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INTRODUCTION 

Statement of the Problem 

Regeneration-defined as the "reproduction or reconstitution of a lost or injured part• 

(Glossary of Periodontal Terms 2001 )-is an elusive trait in large mammals, including 

humans. Instead, the healing events that occur following tissue damage or loss are best 

understood as repair, in which the new tissues that form and stabilize the injured site do 

not represent a functional, anatomical equ1valent to lost native tissues, but are instead a 

functional scar Th1s distinction between repa1r and regeneration usually becomes more 

evident as the size of a wound mcreases Inherently, this presents a problem for 

clinicians treating patients. Patients are left in a post-healing state where they are 

"incomplete". What was once lost cannot be regained; moreover the repair tissue can 

have adverse functional and esthetic consequences. This 1s exemplified 1n the care of 

wounded soldiers who, due to innovations on the battlefield, survive wounds that 1n 

decades past ended in death. These soldiers, with greater frequency, are presenting 

with disfigurements that modern medicine cannot even begin to regenerate. Instead, 

these soldiers are left to permanently carry the scars of their sacrifice. Similarly, 

individuals harmed 1n accidents or suffering from bums, or metabolic disorders such as 

osteoporosis, also suffer from our Inability to regenerate lost or InJured t1ssues. Thus, a 

need to expand our knowledge and develop technology to promote tissue regeneration 

cannot be overstated. 

1 



2 

Evidence suggests there is a latent, but apparently dormant, regenerative potential in 

mammalian tissues, including bone. However, within the context of present knowledge, 

there appears to be an insufficiency in current clinical technique to regenerate bone 

beyond a limited extent, although innovative ways to regenerate bone lost due to the 

ravages of disease, injury or trauma are emerg1ng. Researchers have explored the 

potential of matrix, growth and differentiation factors, including bone morphogenetic 

proteins (BMPs), to help shift tissue repair in favor of bone regeneration. Although 

BMPs, particularly BMP-2, have been shown to be powerful inducers of bone formation 

with clinical application, the effects of BMPs on early cellular and molecular events in 

bone healing have not been detailed thoroughly. Chmcally effective dosages have been 

established, but the optimal dose-effect remains undetermined, and side effects can 

occur· exuberant inflammation is common, and seromas can form 

Significance 

Regeneration of missing or injured tissues to their native state is an ultimate goal of 

reconstructive medicine. If this can be realized, patients would have an increased 

quality of life. With a detailed understanding of cellular and molecular regenerative 

events, researchers may be provided the knowledge and tools to develop novel 

technologies to not only stimulate new t1ssue formation but also engineer lost form and 

funct1on In perspective, the possibility of predictably attaining new, clinically relevant 

bone growth to functionally replace t1ssue lost to d1sease, InJUry or trauma 1s an exciting 

prospect, and represents in itself a major advance 1n the field of regenerative medicine. 



REVIEW OF THE LITERATURE 

The need for predictable bone regeneration can be best understood by conjuring images 

of the wounded warrior returning from the battlefield. Due to the inability of modern 

medicine to predictably regenerate lost tissues, these soldiers are left with lifelong 

disfigurements. Currently, autogenous bone grafts remain the gold standard with 

regards to replacing bone 1
. Unfortunately, harvesting autogenous bone does not come 

without consequences. Immediate disadvantages include: unacceptable donor site 

morbidity associated with autogenous bone grafts, often only limited volumes of bone 

may be available that are insufficient for the treatment, mfection may compromise 

healing, extensive graft resorption may compromise desired outcomes, and the costs 

associated with the procedure may be proh1b1t1ve.1 Thus, there IS a critical need to 

develop and make available alternative technologies to support local bone formation. At 

present, recombinant human BMP-2 (rhBMP-2) in an absorbable collagen sponge (ACS) 

carrier (INFUSE® Bone Graft, Medtronic Inc, Memphis, TN) is a commercially available 

osteoinductive biotechnology approved by the FDA as an alternative to autogenous 

bone grafts.2 Osteogenic protein-1 (OP-1 , also known as BMP-7) is also approved for 

this indication in other countries. 

The development of candidate technologies with regenerative capabilities identifies 

another need there must be standardized format - protocols and models - in which to 

experimentally evaluate promising technologies and compare them with established 

3 
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benchmarks A rat critical-size through-and-through craniotomy defect model 3 and 

camne cnt1cal-s1ze supraalveolar periodontal and pen-Implant defect models 4~ have 

been developed to address this need with relevance for dentistry. A critical-size defect is 

defined as the smallest intraosseous wound in a particular site and animal species that 

will not spontaneously heal during the lifetime of the an1mal. 3 That is, absent other 

intervention, it displays the typical intrinsic, limited capacity for regeneration seen in long

term chronic skeletal wounds (also known as nonunions). However, caution must be 

used when comparing results derived from critical-size defects. Although these defects 

are meant to create a standardized method by which regenerative materials and 

techmques can be compared, the definition is based on the idea that the defect will not 

fully heal within the lifetime of the animal However, in the practicality of the experimental 

sett1ng, th1s often translates to the defect not healing fully within the lifetime of the 

experiment, s1nce most experiments do not run for the entire life of the animal. 7 It is 

Important to distinguish this from incomplete healing at the time examined. 

Bone Grafts and Biomaterials 
One approach to replacing lost tissues and bone 1s through grafting. Grafts (fresh or 

frozen tissue) are classified according to species; autologous grafts or autografts are 

harvested w1th1n the same patient, allogeneic grafts are harvested from another 

individual within the same species, and xenogeneic grafts are harvested from a different 

spec1es. In perspective, patients commonly express concern relat1ve to potential 

disease transmiSSIOn from allogeneic and xenogeneic grafts and thus desire 

alternatives 8 
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Bone b1omaterials can be divided into bone denvatlves (processed allogeneic or 

xenogeneic cadaver bone) and bone substitutes (synthetic bone, either ceramics or 

polymers). Allogeneic, xenogeneic, ceramic, and polymeric bone biomaterials are 

commonly used as autogenous graft extenders in conJunction w1th autologous bone, but 

have also been used as stand-alone technologies and in combinations with non- or bio

resorbable devices for guided tissue/bone regeneration. 8 

Bone grafts, bone biomaterials, and biologics (i.e., matrix, growth and differentiation 

factors) may be classified as osteoconductive and/or osteoinduct1ve. Osteoconduction 

involves a process in wh1ch a graft, biomaterial or biologic construct (growth 

factor/carrier) acts to facilitate orthotopic (In the normal place) bone formation, beyond 

the mnate regenerative potential of the site, by mrgration and proliferation of osteogenic 

cells from adJOining bone tissue resources.9 Osteo1nduct1on, on the other hand, involves 

a process in which a biomaterial or biologic construct, for example a BMP, stimulates 

undifferentiated mesenchymal and other cells into osteoblastic phenotypes; the ultimate 

test being ectopic bone formation, which is bone formation away from local bone tissue 

resources 9
"
10 

TGF-P Superfamily and BMPs 

Growth factors represent a category of Intercellular signaling proteins Some are 

responsible for differentiation and maintenance of bone-form1ng cells.11 Within the broad 

array of growth factors, the most relevant in the realm of bone regeneration belong to the 
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transforming growth factor-~ (TGF-~) superfamily of proteins. This group of proteins 

comprises approximately 40 structurally related members 12 divided into (sub)-families 

including activins/mhibins, nodal, myostatin, anti-Mullerian hormone, 

growth/differentiation factors (GDFs), and BMPs 13 

BMPs represent a subfamily of the TGF-~ superfamily 11
• 

14
, which is then further 

subdivided into four groups, based on the amino acid sequence similarity and function.12
-

13 They cons1st of a group of growth and differentiation factors Involved in 

embryogenesis and t1ssue repair m postnatal hfe first discovered based on a bone

Inductive activ1ty concealed in the collagenous matrix of bone 15 BMPs have been 

shown to stimulate differentiation of mesenchymal cells into osteoblastic phenotypes.16 

To date, more than forty BMP proteins have been isolated 12
. Most BMPs are comprised 

of three reg1ons a s1gnaling peptide, propept1de, and mature region. The propeptide 

and the mature region contain seven conserved cysteine residues, characteristic of the 

TGF-~ superfamily 8 12 Observing animals and humans with naturally occurring BMP 

mutations, it has been shown that BMP Signaling plays critical roles in cardiac, neural, 

cartilage, bone, and soft tissue development, including muscle, fat, and tendons. These 

observations have also been validated us1ng transgenic and knockout mice models.12
· 

14 

17 BMPs have been found to stimulate ang1ogenes1s and the migration, proliferation and 

differentiation of mesenchymal stem cells 8 12 The biological functions of BMPs have 

been studied extensively in different cell lines in vitro. The varying effects of BMPs on 

cells are dependent upon the type of cell , and they are found to induce or inhibit cell 

proliferation depending on the cell type and culture conditions 12 Broadly, BMPs have 

the ability to commit mesenchymal progenitors into precursors of vanous phenotypes.12 
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Isolating and purifying BMPs from natural sources (such as human cadaver material) is 

a laborious and complex process yielding only small quantities, irrelevant to scale for 

commercial use.18 Thus, recombinant technologies are utilized for Industrial scale 

rhBMP production. Recombinant BMP technologies also bnng the advantage that highly 

pure yields eliminate the concern of disease transmission.8 

BMP Clinical Usage and Side Effects 

BMPs, with a focus on BMP-2 but also mcluding OP-1 and GDF-5, are currently being 

applied or considered for use in a multitude of indications. In particular, BMP-2/ACS has 

been shown to be a valuable addition in the management of complex bone defects, non

union fractures, spine fusion, and alveolar and sinus augmentation. It has also been 

considered in the management of osteoporosis, root canal surgery, implant fixation, re

osseointegratlon followmg peri-implant1t1s, and periodontal regeneration.8 14 17 

It can be readily appreciated that BMP-2 (along with other growth factors) has the 

potential to be a very important component of regenerative technologies. However, 

although promising there are also cons1derat1ons intrinsic to growth factors that may 

potentially hm1t their use. First, growth factors, mcluding BMPs, represent relatively short 

lived signals which make up only a port1on of a greater cascade of reactions.11 Second, 

their effects may vary dramatically depending on local conditions (i.e. cell-type, stage, 

location, condition of adjoining tissues, etc) 11 Thus, the application of a single growth 

factor may not prov1de a sufficient s1gnal to alter bone regeneration significantly, or to 
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drive more complex tissue regeneration such as penodontal regeneration that requires 

not only regeneration of alveolar bone but also the coordinated regeneration of 

cementum and the periodontal attachment 11 All of these potent1al obstacles must be 

considered in the evaluation of candidate growth factor technologies for tissue 

regeneration. 

Potential Sources of Osteoblasts 

The formation of bone is a complex process 1nvolvmg multiple signals and cellular 

components In endosseous wound healing this process can be divided into the stages 

of hematoma formation, clot resolution, osteogemc cell m1grat1on, and the formation of 

new bone.19 Depending on the type of bone, th1s process can Include activation, 

proliferation and migration of undifferentiated mesenchymal (or other progenitor) cells by 

a number of mechanisms. 20 Bone formation IS also dependent upon differentiation of 

chondroblasts and deposition of cartilage; mineralization of the cartilage; angiogenesis, 

vascular invasion; differentiation of osteoblasts and bone matrix deposition. 20 

One poss1ble source of cells capable of new bone formation IS the cambial layer of the 

penosteum, a blood vessel-rich layer that overlies bone During endochondral bone 

formation, a majority of progenitor cells res1d1ng m the camb1al layer differentiate into 

chondrocytes that produce cartilage, which 1s then removed and replaced by bone 

through endochondral ossification. 21 
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Mesenchymal stem cells represent a population of non-hematopoietic stromal cells 

present in bone marrow and most connective t1ssues that have inherent multilineage 

different1at1on potential. These cells are capable of differentiating into mesenchymal 

tissues such as bone, cartilage, adipose tissue and muscle?2 Thus, mesenchymal stem 

cells represent another possible source of osteoblasts. However, it is not known if 

mesenchymal stem cells are derived locally in the area of bone formation (i.e. from 

resident bone) or if they are blood borne, originating from other sources. 

Another potential source of mesenchymal stem cell-like cells are pericytes, cells 

associated w1th blood vessels and capable of differentiating into cells of mesenchymal 

ongin alongside other mesenchymal stem cells of a nonpencyte ongm.23 Pericytes have 

been found to differentiate into cartilage and bone under the influence of BMP .18 Still 

another poorly characterized source of mesenchymal stem cells IS represented by 

fibrocytes present in the blood.24 

Yet another potential source of osteoprogenitor cells are the bone lining cells within 

trabeculae. These quiescent lining cells are very thin and line the inactive bone surfaces, 

However, upon activation they become more box-like 1n appearance and resume an 

osteoblast phenotype. This conversion occurs in response to parathyroid hormone, and 

increases osteoblast number without cell proliferation 1n the mature osteoblasts.25 

Thus, it is evident that there are many different possible sources of osteoprogenitors that 

through vanous pathways may assume the osteoblastic phenotype(s). The extent to 
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which these sources could contribute to BMP-2 tnduced endosseous bone regeneration 

has not been determined. 

The Osteoblast/Osteoclast Interrelationship 

Bone formation is tightly coordinated with bone metabolism. Periosteal osteoblasts are 

stimulated by a multitude of factors - cytokines, chemokines, and other mediators - to 

regulate expression of a protein called receptor activator of nuclear factor-kappa 8 

ligand (RANKL).26 Osteoblasts (and also fibroblasts and T and 8 lymphocytes) 

upregulate RANKL in inflammation. As RANKL expression increases, a concurrent 

increase 1n bone resorption occurs by osteoclast activation through binding of RANKL to 

RANK, a receptor on osteoclast progenitors. Osteoprotegenn (OPG) 1s a non-activating 

competitor to RANKL for the receptor that alters the cell response towards bone 

formation As OPG levels rise, bone formation 1ncreases concomitant with a reduction in 

osteoclast activity. 26 The RANKL - OPG dynamic is expressed as the RANKUOPG 

ratio. A decrease in OPG or increase in RANKL will lead to an increase in the 

RANKUOPG ratio, which leads to bone resorption.26 Simply stated, as RANKL 

expression increases, there is a greater tendency for bone resorption. This condition 

does not necessarily mean that OPG must decrease, the OPG level can actually remain 

constant. What matters is that the RANKUOPG rat1o decreases. The mverse is true for 

bone format1on to occur. If OPG expression is increased relat1ve to RANKL, the 

RANKUOPG rat1o IS decreased, creat1ng cond1t1ons for bone formation. Other signaling 
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systems contribute to regulation of relative osteoblast and osteoclast activity, and net 

bone formation/loss, in a complex network still incompletely detailed. 

BMPs and Angiogenesis 

Formation of new tissues requires a vascular supply to provide oxygen and nutrients. 

Angiogenesis is the formation of new blood vessels from a pre-existing network.13
• 

20 It is 

a multistep process that can be div1ded mto two phases. During the Initial activation 

phase, the perivascular basement membrane IS degraded, endothelial cells migrate into 

the extracellular space, proliferate, and form capillary sprouts and tubular structures. 

This process is followed by a maturation/stabilization phase, when endothelial cells 

cease migration/proliferation, the basement membrane is reconstituted, and smooth 

muscle cells/pericytes are recruited and opposed to the nee-vessels, thereby 

reconstituting vessel wallmtegrity.13 

Much remains to be discovered about the relationship between BMPs and angiogenesis. 

However, recent observations from the study of genetic vascular diseases have shown 

the importance of mutations in genes encodmg components of the BMP signaling 

pathway. Both hereditary hemorrhagic telangiectasia and pulmonary arterial 

hypertension are believed to be caused by such mutat1ons 1n the BMP signaling 

pathway. 13 BMPs have also been implicated both in the activation and maturation of 

angiogenesis; BMPs increase proliferation and migration of endothelial cells (during 

activation) and inh1b1t vascular smooth muscle cell proliferation (during maturation) 13 
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Animal Models for Bone Regeneration 

Discriminating ammal models are critical in the search to understand physiological and 

pathological cond1t1ons as well as in the development and evaluation of novel 

technologies in regenerative medicine.27 For regeneration of skeletal defects, the typical 

line of thought is that rodent models (mice, rats, rabbits) are used for screening of 

candidate agents/technologies relative to biologic potential to be followed by evaluation 

of clinical potential in large animal models us1ng canine, ovine/capnne, porcine, and/or 

nonhuman primate platforms;3 the cho1ce of animal platform being dictated by indication 

(craniofacial, sp1ne, orthopedic), laboratory expenence and general preferences. 

While no spec1es can completely fulfill the requirements of an 1deal animal model, 

rodents are valuable because they are readily available, easy to house and handle, and 

account for a plethora of background data from widespread use. 27 The 8-mm rat 

calvarial defect model is valuable for the study of bone regeneration, because the 

calvarial bone structure allows the establishment of a uniform, reproducible, and 

standardized defect which is easily evaluated by radiographic and histological analysis. 27 

Also, the anatomic location reflects an adequate size for surg1cal access and 

intraoperative handling, while the dura and overlaying skin prov1de an adequate support 

for implanted materials without the need for internal or external fixat1on. 
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BMP-2: Dosing and Cellular Events 

Since these discoveries the effects of dosing with BMP-2 have been evaluated in 

previous studies. 28
'
29 Wang et a/. used a dose-response and time-course study using 

the rat ectopiC bone formation assay model and Yasko et a/. utilized subcutaneous 

implants of BMP-2 1n rats to test local induct1on of endochondral bone formation and also 

created 5 mm segmental defects in the femora of adults rats which were filled with either 

two doses of lyophilized BMP-2 with a carrier or with a earner alone to test the 

osteoinductive ability of BMP-2 in an osseous location. These researchers found that 

not only did 1ncreasmg doses of BMP-2 1nduce bone formation in a dose response 

manne~8 but also that the time at which bone formation actually occurred was also 

dependent on BMP-2 dose and that at higher doses formation could be observed 

sooner.29 

The effects on the macroscopic features of bone have also been explored previously 

Both mechanically and histologically, bone formed due to the effects of BMP-2 (even at 

high doses) was found to be comparable or indistinguishable from that produced from 

other sources 28 That is, the bone induced by BMP-2 is no different from resident bone. 

Also, BMP-2 IS known to induce proliferation and differentiation of osteoblast progenitor 

cells30 and to st1mulate the migration of osteoblasts (human stromal osteoblasts, human 

osteoblasts, and U2-0S cells) with a bell-shaped dose response curve.31 
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Immunohistochemistry 

Analysts of patterns of gene expression in different populattons of cells at sites of 

regeneration could reveal valuable clues to molecular and cellular mechamsms 

governing the process, and these mechamsms would be candidate targets for 

pharmacological modulation. One approach is to investigate the distribution of particular 

candidate markers (selected based on known properties) using immunohistochemistry. 

Although highly informative, this approach relies on the criteria used to select the 

markers, and is limited by the numbers of available tissue sections, time, antibody 

avatlabtllty and cost. 



SUMMARY OF CURRENT AND SIGNIFICANCE OF NEW KNOWLEDGE 

It is known that a decrease in the RANKIOPG ratio (e.g., by increased OPG expression) 

will increase bone formation. However, the source(s) of osteoblast progenitors in repair 

and regeneration remains poorly defined, and mechanisms governing repair versus 

regeneration are largely uncharacterized. Plausible sources of osteoblasts include local 

or recruited progenitors, mesenchymal stem cells , endosteal lining cells, and others. 

BMP-2 is a potent osteoinducttve agent However, bone format1on also requires 

formation of vascular tissue. The influence of BMP-2 on angiogenesis in skeletal 

settmgs is relatively unknown. Although BMP-2 has been evaluated for craniofacial 

regeneration, a broad understanding of BMP-2 dose versus bone formation/maturation 

has yet to be elucidated. Thus, underlying quest1ons remaining to be answered include: 

does BMP-2 induce bone formation/maturation in a dose-dependent manner, and if so, 

at what optimum concentration, and what are the molecular/cellular temporal and spatial 

events associated with this optimum? 

With expanded understanding of molecular and cellular events in bone regeneration, 

researchers will be able to develop novel technologies to stimulate bone 

formation/maturation and to engineer technologies for site-specific bone regeneration. 

The possibility of predictably attaining new, clinically relevant bone growth to functionally 

15 
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replace tissue lost to disease, injury or trauma IS an excitmg prospect, and would 

represent a major advance in medicine. 



PURPOSE 

The purpose of this study was to demonstrate early temporal and spatial, cellular and 

molecular events following local application of BMP-2/ACS in the critical-size rat calvarial 

defect model using a dose-escalation protocol. Using immunohistochemistry, the early 

cellular events were evaluated to illuminate the initial stages of bone formation. Thus, 

the main purposes of study were to determine (1) the sources of progenitor cells, (2) the 

effects of BMP-2 dose escalation on local bone formation/maturation, and (3) to estimate 

an optimal BMP-2 dose. 
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HYPOTHESES 

Hypothesis #1 

There 1s an optimal dose of BMP-2 for bone regeneration that results from a combination 

of its effects on osteoblast formation from local and recruited progenitors, and on 

vascularization. 

Hypothesis #2 

High doses of BMP-2 will cause significant abnormal vascularization, and a significant 

reduct1on 1n osteogenic progenitor cells, producing delayed bone maturation 

Hypothesis #3 

Low doses of BMP-2 will not demonstrate significant levels of recruitment of blood-borne 

mesenchymal stem cells, but will drive normal bone formation from local progenitors. 

18 



MATERIALS AND METHODS 

General Overview 

This study used the modified critical-s1ze rat calvarial defect model.32 Briefly, a total of 

224 male Sprague Dawley rats (age 11-13 weeks, weight 325-375 g) obtained from a 

USDA-licensed vendor were used. The protocol included a long-term (2, 4 and 8 weeks) 

conventional light microscopy bone formation/maturation study using 168 animals and a 

short-term immunohistochemistry study (the focus of this work) us1ng 56 animals. 

Animal selection, management, and surgical protocol followed routines approved by the 

Institutional Animal Care and Use Committee Briefly, the surgical protocol33 entailed 

creation of routine critical-size, 08-mm, through-and-through calvarial defects using a 

trephine diamond bur under sterile saline irrigation; the defect sites received 

experimental and control treatments, a custom titanium mesh dev1ce was used to 

prevent soft t1ssue collapse into the defect s1tes, and the sites were closed using clips 

(Figure 1). 

19 



Figure 1 Surgtcal technique 
PreparatiOn of the cnttcal-stze. flJ8-mm through-and-through calvanal defect (top); tmplantatton of BMP-2/ACS (second 
from top); placement of the tttanium mesh devtce (second from bottom); and wound closure usmg cltps (bottom) 

20 
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The animals were randomized into 7 treatment groups exposed to different levels of 

BMP-2 or controls (Table 1 ). Animals in sets of 8 were euthanized to provide 2-, 4- and 

8-week observation intervals for radiographic and conventional light microscopy 

analysis. 33 The present study used 4 animals/group per observation interval sacrificed 

at 1 and 2 weeks for immunohistochemistry and analysis of early healing events (Figure 

2). Briefly, after fixation with formalin, tissue blocks spanning the defect site were cut 

coronally and the defect site was divided into posterior and anterior halves. The anterior 

half was processed for paraffin embedding and sectioning. These sections were 

routinely stained for histology and IHC stained using select markers for the fibrin clot, 

bone, connective and vascular tissues. The posterior half was embedded in plastic with 

the mesh in place, sectioned and stained with the Modified Masson's Trichrome 

technique. 



22 

Table 1 Study plan .. ,....,.., Aacontrol BMP-2/AG BMP-2/AG BMP-2/AG BMP-2/AG BMP-2/AG 

N-JZ N--32 J.ZSII(J/* 2.511(1/llte 5 11(1/slte JO 1111/slte ZOI'IJislte 
N=3Z N-JZ NaJZ Na3Z Na3Z 

1 w~~k 1 w~~k 1 week 1 w~~k 1 w~ek 1 week 1 w~~k 
N=4 N=4 N=4 N=4 N=4 N=4 N=4 

2weds 2 weeks 2 weeks 2 weeks 2 w~~ks 2 weeks 2 weeks 
N=8+4 N=8+4 N=8+4 N=8+4 N=B+4 N=8+4 N=8+4 

4 weeks 4 weeks 4 weeks 4 we~ks 4 weeks 4 w~~ks 4 weeks 
N=8 N=8 N=8 N=8 N=B N=8 N=8 

8weeks 8 weeks 8 weeks 8 weeks 8w~ds 8 weeks 8weeks 
N=B N=8 N=8 N=8 N=8 N=8 N=B 



Surgery 
Sprague Dawley Rats (n =56) 

Preparation of critical-sized defects 

All items above this 1 

line performed prior 1-------' 

to this study 

Euthanasia 
28 animals week 1 

& 
28 animals week 2 

IHC sample 
preparation of 

/ 

anterior and posterior ~ 
halves ._______ 

~----~~----, 

LM: Histologic observations, H 
& E, and Vascularity 

Figure 2 Flow chart of study des1gn 

IHC: localize a set of growth 
factors and other markers 
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Detailed Methodology 

Animals and Experimental Design 

Two hundred and twenty-six male Sprague-Dawley outbred rats (Rattus norvegicus), 

age 11-12 weeks, we1ght 325-375 g, obtained from a USDA approved breeder were 

used The animals were acclimatized for 7 days. They were double housed in plastic 

cages labeled with cage cards with ear tags for identification. The cages were housed in 

purpose-designed rooms, air-conditioned with 10-15 air changes/hr; temperature 18-

220C and relative humidity 30-70%. A 12/12 hr light/dark cycle was used. The animals 

had ad libitum access to water and a standard laboratory diet. 

The ammals were randomized into 7 treatment groups (Table 1) Animals in sets of 8 

from each group were euthanized to prov1de 2-, 4- and 8-week observation intervals for 

radiographic and conventional light microscopy analysis 33 The present study used 4 

animals/group/observation interval, sacrificed at 1 and 2 weeks for 

immunohistochemistry and analysis of early healing events. 

Agents and Biomaterials 

rhBMP-2/ACS (INFUSE® Bone Graft, Medtronic, Memphis, TN, USA), with the 

concentration of BMP-2 adjusted to 1.25, 2.5, 5, 10, and 20 IJg per s1te was used. ACS 

(Medtron1c, Memphis TN, USA) was used as a stand-alone carrier control (i e., 0 mg/ml 

BMP-2) A custom, 010-mm, dome-shaped titanium micro-mesh (Jeil Medical, Seoul, 

Korea) was used to sh1eld the defect site from soft t1ssue collapse/ compression. 
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Surgical Procedures 

The animals were pre-medicated using buprenorphine (0.05-0.1 mg/kg SC). Anesthesia 

was induced with ketamine hydrochloride (65 mg/kg IP). After induction, the skull of the 

ammal was shaved and disinfected using a 2% chlorhexidine solut1on. An1mals were 

stabilized into a stereotaxic device (Stoelt1ng Company, Wood Dale, IL, USA), fitted with 

an anesthesia nose cone, and draped. lsoflurane (1 .0-3.0%/02) was administered to 

maintain a surgical plane of anesthesia. 

Experienced surgeons performed all surgenes 1n an an1mallaboratory surg1cal theater*. 

Using aseptic routines, a 3-cm midline 1nc1sion was made through the skin along the 

sagittal suture of the skull (Figure 1 ). Soft tissues and periostea were elevated and 

reflected. Under saline irrigation, a critical-size, 08-mm, through-and-through, cranial 

osteotomy defect centered over the sag1ttal suture and immediately anterior to the 

occ1p1tal suture was created using a diamond coated trephine bur (Contmental Diamond 

Tool, New Have, IN, USA). The defects were filled with either a 08-mm precut disk of 

ACS (soak-loaded with 50 1-JL saline), or BMP-2/ACS (soaked-loaded onto an 08-mm 

precut ACS for 10 min), or served as sham-surgery controls. The stenle custom, dome-

shaped titanium m1cro-mesh disk was placed over the defect to avo1d soft tissue 

collapse into or compression of the defect area. Finally, the flaps were adapted and 

closed us1ng surg1cal staples (Disposable Skm Staples, TFX Med1cad L TO, London, UK) 

ensuring everted wound margins. 

* Drs Manuel Pelaez. Douglas R Daxon James C McPherson Ill Ulf ME WakeSJO Crastaano Susan Jaebum Lee. 
Bnan Stancoven and Taago Fionna executed the surgacal protocol 
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Postsurgery Routines 

Postsurgery, the an1mals were placed in cages, warmed on a heating pad, and observed 

for distress until they were able to move about normally. Yohimbine HCL (1-2 mg/kg IP) 

was administered to accelerate recovery as necessary. Buprenorphine (0.05-0.1 mg/kg 

SC) was given every 12 hr for 48 hr to control pam. Animals exhibiting signs of pain 

beyond that point received additional dose(s) of buprenorphme Surgical staples were 

removed at 10-14 days postsurgery. 

Euthanasia 

The animals were euthamzed at 1, 2, 4, and 8 weeks postsurgery usmg a C02 chamber 

following isoflurane mduction The calvariae were harvested and fixed in 1 0% buffered 

formalin solution. 

Histotechnical Preparation 

The calvanae were sectioned perpendicular to the sag1ttal suture, producing a plane of 

analysis through the center of the defect. The tissue blocks spanning the defect site 

were cut with a Buhler model saw The defect site was then d1vided mto postenor and 

anterior halves. Antenor spec1mens were demineralized in 1 0% EDTA, pH 7 2 (verified 

by radiography}, trimmed, dehydrated in a graded ethanol series, and embedded in 

paraffin. The overlymg soft t1ssue and titan1um mesh were then carefully removed from 

the paraffin-stabilized tissue using a scalpel After re-embedding the block in paraffin, 4 

IJm sections were cut (BioCut, Leica, Reichert-Jung, Nussloch, Germany). Sections were 

sta1ned with hematoxylin and eosm (H&E). tnchrome and Oxone-aldehyde-fuschm

Halmi stains 34 Other sections were IHC-stained with select markers for the clot, bone. 

connective and vascular t1ssues. The postenor halves were embedded in plastic with 
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the mesh in place, sectioned, polished to 10 to 20 1-1m thickness, and stained with the 

Modified Masson Trichrome technique. 

Immunohistochemistry 

Individual sect1ons were processed for IHC according to the following protocol, modified 

from Sculean et al. 35 In brief, after treating the paraffin sections on slides at 60°C for 60 

min, slides were placed in fresh xylene overnight. The following day the slides were 

placed in a xylene senes for complete deparaffinization followed by rehydration in an 

ethanol series, and fmally in deionized water Sect1ons were washed in Tris-HCI buffer 

with 0.9% sodium chlonde and 0.025% Tnton X 100 (TBS-X, pH 7 4). For selected 

antibodies, antigen retrieval was performed us1ng a decloaking solution (Diva Decloaker, 

10X Biocare Medical) at 121 oc for 30sec in a decloaking chamber (Decloaking 

Chamber™, DC2002, B1ocare Medical). To block non-specific ant1body b1nding, sections 

were pre-incubated with 2 5% normal horse serum (NHS) or 10% normal goat serum 

(NGS) for 20 mm at room temperature in a hum1d chamber. 

For antigen detection in sections, primary antibodies and appropnate species- and 

immunoglobulin-matched b1otinylated or alkaline phosphatase-conjugated secondary 

antibodies from vanous commercial sources were used {Table 2) Appropnate dilutions 

were established emp1ncally using test sections Sect1ons were then mcubated with the 

primary polyclonal or monoclonal antibodies overnight at 4°C in a humidified chamber. 

Sections were then washed in TBS-X and then incubated with b1otmylated or alkaline 

phosphatase conJugated secondary antibodies for 1 hour at room temperature in a 

hum1d chamber 
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Appropnate dilutions and antigen retrieval conditions were determined with control 

tissues, and then tested on week 1 and week 2 specrmens Histochemical antigen 

locahzatron was carried out with appropriate peroxidase or alkaline phosphatase 

chromogen detection systems. Sections were then counterstained using an appropriate 

counterstain (hematoxylin or nuclear fast red). The slides were cover-slipped using 

appropriate mounting medium. The presence and distribution of antigen and the staining 

intensity was then evaluated by light microscopy. 



Table 2 Antibodies used for immunohistochemistry quantification 

MSC 
OSTEOPROGENITOR 

CELL 

CD90 

CD105 

CD73 

BONEUNING 
CELL PRE- SECRETORY 

OSTEOBLAST OSTEOBLAST ENDOTHELIAL 

OSTER IX OSTEOCALCIN CD34 
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Histometric and Histologic Analysis 

For the posterior sections an examiner performed the histometric analysis using 

incandescent light microscopy (BX 51 , Olympus America, Melville, NY, USA), a 

mrcroscope drgrtal camera system (Retrga 4000R Qlmaging, Burnaby, BC, Canada), and 

a PC-based image analysis system (Image-Pro Plusn.\ Media Cybernetrc, Silver Spring, 

MD, USA). The most central sections were stained with the Modified Masson Trichrome 

technique, then photographed at 1.25x magnification. A high magnification visual 

inspection of the sectron at the microscope was performed and used to guide selection, 

or highlighting, of mineralized bone tissue and new woven bone usrng Image-Pro Plus ™, 

software Selected tissue pixels were then saved as a separate image The original 

1.25x color photograph image of the posterior section (figure 3A) and the image of the 

mineralized bone (figure 38) were then overlaid using Photoshop® (Adobe Systems 

Incorporated, Santa Jose, CA. USA) (figure 3C) These images were then used to 

quantify defect percent bone fill withrn the defect and the total defect area (this was 

performed for the week 1 and week 2 animals). Next, a linear measurement (in 

millimeters) was performed to determine the extent of complete bone fill from the defect 

margin to a break or gap in the bone fill from the opposite bone defect or new bone (only 

week 2 animals were considered for thrs measurement since there was mrnimal bone 

formation in the week 1 anrmals). If no such gap existed then the entire length of the 

defect was recorded (frgure 4). Postenor sectrons were also used to determrne the total 

area of ectopic bone (which was defined as any bone located outside of the defect area 

and not including any resrdent bone) (figure 5) This ectopic bone was calculated as a 

sum of the total area of ectopic bone for each animal (only week 2 anrmals were 
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considered for th1s measurement since there was minimal ectop1c bone formation in the 

week 1 animals) 
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Figure 3 Postertor plasttc sectton composite 
Postenor plastic sect1on of emma/ 129 Week 2 20 pg per s1te dose stamed w1th the Modified Masson Trichrome 
techmque (A) Ongma/1 25x magmficatlon color photograph (B) Araa selected based upon p1xel color (C) Overtaymg of 
AandB 
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Resident 

volume Brain 

Figure 4 Measurement of linear bone fill 
The reg1on between the two edges of the res1dent bone contams new •regenerated• bone A lmear measurement was 
measured from the defect margm of one s1de of the bone to a •gap• m the bone If no such gap ex1sted (as m figure 3) 
then the ent1re length of the defect was recorded 



Blood 
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Figure 5 ldenl!flcat1on of structures in postenor section 

ACS carrier 
and 
connective 

Resident 
Bone 

Brain 
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Area htghllghted m blue represent the defect area or ttssue volume Bone volume was calculated as proporttonal to the 
area Ectopte bone was defined as any bone not includmg restdent bone that was located outstde of the defect area. 
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The newly formed bone was not a solid body, but was Interrupted by various gaps, 

indentations. etc To quantify the complex1ty of the shape of the new bone regions, the 

Mean Shape Index (MSI) and Area Weighted Mean Shape Index (AWMSI) was 

calculated for the week 2 animals. 36 MSI estimates the complexity of a shape at the 

level of local patches (discontinuous areas of bone within the defect area). whereas 

AWMSI takes into account the area of each patch, and weights the complexity 

measurement towards the larger areas36
. The following equations were used: 



36 

MSI = 2(0.25Pp/vAp) 
1 

N 

AWMSI = ~(0.25Pp/vAp6NAp ~ 
p 1 LAp 

p 1 

Equation 1 Means shape mdex (MSJ) and area weighted mean shape mdex (AWMSJ) 
MSI = Mean Shape Index N = Number of patches (bone). Pp = penmeter of the patch p Ap = area of the patch p, 
AWMSI =Ares We1ghted Mean Shape Index 
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For the anterior region the most central sections were stained with the Modified Masson 

Tnchrome technique (figure 6). An examiner performed a histometric analysis on these 

sect1ons usmg mcandescent light microscopy (Ax1ophot, One Ze1ss Dr Thornwood, NY 

10594), a microscope digital camera system (Axiocam MRc5, One Ze1ss Dr, Thornwood, 

NY 10594), and a PC-based image analysis system (BIOQUANT NOVA Prime Version 

6.90.1 0 MR, 5611 Ohio Avenue, Nashville, TN 37209). The sections were 

photographed at 20x magnification from defect border to defect border without taking 

overlapping photographs These 1mages were then Imported mto the 81oquant software 

where osteo1d and woven bone were selected based upon p1xel color and histology. 

The area of osteo1d/bone within the defect was then traced to represent the area of 

interest and the following parameters were determined using the software: bone volume 

(defined here as the area of osteoid/bone minus trabecular spaces; see Figure 7), tissue 

volume (defined here as the ent1re area surroundmg the osteo1d/bone as well as all 

trabecular spaces withm the bone, see Figure 8), trabecular thickness, trabecular 

separation, and trabecular number. The values obtained from 1mages in this portion of 

the data collection were then compiled grossly into three groupings or "zones" based 

upon where they were in the defect W1th1n the defect area, three groups of images 

were made Zone 1, the region closest to the defect margin. Zone 2 the m1ddle region of 

the defect half and Zone 3, the reg1on extendmg from the middle of the defect half to the 

center (Figure 9). These measurements were only performed for the 2 week specimens 

since there was only minimal osteoid/bone formation in the week 1 specimens. For final 

analysis these zones were averaged together to obtam one value per an1mal. 



Muscle 

Figure 6 Defmition of reg1ons within the antenor trichrome stained sect1ons 

Ectopic 
bone/osteoid 
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Reg1on colored m blue represents that whiCh is outs1de the defect area Any osteo1d or bone m th1s area would be 
cons1dered ectopiC. Region colored in green represent the defect area or t1ssue volume (TV) Any osteo1d or bone m th1s 
area 1s regenerated osteo1dlbone and would be used to calculate the bone volume (BV) Trebecular thickness. trabecular 
number, and trabecular separat1on were only calculated w1thm the defect area. Ectop1c bone was not calculated for the 
antenor sect1ons. 



39 

Figure 7 Definition of bone volume (BV) 
The image (A) 1s a v1ew of a tnchrome stamed slide with osteo1d and woven bone showmg as blue. Above the defect ACS 
and RBCs are observed On 1maga (B) the measured bone area or bone volume (BV) are delmeated by bemg highlighted 
m red Observe how trebecular spaces have been removed from the area for quanllfiC8tiOn of BV. 
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Figure 8 Defmition of ttssue volume (TV) 
Image (A) IS s v1ew of s tnchrome stamed slide w1th osteo1d and woven bone showmg as blue Above the defect ACS and 
RBCs sre observed Image (B) on the right the t1ssue volume or TV IS h1ghltghted m red See how the ent1re defect area 
1s taken mto consideret10n mc/udmg trabecular spaces. 
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Zone 3 

Figure 9 Defmitton of zones used for BVITV, Tb Sp, Tb. Th, and Tb. N 
The three colored zones represent the zones used to d1v1de the stamed trichrome sect1ons as well as the CD34 stamed 
sect1ons so that representatiVe areas m both spec1mens could be quantified The zones cons1sted of those closest to the 
defect margm (colored m blue). those in the m1ddle of the defect (colored in burgundy), and those between the m1ddle of 
the defect and bone margm (colored m green) 
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Immunohistochemical Staining 

Anterior paraffin sections were histologically and immuno-sta1ned w1th select markers for 

the clot, bone, connective and vascular tissues to help identify cell populations. PCNA 

was used to characterize active cell proliferation Ostenx was used as a relatively early 

marker of osteoblasts differentiation and osteocalcin was used as a late marker of 

secretory osteoblasts. 37 

Analysis was conducted by dividing the stained sections into four zones. Zone 1 began 

closest to the defect margin and then zones 2, 3, and 4 move sequentially towards the 

m1ddle of the defect (figure 1 0). For final analysis these zones were averaged together 

to obta1n one value per animal. 
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Figure 10 Definition of zones used for PCNA ostenx, and osteoclacm 
Analysts for PCNA ostenx and osteoca/cm was conducted by dtvtdmg the stamed secttons mto four zones Zone 1 
began closest to the defect margm and then zones 2. 3. and 4 move sequenttally towards the middle of the defect. 100 
cells were counted m each zone and the number of postttvely labeled cells per 100 cells counted was calculated This 
was performed for both week 1 and week 2 ammals 
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Slides were v1ewed under a microscope at BOx magnification and starting from the defect 

margin, positively labeled cells were counted as a rat1o of all cells until 1 00 total cells 

had been counted (both positively and negatively labeled cells) . This was performed 4 

t1mes (i.e. 400 cells per animal were counted for both week 1 an1mals and week 2 

animals) At the conclusion of counting 100 cells the view was moved further towards 

the middle of the defect. This was performed for PCNA, osterix, and osteocalcin (see 

Figure 11 , 12, and 13). 
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.. 

1 25 JJg per s1te Week 2 ammal161. PCNA labeled cells (nuclei) wen~ brown m color PCNA negative cells (nuclei) wen~ 
blue mcolor 



Osterix 
Postive Cell 

Figure 12 Example ostenx labeled cells 
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51Jg per s1te Week 2 ammal147 Ostenx labeled cells wem brown m color, partiCularly m the nuclei Ostenx negat1ve 
cells wem blue (nuclei) in color. 
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Figure 13 Example osteocalcin labeled cells 
20 pg per site Week 2 antmal 128. Osteoclacm labeled cells were brown in color Osteocalcm negatiVe cells were blue 
(nuclet) m color. 
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Vasculanzatlon was characterized via IHC staining with antibodies against CD34 and 

PECAM, as well as a commercially available lectin stain (Biotinylated Griffonia 

[Bande1raea] Simplicifolia Lectin I lsolectin B4, Vector Laboratories, Inc. Burlingame, 

CA). CD34-stained images were used to quantify vascularity. CD34 specimens were 

analyzed with a polarized light microscopy (BX 51 , Olympus America), a microscope 

digital camera system (Retiga 4000R Qlmaging, Burnaby, BC, Canada), and CD34 

labeled blood vessels that were circular or oval in shape as well as possessing a lumen 

and lined by endothelial cells were traced with a PC based image analysis system 

(Image-Pro Plus™, Media Cybernetic, Silver Spring, MD, USA) (Figure 14). Next, the 

Circumference, diameter of the blood vessels, and number of blood vessels was 

recorded for each week 2 animal. The defect area was also recorded. From this 

mformat1on blood vessel diameter, average blood vessel diameter, the sum of the 

circumferences, the average circumference, the sum of the areas of the blood vessels, 

and the average blood vessel area were determmed. Additionally, 1t was determined that 

in order to compare changes in the vascularity a way to calculate how much blood 

supply per unit area was needed. 
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Figure 14 Example CD34 stained sectiOns 
Ammal 161 from the 1 25 pg per site BMP-2 dose group week 2 (A) CD34 labeled blood vessels that were circular or 
oval m shape as well as possessmg a lumen and lmed by endothelial cells were treced With the computer software (B) 
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Thus, the total Circumferences of the blood vessels per defect area obtained from the 

CD34 stamed week 2 sections were div1ded by the available area for blood vessels to 

form (i.e., the non-bone area derived from both the week 2 anterior trichrome stained 

sections and postenor trichrome stained sections) This allowed for a measurement of 

the total blood vessel circumference per unit area (proportional to exchange area per 

unit soft tissue volume) to be calculated by comparing the circumferences of the blood 

vessels in any given area (derived from the CD34 stained sections) to the amount of 

tissue not occupied by bone (derived from the anterior and posterior trichrome stained 

sections) This data was calculated by using the follow1ng equation· 
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(Circumference sum x 1 000) 

( 1 - ( [ ~~l~JJ J 

Equation 2 Total vessel circumference/ umt defect soft t1ssue area (mm-1) 
Circumference sum wes denved from the CD34 data BVIDV was the bone volume divided by the defect volume from the 
postenor trichrome sect1ons BV/TV was the bone volume d1vided by the t1ssue volume denved from the antenor 
tnchrome stamed sectiOns 



52 

Fmally, m order to determine the presence of MSC within the defect area IHC was 

characterized via IHC staining with CD105, CD73, and CD 90. These markers were 

chosen because in order for a cell to be considered a MSC it should express all three of 

these markers. 

Statistical Analysis 

The statistical analysis was performed using Stata (version 11 .2, College Station, Tx). 

Fractional polynomial regressions were used to model the relationship between BMP-2 

dose and various outcomes variables. A second degree polynomial was calculated and 

the best fit among 44 models was used. The best powers of dose and the r-square were 

estimated and reported. Sham-surgery group was not Included m the statistical analysis. 



RESULTS 

Histological Observations 

Week 1 Histology 

Sham-surgery Week 1 Animal 185 ACS control Week 1 Anrmal 178 

1 25 IJ9 per s1te Week 1 Animal 228 2.5 1J9 per s1te Week 1 An1mal 219 

5 IJ9 per site Week 1 Animal 211 10 IJ9 per site Week 1 Animal 204 
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20 IJ9 per site Week 1 Animal 195 

Figure 15 Week 1 anterior trichrome stained spec1mens 
When present, osteo1d was located along the borders of the residual bone and along the base of the defect, apparently 
formmg on the res1dual dure Ostaoblasts could be VIsualized lmmg the ACS and forming bona upon 11 ACS was colored 
a lighter hue of blue and could be distinguished from the darl<ar osteo1d based upon color and hiStology 
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A light microscopy analysts of the modified Masons trtchrome stained anterior sections 

was performed to obtain a broad overview of early cellular events tn calvarial 

regeneratton Representative examples of 1 week spectmens can be seen in figure 15. 

The crttical stzed defect can be visualized in the center of the specimen, bordered on 

both sides by resident bone (stained red). In between the edges of the resident bone 

(and thus within the defect volume) is material stained different hues of blue 

representative of forming osteoid/new woven bone, ACS, as well as resi<;Jual clot and 

reparative connective tissue. Remaining red blood cells stain a brownish color. When 

present, osteoid was located along the borders of the residual bone and along the base 

of the defect, apparently forming on the residual dura. Osteoblasts could be visualized 

lining the ACS and forming bone upon tt ACS was colored a lighter blue and could be 

disttngUtshed from the darker osteoid based upon color and htstology. At either sham

surgery or ACS control (and lower doses of BMP-2), ltttle if any osteoid was observed in 

the defect at week. 

At both sham-surgery and ACS control , little if any osteoid/new bone was observed (see 

figure 16); if present, it was located upon the resident bone edges of the defect. At 

htgher doses, most animals within the same group formed osteoid/woven bone in a 

stmilar amount and location when compared to one another, indicating a consistent 

pattern of response between individuals. The 1 25 IJg per site dose appeared to induce 

formation of less osteoid/new bone than the 2 5 - 20 IJg per site doses. 
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Figure 16 Sham-surgery Week 1 Amma/184 
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L1ttle 1f any osteo1d or bone was found formmg in the Week 1 sham-surgery ammals Red blood cells representing the 
res1dual clot can be observed (browmsh color at superior port1on of ptcture). 
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Week 2 Histology 

Sham-surgery Week 2 Animal121 ACS control Week 2 Animal 170 

1 25 IJ9 per site Week 2 Animal 163 2 5 IJ9 per site Week 2 Animal 152 

5 1J9 per site Week 2 Animal 146 1 0 IJQ per s1te Week 2 Animal 138 
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20 IJ9 per site Week 2 Animal 127 

Figure 17 Week two anterior trichrome stained spectmens 
Cons1stent w1th the 1 week observations. at two weeks defects treated w1th 2 5-20ug doses appeared wsually to have 
formed more osteo1dlwoven bone than the 1 25 J.Jg defects and sham-surgery and ACS control surgeries 
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S1gn1ficantly more osteoid/woven bone was apparent in the trichrome sections of week 2 

spec1mens (see figure 17). Residual ACS was still present, as well as minor amounts of 

RBCs left from the original blood clot (see figure 18) Blood vessels could be 

dist1ngu1shed by their circular appearance, as well as their lining with endothelial cells 

forming a lumen with RBCs present within (see figure 19). With increases in BMP-2 

dose osteoid was found filling the defect area, along w1th residual ACS lined with 

osteoblasts. 
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Red 
Blood ~~-..~.:;..•;.,.;;;irfl~llllllll~ 
Cells 
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Base of Defect 

Figure 18 5 J.19 per site Week 2 Amma/147 
From th1s 20x 1mage differences m the structure of the ACS and osteo1dlwoven bone can be v1sualtzed ACS has a lighter 
hue of blue as well as bemg free of osteocytes w1thm lacunae (as IS the case w1th the osteo1dlwoven bone) Red blood 
cells makmg up the residual clot are a recVbrown color and are mtertwmed between the layers of the ACS Osteoblasts 
can be v1sua1tzed lmmg the newly formed bone 
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Figure 19 10 pg per site Week 2 Anima/136 
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Osteoid/ 
Woven 
Bone 

Red 
..,.i"!"ii~ll"-!.-....... _ Blood 

Cells 

Resident 
Bone 

A blood vessel can be obseNed m the center of the 1mage The blood vessel 1s withm the defect area adjacent to the 
res1dent bone lmmg the defect margin The blood vessel1s circular m appearance and filled w1th red blood cells. 
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As 1n the week 1 specimens, the regenerative osteoid/woven bone fill appeared to 

ongmate from the base of the resident bone adjacent to the defect, travelling along the 

dura or base of the defect, moving centrally unt1l there was a union between the two 

growing fronts of regenerative tissue. Once aga1n, osteoid was scarcely found in either 

the sham-surgery and ACS control spec1mens and when present only lined the resident 

bone that formed the borders of the defect (see figure 20). Little, if any, measurements 

could be made for the sham-surgery specimens in any of our assays (bone/osteoid 

formation, PCNA, ectopic bone formation , etc) and for this reason the sham-surgery 

specimens were not analyzed quantitatively As 1n the week 1 spec1mens, the amount 

and location of osteoid/woven bone format1on appeared relatively similar between 

animals in each of the week 2 groups Again, all animals (w1th one exception) appeared 

to respond 1n a similar fashion to the increasing BMP-2 doses Consistent with the 1 

week observations, at two weeks defects treated with 2 5 - 20 1-1g per site doses 

appeared visually to have formed more osteoid/woven bone than the 1.25 1-1g per site 

defects. 
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Figure 20 Sham-surgery Week 2 Anima/119 
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Osteo1d was scarcely found in the sham-surgery spec1mens and whan present only lmed the reSident bone that formed 
the borders of the defect Little. 1f any, measurements could ba made for the sham-surgery spec1mens m any of our 
assays (bonelosteo1d format1on. PCNA. ectopiC bone formation, etc) and for th1s reason sham-surgery specimens were 
not analyzed quantitatively 
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Figure 21 2. 5 pg per site Week 2 Amma/154 
W1th one except1on (emma/ #154) ammals w1thm each treatment group appeared to respond m a Similar fashion to the 
mcreasmg BMP-2 doses Ammal number 154 gave an aberrantly strong response wh1ch was bome out by stallsticel 
analySIS and was om1tted from our stud1es 
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A major exception to this consistency was seen in animal #154 from the week 2 2.5 IJg 

per s1te dose group (figure 21 ). This spec1men was found to have dramatically more 

osteo1d/ woven bone formation than any other specimen in the study Blue osteoid/new 

bone can be observed filling the entire defect space as well as superior to the defect. 

Also, significant amounts of ectopic bone can be seen above the resident bone. Due to 

the outbred nature of our animals a certain degree of variability was expected in our 

results. 

Quantification of Bone Formation 

To obtam an Initial quantification of the amount of bone formation in each treatment 

group, the linear extent of bone filling from the defect marg1ns was determined in the 2 

week postenor plastic embedded sections These sections, rather than paraffin 

sections, were utilized because they show much less linear distortion due to processing, 

thus providing a more accurate measure. The total length of continuous osteoid/bone 

that formed from each defect margin until a gap or a non-union was reached was 

measured, and results averaged between the four animals in each group. Any 

discontinuous islands of osteoid/bone were not counted. If no gap existed then the 

defect was recorded as filled and the entire span of bone was recorded. In animal #154, 

bone formation was much greater (>2 standard dev1at1ons) than the other three animals 

in the group for this (and all other) measures, and showed unusual histology. Therefore, 

th1s animal, which appeared to be a hyper-responder, was excluded from all quantitative 

analyses 
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The Iota/length of contmuous osteoid/bone that formed from each defect margm until a gap or a non-union was reached 
was measured. and results averaged between the four animals m each group These results were obtamed from the 
week 2 tnchrome stamed plastiC embedded specimens Any discontmuous ISlands of osteo1d/bone were not counted If 
no gap ex1sted then the defect was recorded as filled and the ent1re span of bone was recorded ACS control IS plotted as 
0 BMP-2 dose Stat1st1cal analySis software was used to create a best fit curve usmg sp/mes The gray area shows the 
95% confidence mterval 
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Consistent with histological observation 1n the antenor sections, the total amount of 

hnear bone fill from the defect margins was e1ther zero or neghg1ble tn the sham-surgery 

specimens Figure 23 (A) represents a defect (An1mal 161) treated with a dose of 1 25 

J.Jg per s1te BMP-2. Only small amounts of bone can be seen along the margins. 

However, at the 2.5 J.Jg per site dose and above the amount of bone fill increases with 

the BMP-2 dose. A peak dosage effect was observed around 10 J.Jg per site with around 

a 4 5 mm average linear defect fill , or a little over half filled . Figure 23 (B) represents a 

defect that was treated with ACS and a dose of 20 J.Jg per site BMP-2 (the maximum 

dose tested) . The amount of linear bone fill IS complete in this antmal; it extends from 

one defect marg1n to the opposite There are no obv1ous gaps in the bone and thus the 

entire defect can be considered "filled .· 

Thus, the shape of the curve relating the length of new osteoid/bone to dose (Figure 22) 

1s consistent with a peak effect: at zero BMP-2 dose (as in the ACS control) or at low 

doses of BMP-2 small amounts (if any) m1nerahzed bone formed originating from the 

resident bone and extending along the underlying dura. However, at increasing doses 

more and more mineralized tissue is observed "growing" out further and further towards 

the central portion of our defect until the two lead1ng edges meet (in some cases) and on 

average BMP-2 levels above the 10 J.Jg per site dose of BMP-2 do not result tn greater 

linear closure of the defect by two weeks 
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Figure 23 No lmear bone fill vs complete lmear bone fill 
(A) 1 25 pg per s1te Week 2 Amma/161 note no lmear bone fill (B) 20 pg per s1te Week 2 Amma/129. note complete 
bone fil/mg the defect from one Side of the defect to the other. 
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It should be noted that although the defect shown 1n figure 23 (B) could be considered 

"filled" in that the defect no longer has a gap 1n the bone, the complete height of 

removed bone has not been replaced That is the volume of m1ssmg bone has not been 

regenerated completely. To further quantify the amount of osteoid/bone formed in 

response to BMP-2, the area of osteoid/bone in the defect was measured in the 1 and 2 

week posterior plastic embedded specimens Th1s value, expressed as a ratio to the 

area of the bone defect (the curved area between the walls of the defect and the inner 

and outer resident bone surfaces) is proportional to the amount of bone formed, ignoring 

trabecular spaces and surface discontinuities 
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The eree of osteoidl\voven bone m the defect wes meesured m the 1 end 2 week tnchrome starned postenor plastiC 
embedded speCimens nus value was expressed es a retro to the aree of the bone defect (the curved aree between the 
wells of the defect end the mner end outer resrdent bone surfeces) , th1s velue IS proportronal to the crude amount of bone 
formed Bone erea was calculated for each ammal m each dose These values were then averaged (N=4 except for 2 5 
pg per s1te dose, where N=3 due to excluSion of ammal #154) 
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At one week, negligible osteoid has formed 1n e1ther the sham-surgery or ACS control, 

while small amounts had begun to form 1n the presence of BMP-2 (a small spike was 

observed at the 1.25 IJg per site dose, however, at its height only 6% of the defect 1s 

filled) , Without any significant difference between doses (F1gure 24 A). By week 2, 

consistent with the measurement of linear defect fill, significant amounts of osteoid/bone 

formation were evident at BMP-2 doses of 10 IJg per site or higher, while only small 

amounts were evident at 1.25 IJg per site or 1n either the sham-surgery or ACS control 

animals (Figure 24 B). Also, as was observed for the linear defect fill , at doses of BMP-2 

above 1 0 1-1g per site a flat response was observed follow1ng the observed peak. This 

suggested that above a threshold BMP-2 dose of about 10 IJg per site dose, BMP-2 did 

not affect the total amount of bone formed by 2 weeks 

As for regenerative osteoid/woven bone formation within the defect, ectopic 

osteo1d/woven bone formation (bone formed outs1de of the defect area) was negligible at 

week 1 However, ectopic osteoid/woven bone formation was observed at week 2. As 

can be seen in Figure 25, just as in the case of the bone area formed in the defect area, 

a threshold affect of ectopic bone seems to exist at the 5 to 1 0 IJg per site dose. Thus, 

after this increasing the dose of BMP-2 does not increase the area of ectopic bone 

formed. 
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Average Sum of ectopiC bone Average sum of the ectopiC bone srsss for week 2 ammsls EctopiC bone srsa was 
calculated for each smmsl separately from the week 2 tnchrome stamed postenor embedded speamens Then these 
arsss wars averaged together for each dose 
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Evaluation of New Osteoid/bone Shape Complexity 

To further evaluate the configuration of the bone d1stnbut1on 1n the defect space, the 

mean shape 1ndex and area weighted mean shape index were determined for each 

treatment group. The mean shape index is a measure of the average complexity of each 

individual "patch" of osteoid/ woven bone, regardless of size, whereas the area weighted 

index is a measure of the overall shape complexity within the whole defect. For 

companson, a circle has a shape index of 0.92, a square 1, a 5x1 rectangle, 1.34, a 

short 4 point star 1.29, a long 4 point star 2.67, etc Once agam the results for MSI and 

AWMSI were obtained from the week 2 data gathered from the posterior sections. 
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The mean shape 1ndex (MSI) 1s a measure of the complexity and extent of the osteo1dlbone configuration around each 
indiVIdual regiOn. or patch. regardless of Size. These results were obtamed from the week 2 tnchrome stamed plastiC 
embedded spec1mens 
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AWMSI1s a measure of romplexity and extent w1thm the whole defect These results were obtamed from the week 2 
tnchrome stemed plastiC embedded spec1mens 
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Results from MSI were represented by a flat line observed in Figure 26 between 1 and 

1.5 (see Figure 26). This indicated that there was no change tn patch shape complexity 

with dose when evaluating the MSI. However, AWMSI demonstrated that with increasing 

doses the complexity within the entire defect showed a trend to increase with dose (see 

Figure 27). Th1s trend suggests that w1th Increasing doses, the complexity of the shape 

of the bone roughly doubles. In other words, the bone has more nooks and crannies. 

These results are consistent with BMP-2 inducing a few large patches of bone with a 

modestly 1ncreased shape complexity at h1gher BMP-2 dose, and substantially smaller 

patches that show no increase 1n shape complexity with dose That is, the overall 

complex1ty of the shape of the new bone-the pattern of the contour between osteoid 

and trabecular spaces-did not change markedly w1th increas1ng dose 

Measurement of Bone Parameters 

Next, tn order to evaluate the quality of bone formed, bone parameters were determined 

from the 2 week anterior trichrome-stained sections. As was the case with the posterior 

stained sections the defect area was the area where the original calvarial bone existed 

and ectop1c was any bone that formed above the defect area (see Figure 6). The BVfTV 

measurement determines the proportion of space within regions comprised of 

osteo1d/bone t1ssue that is occupied by osteo1d/bone (i.e., excludtng trabecular spaces) 

(This measure is distinct from the rat1o determined from the postenor sections, where the 

regenerated bone area was compared with the total defect area.) 
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Figure 28 BVITV results 
Bone volume (BV) IS the area of bone w1thm the t1ssue volume (TV) The above greph represents BV/TV from the week 2 
tnchrome stemed paraffin embedded anterior spec1mens The BV/TV measurement determmes the proport1on of space 
w1thm rag1ons compnsed of osteoid/bone t1ssue that is occup1ed by osteo1dlbone (i.e . excludmg trabecular spaces) 
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The BVfTV rat1o once again presented w1th a peak of bone density around 50% at 5 to 

10 IJg per s1te after which a modest decline IS observed at higher BMP-2 doses (see 

Figure 28). That is, whatever the amount or configuration of bone formed within different 

reg1ons of the defect, the proportion of mineralizing non-mmeralizing tissue within the 

bone was consistent with the results obtained for percent defect fill from the week 2 

observations (see Figure 24 B). These results are also consistent with the relative 

independence of shape complexity versus dose seen in the posterior sections. 

To examine the microscopic anatomy of the regenerative bone. trabecular thickness (the 

mean width of the osteoid/woven bone spans within the formmg bone) was the next 

vanable to be measured. 



Figure 29 Trabecular thickness {Tb Th) results 
Trabecular th1cl<ness (Tb Th) raprasent the th1clc.ness of the trabeculae prasent m the spec,nen The above graphs 
raprasent Tb Th from the week 2 tnchrome stamed antenor spec1mens 
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The Tb Th was independent of the BMP-2 dose (see Figure 29). That is, no matter what 

dose of BMP-2 used there appears to be no affect on the overall thickness of the 

ind1v1dual trabeculae. Thus, on a m1croscop1c level BMP-2 does not affect this bone 

quality parameter. 

The next measurement to be considered was trabecular separation. This measurement 

represents the mean distance from one trabecular spar to the next within the bone; the 

smaller the spacing the denser the bone (i .e. less unm1neralized space). 
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Trabecular spacmg (Tb Sp) raprasent the d1stance between one trabeculum to the next Less spacmg would y1eld denser 
bone The above graphs raprasent Tb.Sp from the week 2 tnchrome stamed antenor spec1mens 
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The Tb.Sp was independent of the BMP-2 dose (see Figure 30). That is, no matter what 

dose of BMP-2 used there appears to be no affect on the overall spacing of the 

individual trabeculae. Thus, on a mrcroscopic level BMP-2 dose does not yield bone with 

greater or lower porosities or spaces of unmineralized tissue than that observed in bone 

regenerated by ACS only. 

The third and final measurement of bone complexity was trabecular number (Tb.N). 

Tb.N measures the number of trabeculae per unit length. It is derived mathematically 

from Tb.Th and Tb.Sp. 
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Trabecular number {Tb N) reprasent the actual number of trabecula prasent m a given araa. It IS determined from Tb Th 
and Tb Sp The above graphs raprasent Tb.N from the week 2 trichrome stamed antenor spec1mens 
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As was expected the Tb.N between the different doses and within the different zones 

was independent of the BMP-2 dose (see F1gure 31) Th1s once again affirms the 

observation that BMP-2 dose does not change the m1croscop1c structure of the bone. 

Effect of BMP-2 on Vascular Tissue 

Data presented thus far are consistent with the dose of BMP-2 having no effect upon the 

microscopic structure of the bone itself. Next, we sought to determine if BMP-2 has an 

effect on the vasculature of the defect area of the week 2 specimens. For these 

measurements, just as in the case of the prev1ous spec1mens the defect area was 

defined as the area where the ongmal calvanal bone existed The first, and perhaps 

easiest, vanable that was examined was simple blood vessel number within the defect 

area. 
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Figure 32 Number of blood vessels results 
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Week 2 CD34 labeled blood vessels wtthm the defect area that were Circular or oval m shape as well as possessing a 
lumen end lmed by endothelial cells were counted to obtem the number of blood vessels Wlthm the defect area 
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A small spike 1n the number of blood vessels was observed at the 1.25 IJg per site dose, 

however, for all other doses of BMP-2 1t appears that increas1ng the dose of BMP-2 does 

not have a pathologic effect upon the number of blood vessels present within the defect 

area by week 2 (see Figure 32). However, BMP-2 d1d appear to induce blood vessel 

formation , either directly or indirectly, relative to ACS control 

The next parameter to be examined was the mean blood vessel width (J.Jm) within the 

area previously occupied by the original calvanal bone. Blood vessel width represents 

the diameter of the individual blood vessels. 
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Week 2 CD34 labeled blood vessels w1thm the defect area that were Circular or oval m shape as well as possessing a 
lumen and lmed by endothelial cells were counted to obtam the number of blood vessels w1thm the defect area Next the 
d1ameter (pm) was calculated for each blood vessel obtamed from the blood vessel count 
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In regards to blood vessel width or diameter a trend for a modest roughly 50% increase 

in the blood vessel diameter with increasing dose was observed (see figure 33) 

The funct1on of angiogenesis at the wound site is to provide blood vessels that can bring 

in nutrients and oxygen and remove waste from the active cell population. Thus, it was 

dec1ded that a way was needed to calculate how much blood supply there was per unit 

of defect area soft tissue (i.e., excluding forming bone regions which are avascular). The 

total vascular circumference is proportional to the vascular surface area, which is to say 

the area through which nutrients could be delivered in soft tissue. The greater the area 

the more nutnent delivery. Thus, the total Circumferences of the blood vessels per defect 

area obtained from the CD34 sta1ned week 2 sect1ons were d1v1ded by the available area 

for blood vessels to form (i.e., the non-bone area denved from both the week 2 anterior 

trichrome stamed sect1ons and posterior trichrome sta1ned sect1ons, see Equation 2). 

This allowed for a measurement of the total blood vessel Circumference per unit area 

(proportional to exchange area per unit soft tissue volume) to be calculated by 

comparing the circumferences of the blood vessels in any given area (derived from the 

CD34 stained sections) to the amount of tissue not occup1ed by bone (derived from the 

antenor and posterior trichrome stained sect1ons). 
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The tote/ Circumferences of the blood vessels per defect eree obtained from the CD34 stemed week 2 sections were 
d1v1ded by the evellable area for blood vessels to form (1 e • the non-bone eree denved from both the week 2 antenor 
tnchrome stamed sect1ons end postenor tnchrome ste1ned sections see Equet1on 2) 
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As can be seen from the above results (F1gure 34). BMP-2 dose does appear to have an 

effect on the vasculature in a dose response manner. BMP-2 appears to induce 

ang1ogenes1s associated with bone formation , with a peak at around 5 ~g per site dose. 

This IS consistent with bone formation and angiogenesis proceeding in a coordinated 

manner 

Effect of BMP-2 Dose on Cell Proliferation and Osteogenic Cell Populations 

Characterization of PCNA, osteocalcin, and osterix express1on in cell populations was 

performed v1a IHC. Analysis was conducted by d1v1d1ng the sta1ned sect1ons into four 

zones Zone 1 began closest to the defect marg1n and then zones 2, 3, and 4 move 

sequentially towards the middle of the defect These zones were then averaged together 

to obtain one result per animal that was then averaged within each dosing group. 
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Figure 35 PCNA results week 1 
PCNA was used to measure the amount of cell repllcatiOfl occumng w1thm the defect Slides were v1ewed under a 
mteroscope at BOx magmficat1on and startmg from the defect marpm, poStt1ve/y labeled cells for PCNA were counted as a 
ret10 of all cells unt11100 total cells had been counted (both poSJtNe/y end negatNe/y labeled cells) . Th1s was performed 4 
t1mes (re 400 cells per ammal were counted for both week 1 ammals and week 2 ammals). At the concluSion of countmg 
100 cells the v1ew was moved further towards the middle of the defect thus g1vmg four separate zones of cell popu/at1ons 
These four zones where then averaged together to obtam one result per emma/ that was then averaged within each 
dosmg group 
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PCNA was used to identify active cell proliferation Upon evaluation of the week 1 PCNA 

counts for all an1mals 1t appears that differing doses of BMP-2 have no effect upon the 

rate of cell d1vis1on at week 1: cells appear to be d1v1d1ng at a h1gh rate (see Figure 35). 

Next, the 1dent1ty of cells in the defect space at week 1 was exam~ned us1ng osteogemc 

markers. 
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Ostenx was used as a relatiVely early marker for the osteoblast lineage Slides were v1ewed under a miCrOscope at BOx 
magmfiCBIIOn and stert1ng from the defect margm. pos1t1Ve/y labeled cells for ostenx were counted as a ratiO of all cells 
untl/100 total cells had been counted (both positiVely and nagetiVe/y labeled cells) Th1s was perfonned 4 t1mes (re. 400 
cells per emma/ were counted for both week 1 ammals and week 2 ammals) At the concluSIOn of counting 100 cells the 
vtew was moved further towards the mtddle of the defect thus gNtng four separate zones of cell populaltons These four 
zones where then averaged together to obtam one result per emma/ that was then averaged wtthm each dosmg group. 
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The osterix data 1nd1cated a peak in the ostenx pos1t1ve cells at a 1 0 IJg per site dose. 

That is. by one week the optimum dose of BMP-2 g1v1ng the max1mal population of 

osteoblast lineage cells is between 5-10ug per s1te, w1th fewer cells at lower or higher 

doses at th1s dosage point. 

The decrease 1n the proportion of Osx-pos1t1ve cells at the highest BMP-2 doses could 

have been the result of BMP-2 accelerated differentiation, or inhibition of Osx-negative 

pre-osteoblast differentiation. 
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Figure 37 Osteocalcin results week 1
Osteocalcin was used as a relatively late marker for the osteoblast lineage. Slides were viewed under a microscope at

80x magnification and starting from the defect margin, positively labeled cells for osteocalcin were counted as a ratio of all
cells until 100 total cells had been counted (both positively and negatively labeled cells). This was performed 4 times (i.e.

400 cells per animal were counted for both week 1 animals and week 2 animals). At the conclusion of counting 100 cells

the view was moved further towards the middle of the defect thus giving four separate zones of cell populations. These

four zones where then averaged together to obtain one result per animal which was then averaged within each dosing

group.
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Osteocalc1n was used as a marker for cells late 1n the osteoblast lineage. What is 

Important to note here is the peak in the osteocalcin at the 2 5 to 5 IJg per site dose (see 

Figure 37). At doses h1gher than 5 IJg per site dose it appears that either not as many 

cells are entering the osteoblast lineage or these cells have already progressed beyond 

the early stages of the osteoblast lineage and have either become bone lining cells, 

osteocytes, or died via apoptosis. 



0 co 

0 
<D 

0 
C\1 

0 

PCNA 
Week2 

.~--~~--~----~----• 

• 

0 1.25 2.5 5 10 
Dose {ug) 

20 

Fractional polynom•al (·1 3) 

A·square = 0.7801 

Figure 38 PCNA results week 2 
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PCNA was used to measurs the amount of cell replteatKm occumng w1thm the defect SlideS wers viewed under a 
m1croscope at BOx magmficat10n and start1ng from the defect margm, pos1tNe/y labeled cells for PCNA wers counted as a 
rst1o of all cells untll100 total cells had been counted (both poSitiVely and nagatNe/y labeled cells) Th1s was performed 4 
t1mes (1 e 400 cells per ammal wers counted for both week 1 ammals and week 2 ammals) At the concluSion of counllng 
100 cells tha v1ew was moved further towards the m1ddle of the defect thus g1vmg four separste zones of cell populallons 
These four zones whers then averaged together to obtam one rssult per ammal wh1ch was then averaged w1thm each 
dosmggroup 
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The PCNA data from the week two ammals shows an interestmg trend downwards (see 

Figure 38). There is a dose dependent decrease 1n PCNA activity. Thus, at higher doses 

of BMP-2 fewer cells are actively dividing when compared to lower doses of BMP-2. This 

is even more apparent when comparing the higher BMP-2 doses (1 e 20 IJg per site) to 

the ACS control. 
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Figure 39 Ostenx results week 2 
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Ostenx was used as a ralattVe/y early marl<er for the osteoblast lmeage Slides were v1ewed under a microscope at BOx 
magmflcat1on and start1ng from the defect margm, positiVely labeled cells for ostenx were counted as a rat10 of all cells 
unll/100 total cells had been counted (both posJt1ve/y and negatively labeled cells) ThiS was performed 4 times (re . 400 
cells per ammal were counted for both week 1 ammals and week 2 ammals) At the conclus1on of countmg 100 cells the 
vtew was moved further towards the m1ddle of the defect thus giVIng four separate zones of cell populations These four 
zones where then averaged together to obtam one result per ammal whiCh was then averaged w1thm each doSing group 
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Ostenx 1s an early-m1d differentiation marker for cells in the osteoblast lineage. It 

appears that the peak previously observed 1n the week 1 animals (see Figure 36) at the 

higher doses has subsided and shifted to the left Cells that rece1ved the higher dose 

had potentially differentiated with reduced ostenx express1on, while cells receiving the 

lower dose (i e. 1.25, 2.5, and 5 IJg per s1te) had still not differentiated and retained 

osterix expression. 
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Figure 40 Osteocalcin results week 2 
Osteocslcm was used as a relattv8/y late marker for the osteoblast lmeage Slides were v1ewed under a miCroscope at 
BOx magmflcat10n and start1ng from the defect margm. pos1tNe/y labeled cells for osteocalcm were counted as a rat1o of all 
cells unll/100 total cells had been counted (both pos1t1ve/y and negat1ve/y labeled cells) ThiS was performed 41/mes (i.e 
400 cells per emma/ were counted for both week 1 ammals and week 2 ammals). At the conc/us1on of counting 100 cells 
the VIew was moved further towards the m1ddle of the defect thus g1v1ng four separate zones of cell populat1ons These 
four zones where then averaged together to obtam one result per emma/ whiCh was then averaged w1thm each dosmg 
group 
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In companson to the Osteocalcin results from the week 1 animals (see Figure 37) the 

week 2 graphs (Figure 40) appear to be shifted to the left similar to what was viewed 

between the week 1 and week 2 osterix results That is, since osteocalcin is a marker for 

cells that are observed late in the osteoblast cell lineage it would appear that a greater 

proportion of cells entenng the late stages of differentiation mto osteoblasts is occurring 

at lower doses of BMP-2 at week 2. Th1s is consistent with the interpretation of the 

osterix data at 2 weeks showing fewer cells early in the lineage at higher doses. 

For the evaluation of the presence of MSC cells, CD1 05, CD90, and CD73 were used as 

immunohistochemical markers. In order for a cell to be considered a MSC it must at 

least be positive for all three of these markers. Thus, one animal representative of each 

BMP-2 dose for both week 1 and week 2 was used in order to examine the presence of 

these markers Upon staining with CD1 05 and CD90 it became apparent that these two 

cell populations were not within the same VICinity of one another Thus, these cells would 

not pass this test of being MSC. CD73 was also tested in our spec1mens, however, no 

positive signal was obtained at any antibody concentration. 



DISCUSSION 

In an effort to mvest1gate the complex interaction of BMP-2 on early wound healing 

events the rat critical-size calvarial model was chqsen. Fifty-six an1mals were utilized for 

th1s study, and the animals were randomized into 7 treatment groups exposed to 

different levels of BMP-2 or controls (Table 1). Animals were sacrificed at 1 and 2 weeks 

for analysis by histological and 1mmunoh1stochem1cal sta1mng and light microscopy. 

Three hypotheses were developed for testing that related the effects of increasing doses 

of BMP-2 on bone formation, local and recru1ted osteoprogenitor cells, and 

vascularization 

The first hypothesis stated that there was an opt1mal dose of BMP-2 for calvarial bone 

regeneration that results from a combination of its effects on osteoblast formation from 

local and recruited progenitors, and on vasculanzat1on Yasko et a/. 1992, studied 

regeneration in a rat femoral endochrondral bone model using demineralized rat bone 

matnx as a carrier but with only two doses and they only looked at clinical outcomes not 

cellular events Wang studied regeneration 1n a rat ectopic model using varying doses of 

BMP-2 These researchers found that not only d1d mcreasing doses of BMP-2 induce 

bone formation in a dose response manner, 28 but also that the time at which bone 

format1on actually occurred was also dependent on BMP-2 dose and that at higher 

doses format1on could be observed sooner 29 Results presented here (Figure 248 and 

F1gure 28) have extended these studies usmg a craniofacial regeneration model and 
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have provided information on early cellular events The results at Week 2 from both the 

antenor and postenor sections are cons1stent with an optimal dose of around 5 to 1 0 ~g 

per site. Thus, a dose response was noted for BMP-2 cons1stent w1th the first part of 

hypothesis #1 . Th1s opt1mum was also consistent w1th the peak in osterix positive 

osteoprogen1tor cells (see below) and coordinated angiogenesis, suggesting that 

hypothesis #1 was likely correct; the opt1mum dose resulted from an effect on the 

regenerative osteoblast population and blood vessel formation 

An optimum suggests more BMP-2 isn't necessanly better In terms of hypothesis #2, it 

was attempted to determme if high doses of BMP-2 would cause significant abnormal 

vascularization, and a Significant reduct1on in osteogenic progenitor cell division, 

producing reduced amounts of bone of abnormal quality. With increasing doses of BMP-

2 up to about 5 ~g per s1te there 1s an increase in the vascular supply to the soft tissue 

regions of forming bone (Figure 34), cons1stent w1th increasmg support for bone 

format1on that rises in parallel through this dosage range No evidence was found for a 

dramatic alteration in vascularization at high BMP-2 doses; however, there are 

ind1cat1ons of a trend to a modest increase 1n blood vessel diameter and vascular supply 

at higher doses. These effects, m combination w1th Increased BMP-2 induced vascular 

leakage, could well explain seroma formation at high BMP-2 doses In terms of 

Increasing doses of BMP-2 caus1ng Significant reduct1on m osteogenic progenitor cell 

div1s1on thereby producmg reduced amounts of bone of abnormal quality, our quantat1ve 

histological examination prov1ded no evidence for a marked decrease in bone formation 

or increase in bone abnormalities up to the highest dose tested (20 ~g/s1te) If such 
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abnormalities do occur (as predicted by hypothesis #2), higher concentrations would 

need to be examined to test this. 

PCNA stained slides Week 1 revealed BMP-2 had no affect on the overall rate of cell 

division (Figure 35) In contrast, PCNA stained slides at Week 2 (Figure 38) showed that 

with increasing doses of BMP-2 there was a marked decrease in the proportion of PCNA 

positive cells . It must be kept in mind that PCNA is a marker for all dividing cells. So 

whatever population of cells making up the contents of the defect (be it pre-fibroblasts, 

pre-osteoblasts etc) with mcreased BMP-2 doses, their proportions decrease to near 

background levels. This is contrary to what would be desired for continuing regeneration, 

where it would be beneficial to keep producmg cells to fill the defect It was also 

observed that from Week 1 to Week 2 in both the osterix and osteocalcin results the 

peak in the proport1on of cells positive for either osterix or osteocalcm shifts from higher 

to lower doses between one Week 1 and Week 2 (Figures 36, 37, 39, and 40) Our 

Interpretation of these results is that at Week 1, w1th increas1ng doses of BMP-2 more 

cells are recruited into the osteoblast lineage and at increas1ng rates. However, with 

increasing doses of BMP-2 differentiation into non-dividing ostenx negative terminal 

secretory osteoblasts is also accelerated (Figure 41 and 42) The comb1nat1on of these 

two affects leads to an opt1mum dose, by drawing cells out of the proliferating progen1tor 

pool (Figure 43). 
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A key concept IS that tn)ury act1vates a populat1on of progemtor cells assoc1ated w1th the resident bone (endosteal and 
penosteal cells) that begm to d1v1de But th1s populalton 1s fixed m s1ze (here shown as seven cells on the left). In 
response to su;nals from the wound zone some of the d1vided cells begm to m1grete mto the defect space as osteoblast 
progemtors Without added BMP-2 relattvely few cells m1grete and these cells slowly d1fferent1ate mto secretory 
osteoblasts. As a result l1ttle bone IS formed 
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In the presence of BMP-2 more cells m1grate mto the defect space and these cells more rap1dfy differentiate mto secretory 
osteobfasts feadmg to faster and more extensive bone fonnatton 
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At the opt1mal dose of BMP-2 the progemtor populat1on 1s fully mobl/1zed to produce precursors and the s1ze of the 
populat1on of non-diVIdmg secretory osteoblasts 1s max1m1zed As a result the max1mum amount of bone format1on 1s 
attamed 
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In effect only a certain maximum number of progenitor cells and therefore, a maximum 

number of secretory osteoblasts can be formed, thus leading to a fixed amount of bone 

formed (Figure 44). More BMP-2 beyond th1s opt1mum dose does not produce more 

bone. At later times more cells at these high doses are pushed to terminal differentiation, 

in effect sh1ft1ng the peak to the left (i.e., lower doses) 
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At even h1gher doses of BMP-2 the mobn1zat1on of progemtors proceeds faster but the populat1on s1ze does not increase. 
because these cells are rep1d/y converted to non-d1v1dmg secretory osteoblasts Thus, more bone IS not fonned beyond 
the max1mum amount of bone attamed at the optimum dose. mstead 1t fonns faster 
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In terms of bone quality, regardless of the scale exammed a marked effect on the quality 

of bone formed was not observed at different doses (see F1gures 26, 29, 30, and 31). 

That IS, the quality of bone formed at the two week opt1mum BMP-2 dose of about 5 IJg 

per site was no different than the quality of bone formed at high doses. Put another way, 

h1gh doses are not required to get good quality bone. This 1s similar to what has been 

observed in other studies where, both mechanically and histologically .. bone formed due 

to the effects of BMP-2 (even at high doses) was found to be comparable or 

Indistinguishable from that produced from other sources.28 

And finally 1t was attempted to determine 1f low doses of BMP-2 would not demonstrate 

s1gn1ficant levels of recruitment of blood borne MSCs, but 1nstead would dnve normal 

bone format1on from local progenitors (hypotheSIS #3). In order for a cell to be 

considered a MSC 1t must at least be positive for all three of the markers CD90, CD1 05, 

and CD73 Thus, one anrmal representative of each BMP-2 dose for both week 1 and 

week 2 was used in order to examine the presence of these markers Upon staining with 

CD1 05 and CD90 1t became apparent that these two cell populations were not within the 

same vicinity of one another. Thus, these cells would not pass this test of being MSC. 

CD73 was also tested on our specimens, however, no pos1t1ve s1gnal was obtained at 

any ant1body concentration Based upon these results th1s study was unable to find 

evidence for the presence of MSC At this t1me it is unknown whether th1s is due to 

technrcal limitations or due to the1r absence Th1s does not preclude the presence of 

mesenchymal stem cells, only that they could not be found at signrficant levels Further 

the role of MSCs cannot be excluded in regeneration because MSCs that entered the 

s1te could have been rap1dly 1nduced 1nto the osteoblast lineage with subsequent loss of 
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stem cell markers However, results presented here are consistent with local bone lining 

and penosteal cells providing the maJonty of secretory osteoblasts 

A shortcom1ng of the present study is its limited sample s1ze wh1ch becomes evident in 

some of the scatterplots, specially for the one week results Future studies with larger 

number of observations will likely provide better est1mates of effect and narr~wer 

confidence intervals. 



CONCLUSION 

In summary, tn the rat critical-size calvanal defect model a BMP-2 dose response was 

observed for both bone and vascular tissue formation, with increasing doses inducing 

both tissues up to an optimum dose of about 5 IJg per site. BMP-2 therefore directly or 

indirectly induces vascular support for bone formation in parallel to osteoid formation. 

The data was also consistent with local progenitors providing the source of regenerative 

cells; above the optimal dose, mobilization of progemtor cells proceeds faster but the 

population size does not increase, because these cells are more rap1dly converted to 

non-d1v1dmg secretory osteoblasts Consequently, above the opt1mum dose no more 

osteoid/bone is formed by two weeks. Since supra-opt1mal doses do not mduce more 

osteo1d/bone (although formation 1s accelerated), and the quality of bone was similar at 

all doses, h1gh dose side-effects, such as seromas, could outweigh benefits under 

clinical use. 
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FUTURE DIRECTIONS 

BMP-2 has great potential in inducing bone formation. However, results presented here 

show the relationship between BMP-2 and bone formation is not a linear one but instead 

highlight the importance of BMP-2 just being one part of a much larger cascade. Future 

studies investigating the relationship of BMP-2 and other growth factors may help to 

unravel the components of the bone forming cascade and thus unlocking the correct 

rec1pe of factors that will allow for more predicable bone format1on leading to complete 

regeneration 

Also, the effects of BMP-2 upon the vasculature at different doses are very interesting. 

BMP-2 seemed to affect the vasculature at different doses Future studies could 

1nvest1gate the morphology of these vessels and determ1ne 1f increased branching or 

sinus formation has occurred. In this study, seroma formation w1thin the defect site was 

not noted, but it was noted superior to the Ti-mesh, once again calling into question just 

how far away from BMP-2 deposition are the effects still observed 

Th1s study also attempted to discover the early molecular events that occur with 

increas1ng doses of BMP-2 However, 1t became ev1dent that even at 1 week many 

events had already taken place. Thus, future stud1es evaluating even earlier time points 

should be considered. 
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And finally, 1f the biology observed within the rat 1s the same as the biology observed in 

the canme model (which we believe it is) then the rat model can be used for screening, 

thus requ1nng far fewer large animals for optim1zat1on, especially if combinations of 

factors are to be evaluated. 
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