significant differences between the two methods.   
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Total Cell Count 

average/cc 
Average Nonviable 

Cells/cc Total Viable Cells/cc 
Viability 

(%) 
BMSC 
Res-Q 1.00E+06±6.43E+05 8.58E+05±6.66E+05 1.06E+05±1.04E+05 75±28 

BMSC 
Manual 4.20E+05±2.95E+05 3.50E+05±2.34E+05 7.00E+04±6.24E+04 86±7 
     

Table 3:  Comparison of BMSC isolated from Res-Q vs. manual methods 

 

Flow cytometry was performed on both Res-Q and manual bone marrow isolated  

and expanded cells.  Both cell isolation types showed to be CD34-, CD45-, CD90-, and 

CD105-. Additionally, expanded BMSCs were also able to multilineage differentiate into 

both the osteogenic lineage (Figure 1) and the adipogenic lineage (Figure 2).  In Figure 1 

both control and osteogenic differentiated BMSCs were compared to normal passaging 

goat BMSCs and confirmed rat osteogenic differentiation.  In the adipogenic lineage, we 

compared our control and adipogenic differentiation to the rat, which had been done 

previously in our laboratory.  Both osteogenic and adipogenic photos were sent to and 

confirmed differentiated by Cynthia Ripoll and Bruce Bunnellfrom Tulane University. 

(65) 
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Figure 1.  BMSC Osteogenesis: 
 
Control Goat BMSC Stained Cells (10x) Control Goat BMSC Undifferentiated Cells  
      (10x) 
 

       
 
Osteogenic Media Goat BMSC Cells (10x) Osteogenic Media Rat BMSC Cells (10x) 
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Figure 2.  BMSC Adipogenesis: 

Control Goat BMSC Stained Cells (10x) Adipogenic Goat BMSC Cells (10x) 
 

         
 
Rat BMSC Stained Cells (10x) 
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Discussion: 

Our results show that the concentration and viability of BMSCs at point of isolation as 

well as at expansion and passaging are comparable.  Additionally, the results show that 

the Res-Q device yielded cells with the same profile as laboratory manual procedures.  

These demonstrate that the Res-Q device and centrifuge are a viable option for isolation 

and concentration of goat bone marrow stem cells for in vitro analysis. 

 

To our knowledge, this is the first study that attempted to isolate and characterize goat 

MSCs.  While flow cytometry results demonstrated that our samples were CD34-, CD45-

, CD90-, and CD105-, there is a limitation to these findings.  Since we were the first to 

verify multiple cell surface markers in goats, in identifying fluorochromes by contacting 

various companies that produced them, we found no matching goat fluorochromes for 

CD90 and CD105.  All companies contacted suggested using human fluorochromes for 

CD90 and CD105.  While the antibodies for cell surface markers may be similar in 

animals and humans, they are not always exact.  The lack of goat fluorochromes and the 

use of human instead for these two markers may explain results that differed from MSCs 

yielded from other animal or human bone marrow.  However, both CD34 and CD45 had 

been verified in goats and were not expressed by the cells, identifying the isolated and 

expanded cells as mesenchymal stem cells.  Additionally, we compared these results to 

previous findings in human tissue that demonstrated human BMSCs to be CD34-, CD45-, 

CD90+, and CD105+.  Upon the lack of presence of cell surface markers for the goat 
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CD90 and CD105, we performed an additional literature search to examine cross-species 

cell surface markers.  Only one, Rozemuller et al (2010), compared humans to goats and 

found that goat MSCs did not express CD90 or CD105.  Further testing was done based 

on this article for two fluorochromes that appear on both human and goat MSCs: FITC 

CD158b and APC W8B2 (TNAP) with the hopes of identifying other cell surface 

markers for BMSCs.  We were unable to reproduce their results in our human or goat 

BMSC samples.  

 

Additionally, multilineage differentiation was performed on BMSCs to the adipogenic 

and osteogenic lineages.  BMSCs were able to differentiate into both lineages, staining 

for alizarin red and lipid droplets.  With the combination of CD34- and CD45- expression 

and the ability for the cells to multilineage differentiate, we were able to prove the 

stemness of these cells and show that they were in fact, MSCs isolated from goat bone 

marrow. These results verify that goat BMSCs are comparable to BMSCs from other 

mammalian bone marrow aspirates and that the goat is a viable large animal model for 

orthopaedic applications utilizing these cells. Although cell surface markers have yet to 

be identified and/or replicated in the goat model, we are confident that our cells were 

MSCs based on the verification of multilineage differentiation by Ripoll. 

 

A limitation to our study is that we were unable to test for the hematopoietic stem cell 

lineage in the initial implantation sample.  Since our bone marrow and adipose derived 

cells were mostly used for in vivo implantation, we were limited in sample size for what 
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could be tested, and did not have enough of the sample to perform flow cytometry as well 

as cell culture on the initial sample.  Because of this, we only characterized the MSCs.
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Chapter VIII:  In Vitro Characterization and Comparison of ADSC to BMSC For 

Use in a Non-Instrumented Posterolateral Intertransverse Spinal Fusion in Goats 

 

Methods: 

Animal Model 

Skeletally mature domestic goats (n=15) (age 24-36 months), as previously described 

were housed and maintained by Lone Star Labs throughout the duration of the study. 

 

Harvest of Adipose Tissue 

Similar to bone marrow, adipose tissue harvest for the isolation of stem cells varies 

between animal and human models.  In humans, adipose is harvested through traditional 

liposuction techniques from either cosmetic or bariatric elective surgery. (4, 20, 38, 54, 

63, 78, 81)  Adipose tissue in the goats was harvested through excision of a portion of the 

subcutaneous sternal fat.  After sedation with general anesthesia, the donor site was 

shaved and cleaned.  Antiseptic ointment was rubbed on the donor site to minimize the 

risk of infection.  The veterinarian surgically incised the skin and exposed the fat layer 

just outside of the sternum.  After identification of the adipose tissue, a volume of 60 mL 

was excised for analysis by cutting away the portion of the adipose needed.  After 

harvest, the incision site was sutured and the animals watched for 24 hours post surgery. 

 

Adipose Tissue Derived Stem Cell Isolation 



	   60	  

In 2001 and 2002, Zuk et al published their protocol for the isolation of adipose tissue 

stem cells that has since become the gold standard that subsequent researchers have 

followed. (16, 45, 54, 63, 78)   They took raw human lipoaspirate and initially washed it 

with PBS which was used to remove the contaminating debris and red blood cells.  They 

then subjected the lipoaspirate to collagenase to enzymatically digest the fat tissue and 

release the local stem cells.  The collagenase was inactivated and centrifuged at a low 

speed for 10 minutes. The pellet of cells was resuspended and filtered to separate out the 

debris.  The resultant filtrate was centrifuged once again and the pellet then plated onto 

normal culture plates.  For this study, the adipose tissue was processed in the same 

manner. 

 

After excision and during the fusion surgery, the adipose specimens were cut up with 

either scissors or cut with a scalpel into smaller pieces.  The fat was washed in aseptic 

conditions in the operating suite.  The 60 mL of cut fat was placed in a sealable container.  

An equivalent of 60 mL of DPBS wash buffer was added to the container and sealed.  

The container was shaken vigorously for about 10-15 seconds and the adipose floated to 

the top.  The remaining wash buffer on the bottom was aspirated off through suction 

without removal of the adipose tissue.  This process was repeated until the wash buffer 

was clear after agitation. 

 

Once the washed tissue was obtained, the proprietary collagenase solution (TGI, 

Honolulu, HI) for digesting the adipose was created per manufacturer’s instructions.  The 
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washed adipose tissue was added (20 mL) to three 50 mL centrifuge tubes.  

Approximately 20 mL of collagenase solution was added to an equal volume of adipose 

tissue in the tubes.  After vigorous shaking to mix the fat and collagenase (about 10-15 

seconds) the tubes were sprayed with 70% ethanol to sterilize them and placed into 

incubation with the aid of a heating pad and heated water bath for 60-90 minutes.  During 

this incubation time, every 15 minutes the tubes were shaken vigorously to mix the 

collagenase and the fat to expose the fat to as much collagenase as possible.  At the end 

of the digestion, half of the digested tissue was transferred into a total of six 50 mL tubes 

with the addition of 20-25 mL of control medium for a total volume of 45 mL per tube.  

The addition of the control medium neutralized the collagenase activity.  The 50 mL 

tubes were then centrifuged at 3500 rpm for 10 minutes. 

 

After centrifugation, the fatty layer at the top was removed prior to suctioning off the 

supernatant.  After the supernatant was removed, the stromal vascular fraction (SVF) that 

remains was resuspended in 10 mL of cell lysis buffer.  This ensured the lysis and 

removal of red blood cells that may have remained.  The tubes with 10 mL of 

resuspended cells were combined into two 50 mL tubes and incubated for 10 more 

minutes prior to an additional centrifugation at 3500 rpm for 10 minutes.   

 

After the additional centrifugation, the supernatant in each tube was aspirated and the 

SVF pellet was resuspended in 10 mL of DPBS.  After resuspension, the solution was 

filtered first through a 40 µm cell strainer to remove debris and then again through a 100 
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µm strainer to remove any additional debris.  One tube was used for implantation and one 

tube used for in vitro testing. 

 

Cell Viability 

The resuspension of the isolated ADSCs was subjected to cell counts for cell viability, 

and compared to those values from the bone marrow concentrates.  To determine cell 

viability at the surgery facility and at the “point of care”, the disposable for the 

Nucelocounter Cell Counter was loaded with the suspension and ran in the machine.  The 

results included total cell counts, live cell counts, dead cell counts, and viability.   

 

Similarly, the automated Countess (Invitrogen, Carlsbad, CA) was used to compare cell 

viability during in vitro testing, again determined through total, live, and dead cell counts 

and viability.  Our laboratory has verified that both systems are accurate and similar in 

results and can be used interchangeably.   

 

Upon completion of cell viability, the cells were then taken back to The University of 

Texas at Austin on ice, centrifuged, the supernatant aspirated off, and the cells 

resuspended in control media and plated in a large flask that contained 75 mL of control 

media.  Once plated, the bottom of the flask was sprayed with 70% ethanol and placed 

into the incubator set at 37º C and 5% CO2.   
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Maintenance of ADSCs after plating, passaging of the cells, cryopreservation, replating, 

flow cytometry, and multilineage differentiation followed the same protocols as 

described above with the BMSCs.   

 

Statistics 

Statistical analysis were performed using ANOVA for total, live, and dead cell counts as 

well as viability.  ANOVA and post hoc F-tests were performed on the cells to compare 

them to BMSCs as well as from isolation to passaging.   

 

Results: 

Cell viability was determined from BMSCS and ADSCs at time of isolation on the 

Nucleocounter. There was a significant difference in cell viability (p < 0.05) between 

BMSCs (82 ± 11%) and ADSCs (69 ± 14%).  However, this difference was attributed to 

the addition of red blood cells in the bone marrow count.  Due to the sample of 

centrifuged marrow being needed for implantation, we were unable to lyse the RBCs to 

do a point of care comparison to ADSCs.  After the remaining samples were taken back 

to The University of Texas at Austin, comparisons were made on the plated and passaged 

BMSCs and ADSCs.  MSCs were isolated in culture and cell counts were determined 

using the Countess.  The equations for determining these cell numbers are described in 

the previous section. There was no difference in cultured cells in total cell count, non-

viable cells, total viable cells and viability between BMSCs and ADSCs (Table 4).   
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Tissue Type 
Total cell count 

average/cc 

Average nonviable 

cells/cc 
Total viable cells/cc 

Adipose 1.57x106±9.30x105 1.5x106±6.48x105 1.93x105±1.92x105 

Bone Marrow 1.00x106±6.43x105 8.58x105±6.66x105 1.06x105±1.04x105 

p-value 0.44 0.30 0.53 

    

Table 4.  Cultured BMSC and ADSC cell counts at passaging. 

 

Both BMSCs and ADSCs lacked expression of stem cell markers CD34 and CD45.  

Again, the same issue was present with ADSCs in regards to CD90 and 105 as mentioned 

in the previous chapter.  The results from the flow cytometry are presented in Table 5 and 

there were no significant differences between BMSCs and ADSCs in regards to each 

marker. 

 

  CD34 (%) CD45 (%) CD90 (%) CD105 (%) 

BMSC 0.09±0.12 0.99±0.64 0.19±0.25 0.08±0.09 

ADSC 0.13±0.18 0.03±0.05 3.05±4.13 0.00±0.01 
Table 5.  Comparison of flow cytometry for BMSCs and ADSCs. 

 

 

As with the BMSCs, after CD90 and CD105 were lacking, we followed the protocol by 

Rozemuller et al (2010) for the same markers mentioned in the above section and again, 

were unable to reproduce their results on goat ADSCs. 
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Additionally, both BMSCs and ADSCs differentiated into both the osteogenic (Figure 3) 

and adipogenic (Figure 4) lineages with positive staining for calcium deposits and lipid 

droplets, respectively. 
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Figure 3.  Alizarin Red Stain – Osteogenesis 
 

 Control Stained Cells (10x) 
 

 BMSC Stained Cells (10x) 
 

 ADSC Stained Cells (10x) 
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Figure 4.  Oil Red O Stain – Adipogenesis 
 

  Control Stained Cells (10x) 
 

  BMSC Stained Cells (10x) 
 

 ADSC Stained Cells (10x) 
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Discussion: 

Our findings confirm that the cells we isolated are MSCs as per the Zuk and Ripoll 

protocols. (65, 80, 82) Both ADSCs and BMSCs demonstrated similar osteogenic and 

adipogenic capacity and lacked the expression of cell surface markers CD34, CD45, 

CD90, CD105, CD158b, and W8B3 (TNAP). The lack of CD34 and CD45 expression 

confirms them as MSCs, since only hematopoietic stem cells express these markers and 

additionally confirms that these cells were present on the scaffolds when implanted into 

the goat.  Additionally, after lysing the red blood cells as well as after plating and 

expansion, both ADSCS and BMSCS exhibited similar cell counts.   Critical to this 

portion of the study is that ADSCs demonstrated ability to differentiate into the 

osteogenic lineage and represents the potential for clinically relevant quantities of MSCs 

for orthopaedic applications. Additionally, the multilineage differentiation of both cell 

types to the osteogenic and adipogenic lineages also confirms the cells were MSCs.   This 

study is the first of it’s kind to investigate, isolate, and characterize a goat model 

comparison of BMSCs and ADSCs in spinal fusion and demonstrated that “Point-of-

Care” stem cells derived from either bone marrow or adipose tissue demonstrated the 

potential for bone formation.  
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Chapter IX:  In Vivo Implantation and Comparison of BMSC and ADSC in a Non-

Instrumented Posterolateral Intertransverse Spinal Fusion in Goats 

 

Methods: 

Surgical Background 

For the surgical procedures, two orthopaedic spinal surgeons from South Texas 

Orthopaedic and Spinal Surgery Associates (San Antonio, TX) performed the spinal 

fusion surgery procedure and implantation of seeded scaffolds on the goats and I was 

under their supervision during these procedures, as I was isolating and preparing the cells 

and scaffolds for implantation.   

 

Scaffold 

The scaffold used in this study is the Mozaik platform, a synthetic collagen ceramic (80% 

TCP to 20% collagen) developed by Integra Spine (Akron, OH).  The scaffold was a 10 

mL bone graft strip substitute intended to promote ingrowths of bone and steady 

resorbtion over the 6 month time period.  To accommodate the surgery, the scaffold was 

cut in half so that two 5 mL strips could be implanted on each side of the fusion level.  

After being cut, the strips were loaded, based on company instructions, on a sterile petri 

dish and seeded with cells by pipetting 5 mL of the concentrated cell solution in a 1:1 

ratio of cell solution to strip and allowed to absorb for 5 minutes.  For the control group, 

the scaffold was soaked with DPBS and no cells and also given 5 minutes to absorb the 

fluid.. 
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Posterolateral Intertransverse Spinal Fusion 

Each animal had a non-instrumented bilateral intertransverse posterolateral lumbar spinal 

fusion performed between lumbar vertebrae L3 and L4 and L5 and L6.  Each level of 

fusion was randomized to three groups: the scaffold matrix alone, the BMSC concentrate 

+ scaffold, and the ADSC resuspension + scaffold.  Cells were isolated as previously 

described. 

 

After the goats were put under anesthesia and the surgical site shaven and disinfected, the 

orthopaedic surgeons made an incision over the appropriate spinous processes that 

underwent fusion.  The two levels mentioned above were identified through their spinous 

processes and isolated.  A subperiosteal dissection progressed down the spinous 

processes and over the lamina of the area set for fusion.  Dissection over the facet joints 

occurred and the surgeon localized the transverse processes of the two levels.  The 

transverse processes were then cleared of muscle as well as the intertransverse ligaments.  

The next step was to decorticate the transverse process, which sets up the cancellous bed 

for the graft.  The facility where the surgeries were performed did not have an automatic 

rotating decorticating burr as seen in hospitals, so the surgeons instead manually 

decorticated the bone by cutting/shearing off portions of the ends of the transverse 

processes.  Once the transverse processes were manually decorticated to the best of the 

surgeon’s abilities, the grafting material from one of the three groups was placed over the 

adjacent transverse process and over the intertransverse ligament.  Once placed, the 
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muscle was pulled back over the grafted area and held the implant in place.  The deep 

fascia was sutured and closed, followed by the subcutaneous and skin area.  The surgeons 

were kept blinded from scaffold implantation groups. 

 

Post-operatively, the goats were monitored for 24-48 hours for possible infection.  Once 

cleared the goats were allowed to heal for six months, which is adequate time for new 

bone growth and potential fusion.  The goats were monitored during this time and 

followed by the veterinarians at Lone Star Labs until euthanasia at the six month time 

period for harvest of the spine from the mid thoracic region to the pelvis. 

 

Radiographic Evaluation 

Radiographic evaluation consisted of posteroanterior radiographs to assess fusion and 

computer tomography (CT) to quantify bone formation.  Axial CT 2-mm images (with 1-

mm overlap) were produced with a spiral CT scanner (Siemens, Germany). Each axial 

CT section was digitized using commercially available software (Voxel, Siemens, 

Germany).  The posteroanterior radiographs and the CT scans were scored blindly on a 

subjective grading scale by the senior orthopaedic surgeon and secondarily by an 

independent radiologist.  The following scale for posterolateral fusion was used to grade 

the fusion success. 

• Grade 4: Definitely solid with bilateral trabeculated stout fusion masses present.  

• Grade 3: Possibly solid with a unilateral large fusion mass and a contralateral 

small fusion mass.  
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• Grade 2: Probably not solid with a small fusion mass bilaterally.  

• Grade 1: Definitely not solid with bone graft resorbtion or obvious pseudarthrosis 

bilaterally.  

• Grade 0:  No bone formation 

 

Radiographic evaluation happened at three months and six months post-operatively.  CT 

scans happened at six months post-euthanasia and post-extraction from the goat. 

 

Specimen Harvest 

At 6 months after surgery, animals were euthanized through intravenous injection of 

Beuthanasia D (1 mL/10 lb of body weight).  The vertebral column from the mid-thoracid 

region to the pelvis was harvested with adjacent paravertebral musculature en bloc. The 

harvested specimens were subjected to radiographic analysis (CT scan and X-Ray) to 

determine final fusion scores.  Each spine segment was analyzed as containing a distinct 

fusion site, on none, one, or both sides of the vertebral bodies.  The spines were then 

frozen prior to shipping and sent for biomechanical testing and histology under the 

direction of Bryan Cunningham (Director of the Orthopaedic Spinal Research 

Laboratory, St. Joseph’s Hospital/John Hopkins University, Baltimore, MD). 

 

Union Score 

The degree of union was scored from 0 to 4 based on a regional grid system, as 

mentioned above.  A score of 4 is defined as complete fusion of both facet joints and the 
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entire lamina. Scores of 0, 1, 2, 3, and 4 represent union across approximately 0%, 25%, 

50%, 75%, and 100% of the cross-sectional area of the grafted volume, respectively. Two 

observers who are blinded to the material grafted at each side did the scoring. 

 

Statistics 

The radiographic scores for the presence of fusion in the two groups were compared by  

one-way ANOVA and post hoc analysis done by the Fisher's exact test for between 

groups and for right and left side differences within groups.  The Fisher’s exact test was 

performed as the data set fit into the design of the one-way ANOVA. 

 

Results: 

All animals survived the surgery and post-operatively to 6 months.  Two animals had 

noted abscesses form post surgery at a single surgical site (at one fusion site and not the 

other), but they were treated with antibiotics and deemed healed by the veterinarian staff 

within the first month post-operatively.    

 

At 3 months, there were no significant differences in bone formation assessed by 

radiographic analysis between groups with an average score of 0 for ADSC implants, 1 

for BMSC implants and 0 for control implants (p=0.73).  Additionally, there were no 

significant differences in bone formation assessed by radiographic analysis between 

groups at 6 months post operatively with an average score of 2 for ADSC implants, 2 for 

BMSC implants, and 2 for Control implants (p=0.89).  Initially there were significant 
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differences in scoring values using ANOVA within the groups between 3 and 6 months: 

(ADSC p < 0.01, BMSC p < 0.01, and Control p < 0.05).  However, this was later 

determined to be an issue with the radiographic quality that included soft tissue 

surrounding the surgical site at the 3 months time point.  

 

At 6 months, when the spines were extracted and better radiographs taken without 

addition of soft tissue or organs, there were no significant differences between or within 

the groups.  Additionally, the F Test demonstrated no significant difference between 

ADSC and BMSC implants at 6 months (p = 0.10), Control and BMSC implants at 6 

months (p = 0.46), and ADSC and Control implants at six months (p = 0.14).  Images 

from radiographs taken at 3 and 6 months are included in Figure 5.   
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Figure 5.  Representative Radiographic Examples (3 and 6 month) 
 
3 Months:     6 months: 
Upper Arrow (L3-4): BMSC    
Lower Arrow (L5-6): Control   
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3 Months:      6 months  
 
Upper Arrow (L3-4): ADSC   
Lower Arrow (L5-6): BMSC  
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3 Months:      6 months: 
Upper Arrow (L3-4): Control  
Lower Arrow (L5-6): ADSC 
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CT analysis was performed analyzed as right and left side.  Since CT scans were only 

performed at 6 months, we have no data at the 3 months time point to show progression 

of bone growth throughout the study.  Additionally, the CT scans at 6 months were a 

better determinant of bone formation than traditional radiographs due to their higher 

technological ability to detect bone.  At six months, there were no significant differences 

between right and left sides in any group:  ADSC (p = 1), BMSC (p = 0.35), and Control 

(p=0.87).   

 

Combining the 2 sides for a total union score average, there were no significant 

differences between groups with ADSC implants scoring 1, BMSC implants scoring 2 

and Control implants scoring 1.    Using the F Test to test the between group analyses, 

there was no significant difference between ADSC implants and control implants at 6 

months (p = 0.30), no significant differences at the 6 month time point between BMSC 

implants and Control implants (p=0.06) or for ADSC and BMSC implants (p = 0.15).  

Images from CT scans at 6 months follow in Figure 6. 
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Figure 6.  Representative CT Examples (6 month) 
 

Upper Arrow (L3-4): BMSC 
Lower Arrow (L5-6): Control 
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Upper Arrow (L3-4): ADSC  
Lower Arrow (L5-6): BMSC 
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Upper Arrow (L3-4): Control 
Lower Arrow (L5-6): ADSC 
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Discussion: 

While the in vitro analysis of the cells gave us initial hope for positive bone formation 

and fusion results, at neither the 3 month time point of 6 month time point of in vivo 

implantation did we see any significant bone formation in either radiographic or CT 

analysis.  This demonstrates that the cells we implanted were not able to produce bone 

and/or solid fusion on the scaffold, similar to previous studies. (8, 25, 27, 34, 40, 55, 

60,78)  However, there are limitations to this study that may have affected the outcome. 

 

First, this study was a non-instrumented study, which means that the fusion sites were not 

stabilized from motion with the use of plates, screws and cages, as typically seen in 

human surgeries.  The design was set up so that we could first evaluate the bone 

formation potential of the cells and scaffold alone to eliminate the variable of the plates, 

screws, and immobilization.  However, this model also leaves the potential for scaffold 

migration to occur, as the locations of attempted fusions are not immobile.  Scaffold 

migration could have led to soft tissue formation instead of bone formation as the 

scaffold moved towards the muscular and soft tissue areas of the surgical site.  

Additionally, biomechanical stresses that are typically seen in an instrumented fusion site 

would be higher than those seen in a mobile site.  The lack of significant biomechanical 

stress on the area could also have led to the cells differentiating into soft tissue instead of 

bone.  We believe that the next step to test these findings is to use a more equivalent 

human model, using an instrumented model to stabilize the fusion areas to minimize 

potential scaffold migration, increase the biomechanical stresses on the implant and also 
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including a group using the gold standard of iliac crest bone graft, which we did not have 

the funding for.   

 

Second, the scaffold may not have been an appropriate scaffold.  As a collagen/ceramic 

mixture, there is a possibility that when using undifferentiated cells, that a harder 

environment such as HA may be better suited for cell differentiation and bony growth.  

Although bone growth has been seen with this scaffold from proprietary information 

provided, the use of this construct with these specific cells is the first of it’s kind.  

Additionally, as mentioned above, the scaffold, with the collagen, could have induced 

soft tissue formation if the scaffolds had in fact migrated outside of the surgical area, as 

suggested by Bryan Cunningham upon review of the thawed specimens. 

 

Additionally, as mentioned above, there were other control groups that had been excluded 

due to timing and funding constraints.  We were unable to test this model in comparison 

to the gold standard of iliac crest bone graft.  Additionally we did not have an implant 

group of cells (ADSC or BMSC) alone.  Given author’s findings previously mentioned in 

the introduction, we did not test the implants with osteogenetically differentiated cells or 

use a BMP-2 implant, both of which may lead to different results.   

 

The field of stem cell use in orthopaedics is still in its infancy.  While promising findings 

are demonstrated in humans using concentrated BMSCS, it may also be a difference in 

human vs. goat reaction to the use of these cells in this environment.  We were using 
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healthy goats, with no known vertebral issues.  In human surgeries, they are undergoing 

these procedures due to pain, dysfunction, or degeneration, which could imply that an 

inflammation response was already generated in the human studies.  In the goats, there 

was no deterioration of the site, so to influence to formation of bone without a disease 

state present could have also affected our results. 

 

Additionally, it may be necessary to carry out a study like this to 9 or even 12 months to 

fully study the bone growth potential of these cells.  With the growth of soft tissue, but no 

bone formation, it is possible that at 9 or 12 months, the soft tissue could have turned 

over to bone as suggested by the two orthopaedic surgeons who had seen similar results 

in humans, even with instrumentation.  However, one would expect that at least at the 6 

months time point, there would be some bone formation present, whereas we had little to 

none. 

 

In conclusion for this portion of the study, the in vivo implantation of our scaffold, 

scaffold with ADSCs and scaffold with BMSCs were not able to induce bone formation 

or fusion at either the 3 or 6 months time points in the goat.  While previously mentioned 

in vitro results showed promising, there was a significant disconnect in their ability to 

grow bone and/or differentiate into bone in the in vivo model.  Additionally, 

biomechanical testing, histomorphology, and microradiographs will better determine the 

actual bone growth, if any, seen within the groups, as these tests are better indicators of 

bone growth on the microscopic level compared to the gross anatomy readings found 
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through radiographs and CT scans.  
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Chapter X:  Biomechanical and Histological Properties of BMSC and ADSC 

Implantation in Non-Instrumented Posterolateral Intertransverse Spinal Fusion in 

Goats 

 

Methods: 

Biomechanical Testing 

Biomechanical testing was performed on all full specimens (vertebral column intact) at 

St. Joseph Hospital, Baltimore, MD under the direction of Bryan Cunningham.  The 

spines were thawed and the excess tissue around the vertebral column was removed.  

Radiographs were repeated at the hospital and anteroposterior views were evaluated for 

L1-6.  The spines were potted and bolted to a test frame in an MTS 858 Bionix testing 

device (MTS Systems, Minneapolis, MN) with proprietary additions to create the 

Gordon/Cunningham Six Degrees of Motion testing device.  The modes of testing were 

flexion and extension, right and left lateral bending, and axial rotation.  The testing was 

nondestructive, unconstrained pure movement loading modes following the 

Gordon/Cunningham Six Degrees of Motion testing program. (11-14, 41, 43, 44)  

Throughout the testing, the spines were kept moist with the spraying of saline solution.   

 

Preparation for Microradiographs and Histology  

Histology and microradiographic analysis was performed after biomechanical testing and 

under the direction of Bryan Cunningham following his verified protocols for 

undecalcified tissue analysis. (11-14, 41, 43, 44) 
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Specimen Processing and PMMA Embedding 

 Both the posterolateral fusion mass and the included transverse processes were sliced at 

the thickest location (parasagitally) with a Buehler Isomet diamond cutting system 

(Buehler Inc., Lake Bluff, IL).  The specimens were dehydrated in ethanol for one week, 

after which the ethanol was removed.  The specimens were then stained with the 

Villanueva Osteochrome Bone Stain (Polysciences, Inc., Warrington, PA) for one week.  

This stain is used to show new bone formation in mineralized or undecalcified bone and 

for ceramic implants and bone grafts.  After one week, the stain was removed and the 

specimens placed in 100% Acetone solution for one week.  The 100% Acetone was then 

removed and specimens placed in 50% Acetone, 50% Methyl Methacrylate Monomer 

solution for one week.  This solution was removed and the specimens placed in 100% 

Methyl Methacrylate Monomer solution for two weeks, with a solution change after the 

first week.  Finally, the solution was removed and the specimens embedded in 

Polymethylmethacrylate (PMMA) solution for three weeks (or longer) until the specimen 

and PMMA were hard.  The total processing time spanned over a period of 8-10 weeks.   

 

Preparing Stained Slides for Microradiographs 

After the specimens had hardened, the transverse processes of concern were cut away and 

separated into right and left sections for each fusion site to be prepared for slides.  The 

slide preparation is as follows: 
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Slide Preparation 

The outside edges of the slide were ground on a rotating polisher with sandpaper to 

remove sharp edges on the corners and on the sides of the slides.  The slide was then 

placed on a vacuum held oscillating grinder that ground 50-100 µm off the slide at a 

speed of 60-70 rpm to create a “rough” side of the slide to be utilized later in the 

protocol. 

 

Rough Mount Preparation 

The specimens that have hardened and embedded into the PMMA were trimmed and 

ground on the rotating polisher until the transverse processes were showing at the site of 

implantation and the ground side was parallel to the vertebral column portion of the 

specimen.  Once all specimens were ground to the correct location, orthodontic resin 

liquid was mixed with orthodontic powder to make a quick drying cement.  This cement 

was placed on top of the non-ground portion of the specimen making sure that both the 

low points and high point of the non-ground area were covered with the cement.  The 

specimens were then placed in the “rough mount vacuum gluing device” to adhere the 

specimen to a new, non-polished clear slide.  The specimens were then allowed to sit for 

10-15 minutes in the vacuum contraption until the cement had dried. 

 

Preparation of Specimen for Final Gluing 
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Once the slide had been glued to the specimen, it was placed into the vacuum held 

oscillating grinder and subjected to three separate grinding papers of different grit (320, 

500, then 800) size to smooth the specimen for the final gluing.  

 

Final Gluing of Specimens 

Specimens and prior roughed edged slides were dipped in water to remove any dust or air 

particles.  The previously prepared roughed slide was mounted in a vacuum held 

mounting/gluing machine with the rough side facing down.  Technovit 7210 glue was 

placed on the polished specimen until the entire specimen had a thin layer of glue on top.  

The specimen was then placed in the gluing device and the lever to hold the specimen 

slowly lowered until the specimen touched the vacuum connected slide so that the rough 

side glued to the specimens.  Care was taken to ensure that the glue had spread evenly 

and that no air bubbles were present between the specimen and slide.  The lever was 

pushed down and locked into place to ensure that any bubbles would migrate towards the 

outside and a thin layer of glue remained between the two.  Once locked, the 

specimen/slide sample was left to sit for 10 minutes under a UV lamp that had been 

covered with a drape to minimize UV exposure to lab personnel.  After 10 minutes, the 

UV lamp was turned off and specimen allowed to sit for an additional 5 minutes to ensure 

hardening of the glue.   

 

Diamond Saw Cutting of Final Slide 
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After the glue had hardened, the sample was placed into a band saw unit with a vacuum 

seal holding the side of the sample with the orthodontic resin.  This allowed the polished 

side that had been glued to the roughened slide to be exposed for diamond saw cutting.  

The diamond saw was placed at approximately 100 µm from the inner edge of the rough 

mounted slide and the final slide cut from the rough mounted portion.  Both the rough 

mount and the final slide were then etched with their identification number and side of 

fusion site.  At this point, the remaining rough mount was removed from the diamond 

saw, and set aside for storage.  The final diamond blade cut slides were then ready for 

their final grinding and polishing steps. 

 

Final Grinding and Polishing of Slides 

The final grinding and polishing of the slides required consecutive grinding on the 

oscillating grinder using various paper grits to grind the sample down to between 140-

148 µm.  First, 350 grit paper was used to grind the slides to approximately 250 µm thick.  

Then 500 grit paper was used to grind them to approximately 220 µm. They were then 

ground to approximately 200 µm with 800 grit paper.  1000 grit paper was used to grind 

the slides to 180 µm thick.  A few oscillations with 1200 grit paper polished the slides to 

150 µm thickness and a final polish with 2500 grit paper, only a few oscillations, was 

used to get the final thickness of the slides to between 140-148 µm thickness for 

microradiographs.   

 

Microradiographs 



	   91	  

Microradiographs were performed on all final slides.  Solutions were made as per labeled 

instructions.  The developer (100 mL) was diluted in 900 mL distilled water and poured 

into a developing tray.  The fixer (200 mL) was diluted in 800 mL distilled water and 

poured into a developing tray.  Finally, distilled water was poured (~1.5 L) into the last 

developing tray.  Slides were placed on radiograph film and exposed to microradiograph 

at a voltage of 33 kVp for 2.5 minutes.  In the dark room, the film and slides were 

removed from the radiograph machine and readied for developing.  The film was placed 

light side up in the developer solution for 1 minute with slow back and forth motions to 

expose the film to the developer.  The film was removed after the 1 minute and allowed 

15 seconds to drip dry before placement and wash in the fixer solution for 70 seconds.  

The film was then removed and allowed to drip dry for 15 seconds before placement in 

distilled water for 10 minutes, with mixing using back and forth motions at the 5-minute 

mark.  Each film could radiograph 4 slides at a time.  After 4 films (16 slides) were shot, 

the distilled water tray was emptied and replaced with fresh distilled water.  Films 

containing the microradiographs of the slides were hung to dry for 20-30 minutes.  After 

dry, each filmed slide was cut out of the film and labeled.  Photographs were taken of 

both the original slide and the microradiograph for histomorphologic analysis.   

 

Histomorphometry 

Histomorphometric analysis was performed using the BioQuant Image Analysis System 

for bone (R&M Biometrics, Nashville, TN) to quantify trabecular bone areas (mm2) at 

the bone-implant interface. (11-14, 41, 43, 44)  The photo of the histology final slide was 
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loaded and matched with the loaded microradiograph.  The microradiograph was saved 

into the BioQuant system and new bone growth and original bone were determined.  New 

bone growth was summed across the transverse process implant area for the total 

trabecular new bone area (mm2).   

 

Statistics 

Statistical analyses were performed using ANOVA for new bone formation. 

 

Results: 

As mentioned previously, all animals survived the surgery and post-operatively to 6 

months.  As noted, two animals had abscesses form post surgery at a singles surgical site 

(at one fusion site and not the other), but they were treated with antibiotics and deemed 

healed by the veterinarian staff within the first month post-operatively.   However, it was 

found after dissection and removal of soft tissue from the surgical sites for biomechanical 

testing that while on the surface, the abscess had healed, the two animals noted as healed, 

had not.  The abscesses had moved from the dermal region and into the surgical site and 

noted infection was seen in the area of scaffold implant.  However, they did not impact 

bone formation or lack of formation within the site.   

 

In regards to biomechanical testing, there were no statistical differences between groups 

in lateral bending (p > 0.05), flexion and extension (P > 0.05), or axial rotation (p > 0.05).  

The average for each experimental group and mode of testing are listed in Table 6.   
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Lateral 
Bending 

(deg/mm) 

Flexion and 
Extension 
(deg/mm) 

Axial 
Rotation 
(deg/mm) 

ADSC 7.84±3.66 7.27±6.43 1.40±0.73 
BMSC 7.91±1.93 9.96±6.58 3.53±4.46 
Control 6.51±5.22 5.63±6.0 2.81±2.83 
Table 6.  Biomechanical comparison between groups (deg/mm). 

 

In regards to histology, most of the staining seen, was that of soft tissue.  In using 

BioQuant software for new bone growth, both the right side and left side were analyzed 

for each fusion site.  There were no significant differences between sides for the ADSC 

implantation group (p = 0.09), BMSC implantation group (p= = 0.43) or for the control 

implantation group (p = 0.21).  For total new bone growth, the right and left sides of each 

fusion level were summed and compared between groups.  Table 7 shows the values of 

total bone growth.  There were no statistical differences between ADSC and Control 

(p=0.62), ADSC and BMSC (p = 0.19), and BMSC and Control (p = 0.26). 

 

 ADSC BMSC Control 

Total Bone Formation (mm2) 101.09±42.58 78.88±23.96 98.18±22.77 
Table 7.  Total bone growth (mm2) in each group. 

 

Figure 7 shows photographs of the histology slides as well as the matching 

microradiograph of a representative of the sample from each group, both right and left 

sides.  Slides labeled “PROX” are from the upper/L3-4 fusion site.  Slides labeled 
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“DIST” are from the lower/L5-6 fusion site.  The site of fusion did not matter, but the 

clarification of different terminology was needed for this testing. 

 
Figure	  7.	  	  Representative	  Histology	  and	  Microradiograph	  Examples	  
	  

ADSC	  (L3-4)	  Right	  
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ADSC	  (L3-4)	  Left	  
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BMSC	  (L5-6)	  Right	  
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BMSC	  (L5-6)	  Left	  
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Control	  (L5-6)	  Right	  
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Control	  (L5-6)	  Left	  
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Discussion: 

Given the lack of gross radiographic and CT scan data demonstrating new bone growth, 

the results of the biomechanical testing, histomorphology, and microradiographs were to 

be expected. As mentioned previously, without the addition of other control groups, 

osteogenically differentiating the cells, or the addition of BMP-2, we found similar 

results in these cells being unable to perform in vivo for bone growth and fusion.   

 

In regards to the microradiographs, every one showed slight new bone formation as can 

be seen from the old transverse processes to the new bone formation of the new 

transverse process.  However, this is mainly due to the decortication of the transverse 

process and not indicative of the type of new bone formation one would expect.  Again, 

the limitations of this study include potential scaffold migration, lack of fusion site 

stabilization and the exclusion of the key control group of iliac crest bone graft.   

 

In conclusion, this study was the first to our knowledge to show that MSCs could be 

isolated from both goat bone marrow and fat tissue.  Both ADSC and BMSC lacked 

expression of CD34 and CD45.  Both cell types also differentiated into the osteogenic 

and adipogenic lineages, demonstrating positive in vitro results and the potential for their 

use in orthopaedic procedures.  However, upon implantation in this spinal fusion model, 

we were unable to demonstrate the ability of these cells to grow bone and form a full 

fusion in vivo.  These results were confirmed by the use of gross radiographs, gross CT 

scans, biomechanical testing, histology and microradiographs.  While there are 
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limitations to the in vivo portion of the study, the in vitro results suggest that these cells 

may be able to grow bone.  However, in our conditions, they did not.  Future testing 

should experiment with such things as the following: other forms of spinal fusion 

(Immobilization for example), differentiating cells prior to implantation (though this 

would not be deemed “Point of Care”), and possible other scaffold types to determine the 

right scaffold necessary for these cells to remain and differentiate into bone.   
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Appendix A:  Additional Notes 

I have included a table on the work performed by each individual that assisted me during 

the studies as well as two other studies which I was either co-author or first author on 

during my doctoral work at The University of Texas at Austin in regards to bone reaction 

to the administration of statin based drugs in the rat model.  
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Appendix B: Personnel Involved With This Study and Their Function 

 

  
Daria 
Neidre 

Lone 
Star 
Labs 

Melissa 
Merscham 

Apurva 
Sarathy 

Jessica 
Treff 

Arvo 
Neidre, 
M.D. 

Zach 
Garza, 
M.D. 

Doug 
Smith, 
M.D. 

Jim 
Poser, 
PhD. 

Bryan 
Cunningham, 
M.S. 

Nianbin 
Hu 
(Jim), 
M.D. 

Hidemasa 
Umekeji 
(Masa), 
M.D.  

Purchase and Care of 
Animals   X             X       
Harvest of Bone 
Marrow           X X           
Isolation of Bone 
Marro X                       
Cell Viability X                       
Plating and Passaging/  
Expansion of BMSC X   assisted assisted assisted               
Harvest of Adipose 
Tissue X X             X       
ADSC Isolation X                       
Cell Viability X                       
Plating and Passaging/  
Expansion of ADSC X   assisted assisted assisted               
Flow Cytometry X   assisted assisted                 
Cryopreservation X   assisted assisted assisted               
Replating of cells X   assisted assisted assisted               
Osteogenic 
Differentiation X   assisted assisted                 
Adipogenic 
Differentiation X   assisted assisted                 
Scaffold Preparation 
for Implantation X                       
Spinal Fusion Surgery           X X   X       
Radiographic Testing 
and Evaluation X         X   X         
CT Testing and 
Evaluation X   assisted assisted assisted X   X         
Spinal Harvest   X                     
Union Score           X   X         

Biomechanical Testing X                 X 

assisted/ 
taught 

me 
assisted/ 

taught me 
Specimen Processing 
and PMMA Embedding X                     X 
Slide Preparation X                     taught me 
Rough Mount 
Preparations X                     taught me 
Preparation for Final 
Gluing X                     taught me 
Final Gluing X                     taught me 
Diamond saw cutting X                     taught me 
Final grinding and 
polishing X                     taught me 
Microradiographs X                     taught me 

Histomorphometry X                   
taught 

me   
Statistical Analysis on 
Every Portion X                       
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Appendix C: Published Work #1 – Transdermal Lovastatin Enhances Fracture 
Repair in Rats  
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Appendix D: Submitted for Publication Work #2 -  Exercise Plus Statin 
Administration Increases Femoral Strength In Rats 
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