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Introduction and Review of Literature

Craniofacial defects can result from congenital malformations, trauma, tumor resection,

periodontal disease, post-extraction ridge remodeling, and peri-implantitis. Regeneration

of bone is critical to achieving functional and esthetic outcomes in the rehabilitation of

such defects. Traditional strategies for osseous regeneration include a multiple of

surgical techniques utilizing autologous bone, cadaver-sourced allogeneic or xenogeneic

bone, synthetic bone biomaterials, barrier membranes, or combinations thereof

(Wikesjö, Qahash 2009). The need to enhance the predictability of regeneration in

especially large defects that cannot heal adequately without intervention (critical-size

defects) has led to recent development of protein- and cell-based technologies.

Bone morphogenetic proteins (BMPs), naturally occurring osteoinductive factors within

the collagenous matrix of bone, have shown great promise as a strategy to produce

clinically relevant quantities of de novo bone formation (Urist 1965, Wozney et al. 1988,

Wikesjö et al. 2004). Previously, purification of these proteins involved the processing of

kilogram quantities of bone to obtain microgram quantities of osteoinductive material

(Wozney 2002). Molecular cloning and the advent of recombinant technology allowed

development and commercial production of recombinant human bone morphogenetic

proteins (rhBMPs) in clinically relevant doses (Wozney et al 1988). A first generation

rhBMP technologies, rhBMP-2 delivered on an absorbable collagen sponge (ACS), have

been established and approved for spine, orthopedic and craniofacial indications (McKay

et al 2007).

However, the clinical and preclinical application of rhBMP-2/ACS in craniofacial settings

has been associated with untoward events, including local swelling and seroma

formation (Wikesjö et al. 2003, 2004, Jovanovic et al. 2007, de Freitas et al. 2013a,b).

Recent preclinical work evaluating the efficacy of rhBMP-2 loaded onto anodized dental

implants in support local alveolar augmentation/osseointegration has demonstrated that

increasing doses of rhBMP-2 are associated with delayed bone formation/maturation,

and increased frequency/severity of adverse events. In contrast, a low dose resulted in

regeneration of normal bone with limited adverse events (Leknes et al. 2008, Wikesjö et

al. 2008a,b). The question of dose-dependent rhBMP-2 mediated regeneration was
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addressed recently in a rat critical-size calvarial defect model investigating rhBMP-2

doses at 1.25, 2.5, 5, 10 and 20 µg over a period of 2 to 8 wks. Even though adverse

healing events could not be appreciated in this defect model, it was shown that rhBMP-2

dosages ≥2.5 µg were sufficient to show over 90% histologic defect closure within 2 wks 

and complete closure within 4 wks (Pelaez et al. 2014). Thus dose studies appear to

demonstrate that once an osteoinductive rhBMP-2 dose threshold is reached, no further

enhancement to bone formation/maturation may be observed by increasing the dose,

but may instead delay formation/maturation and needlessly increase the advent of

adverse events. Notably, these studies focused on histologic events occurring not earlier

than 1 wk postsurgery, and there appear to be no in vivo studies that have evaluated

earlier cellular events associated with rhBMP-2-mediated regeneration and how these

events are affected by dose.

Regeneration of bone requires new tissue formation, which in turn requires a population

of cells that can be induced to proliferate, migrate to the site of the defect, and

differentiate into osteogenic cells (although this sequence of events need not occur in

that specific order). As differentiation factors, BMPs induce mesenchymal and other

progenitor cells to differentiate into bone- and cartilage-forming cells (Wozney 2002,

Ripamonti & Reddi 1992). BMPs have also been shown to be potent chemokines, with

BMP-2 specifically known to induce migration of human mesenchymal stem cells

(Fiedler et al. 2002, Lee DH et al. 2006, Hassters et al. 2014). However, it is important to

note that BMPs are not growth factors like platelet-derived growth factor (PDGF) or

transforming growth factor beta (TGFβ), which cause cells to divide and thus expand 

their populations. In fact, studies have shown that combining BMPs with growth factors

can be counterproductive, as these factors may antagonize one another (Wozney 2002,

Harris et al. 1994, Marden et al. 1993). Thus, although BMPs are capable of inducing

significant de novo bone formation in ectopic and orthotopic settings, their lack of direct

mitogenic activity suggests it may prove fruitful to consider animal model and site-

specific differences in the primary sources and nature of progenitor cells (Takagi & Urist

1982, Sato & Urist 1985, Gosain et al. 2002).

Multiple studies, using various animal models, have evaluated the efficacy and healing

events associated with BMP-mediated regeneration in critical-size calvarial defects,

critical-size defects being the smallest size osseous defect within a particular bone and



3

species that will not heal spontaneously during the lifetime of the animal and/or the

length of the study (Takagi & Urist 1982, Sato & Urist 1985, Ripamonti et al. 1996,

Schmitz & Hollinger 1986). Even with the limited regenerative capacity of membranous

calvarial bones, osteoinductive BMP treatment groups consistently yield much earlier

and more robust regeneration, and ultimately complete defect closure. However, a close

analysis of these studies indicates disagreement or inconsistency regarding the

direction/source from which regeneration proceeds, and it seems these differences may

be explained not only by differences between the animal models, but also by the time

points at which observations are made. Studies looking at regeneration in a calvarial

defect model beginning at 2 wks or later indicated that new bone formation proceeds

from the peripheral bony rim in a centripetal direction (Sato & Urist 1985, Ripamonti et

al. 1996). In contrast, a study by Takagi and Urist in 1982 observing healing events from

1 wk on noted that growth did not simply extend from the cut edges of the cranial bones,

but also derived from islands of chondroid and bone formed in the outer layer of the dura

to conclude that “the maintenance of the dura’s integrity is essential for complete

regeneration”. These findings have been corroborated more recently in studies using

guided bone regeneration (GBR) with occlusive ePTFE membranes to systematically

block the outer-periosteum, inner-periosteum/dura, or both, in order to evaluate their

respective contributions to healing in rabbit calvarial defects (Gosain et al. 2002). The

dura once again appeared to be the central source of new bone, with contributions from

the outer periosteum also required for maximal regeneration.

These observations confirm what has been known since the 1800s, that the presence of

an intact periosteum is necessary for successful healing of bone (Duhamel 1742, Ollier

1867). Today, periosteal membranes are known to be major reservoirs of skeletal

progenitor cells, and have been used as free grafts to enhance the effects of osseous

grafts and as a source of multipotent progenitors in cell expansion therapy (Roberts et

al. 2015). Thus, even though BMPs have been described as being necessary and

sufficient for osteoinduction (Wozney 2002), it is prudent to consider how preservation

of/or addition of periosteal tissues and/or periosteal-derived cells may advance their

effects. Therefore, the first objective of this study was to quantify surgical damage to the

dura during critical-sized defect preparation, and its effect on osseous regeneration.
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The periosteum contains a heterogeneous group of cells ranging from multipotent cells

capable of undergoing expansion in culture and induction into various tissue types,

including preosteoblasts and committed osteogenic cells (Wang et al. 2010, Declercq et

al. 2005, van Gastel et al. 2012, Da Bari et al. 2006, Roberts et al. 2015). Even though

there are currently still limited options for specific markers that can be used for

identifying multipotent progenitors in vivo, the past 15 years have witnessed tremendous

progress in elucidating an ever-increasing number of transcription factors now known to

regulate the differentiation and/or function of cells committed to the

osteochondroprogenitor lineage (Roberts et al. 2015, Long 2012). The expression and

function of these transcription factors occurs at distinct time-points during the

differentiation process and key amongst these factors are:

1. SOX-9 identifies all osteoblast progenitors and is required for chondrogenesis

(Akiyama et al. 2002). SOX-9 also marks all mesenchymal progenitors that give

rise to osteoblasts, but it is not expressed by mature osteoblasts (Akiyama et al.

2005).

2. RUNX2, also known as core-binding factor alpha 1 (Cbfa1), is necessary for

osteoblast differentiation during both intramembranous and endochondral

ossification (Komori et al 1997, Otto et al. 1997). RUNX2 expression may also be

seen in perichondrial cells during cartilage formation, and it is re-expressed in

hypertrophic chondrocytes (Komori et al 1997, Otto et al. 1997).

3. Osterix (OSX) functions downstream of RUNX2 during osteoblast differentiation,

and is required for osteoblast and osteocyte differentiation/function (Nakashima

et al. 2002, Zhou et al. 2010).

It is noteworthy that recent genetic studies have shown that BMP-2 and BMP-4 have

important roles in promoting osteoblast differentiation. Knockout experiments in mice

have shown that critical levels of BMP-2 and BMP-4 are required for osteoblasts to

transition from RUNX2+ to mature RUNX2+OSX+ cells (Bandyopadhyay et al. 2006).

Therefore, the second objective of this study was to use lineage markers in multi-color

immunofluorescence to characterize local populations of osteochondroprogenitors as

they differentiate into mature osteoblast cells in response to different doses of rhBMP-2.
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Purpose

The purpose of this study was:

1. Quantify surgical damage to the inner periosteum/dura, a principle source of

progenitor cells, and its effect on osseous regeneration in the presence and

absence of different doses of rhBMP-2;

2. Use multi-color immunofluorescence to characterize local populations of

osteochondroprogenitors as they differentiate into mature osteoblast cells in

response to different doses of rhBMP-2.

Hypotheses

Hypothesis #1

Injury to or removal of the dura eliminates a major source of osteoprogenitors, and

results in a decreased formation of bone.

Hypothesis #2

There is a reserve of mesenchymal stem cells in the adventitial layers of the periosteum

and the dura pre-committed to the osteochondroprogenitor lineage by the expression of

Runx2, and these cells proliferate rapidly in response to injury.

Hypothesis #3

Local BMP-2 levels have a direct effect on the differentiation of osteochondro-

progenitors. High BMP-2 levels initially blocks differentiation. As levels of BMP-2 decline

due to clearance, chondroblast formation is initiated. Further decreases in local BMP-2

then allow osteoblast differentiation.

Materials and Methods

General Overview

In a previous study, critical-size, ø8-mm through-through calvarial osteotomy defects

were created in 135 outbred male Sprague-Dawley rats (Figure 1). In this surgical

procedure, random patches of the underlying dura get removed during the preparation of

the calvarial defect. The animals were randomized into three treatment groups receiving



6

5 or 20µg rhBMP-2 soak-loaded onto an ACS, or ACS without rhBMP-2 (control). Nine

animals from each group were euthanized Day 1, 3, 5, 7 and 14, and paraffin-embedded

sections of the defect sites were prepared for histomorphometric, immunohistochemical,

and immunofluoresent analysis (Table 1). Additional sections were prepared from these

samples for this study.

Figure 1. Preparation of the critical-size, ø8-mm through-through calvarial osteotomy defect with random
surgical removal of the dura (top row); implantation of ACS (lower left); placement of the titanium mesh
device (lower center); and wound closure using clips (lower right ), from Pelaez et al., 2014.

Table 1. One hundred and thirty-five rats divided into three groups either received ACS (control) or rhBMP-
2/ACS (rhBMP-2 at 5 or 20 µg); each group subdivided for observations at 1, 3, 5, 7, and 14 days postsurgery
(9 animals/interval) for histomorphometric, immunohistochemical, and immunofluorescent evaluation.

Observation
Interval (days)

ACS control
N=45

rhBMP-2/ACS
5 μg, N=45

rhBMP-2/ACS
20 μg, N=45

1 9 9 9
3 9 9 9
5 9 9 9
7 9 9 9
14 9 9 9

Detailed Methodology

Animal selection/Pre-surgical provisions

One hundred thirty-five outbred male Sprague Dawley rats, age 11-13 wk, weight 325-

375 g, obtained from a USDA-licensed vendor (Harlan Laboratory, Madison, WI, USA),

were used following a protocol approved for this study by the Institutional Animal Care

and Use Committee, Dwight David Eisenhower Army Medical Center, Fort Gordon, GA,

USA. The animals were acclimatized for 7 days. Ear-tagged animals were double-
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housed in plastic cages labeled with cage cards in purpose-designed rooms air-

conditioned with 10-15 air changes/h; temperature 18-22°C and relative humidity 30-

70%. A 12/12 h light/dark cycle was used. The animals had ad libitum access to water

and a standard laboratory diet throughout the study.

Agents and biomaterials

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

2 diluted in buffer prior to soak-loading the 8-mm ACS disks with 56.3 µl of the rhBMP-2

solution, the concentration adjusted to provide a total dose of 5 or 20 µg rhBMP-2/defect.

ACS (Medtronic, Memphis, TN, USA) with buffer was used as control. A ø10-mm, dome-

shaped titanium mesh (Biohorizons, Birmingham, AL, USA) was used for space

provision and wound stability in all defects.

Experimental design

The animals were randomized into three groups, each containing 45 animals, in turn

subdivided into groups of 9 to provide observations of bone formation/maturation in

relation to dural intregrity, and osteochondroprogenitor cell proliferation/maturation at 1,

3, 5, 7, and 14 days postsurgery (Table 1). Conventional histological and immuno-

histochemical staining with incandescent light microscopy, and immunofluorescence

staining were used.

Surgical procedures

The animals were pre-medicated using buprenorphine (0.01-0.05 mg/kg SC).

Anesthesia was induced with isoflurane in a chamber at 2.0-4.0% with O2 to effect. After

induction, the skull of the animal was shaved and disinfected using a 2% chlorhexidine

solution. Animals were stabilized into a stereotaxic device (Stoelting Company, Wood

Dale, IL, USA), fitted with an anesthesia nose cone, and draped. Isoflurane (1.0-3.0%)

was administered to maintain a surgical plane of anesthesia with O2 to effect. All

anesthetic procedures were performed, monitored, and documented by the veterinary

team using standard techniques.
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Experienced teams performed the surgeries in an animal surgical theater1 (Fig. 1). A 3-

cm midline incision was made through the skin along the sagittal suture of the calvarium

and soft tissue and periosteum were elevated and reflected. Next, under constant saline

irrigation, a critical-size, ø8-mm through-through, calvarial osteotomy centered over the

midline just anterior to the occipital suture was created using a diamond coated trephine

bur (Continental Diamond Tool, New Haven, IN, USA). Despite care to leave the dura

intact, random surgical damage/removal ensued.

The defects were either filled with ø8-mm ACS disks soak-loaded with 56.3 µl buffer

(25.3 mM L-glutamic acid, 1.875 mM sodium chloride, 2.5% glycine, 0.5% sucrose, and

0.01% (v/v) polysorbate 80, pH 4.5), or with 56.3 µl rhBMP-2 diluted in buffer, the

concentration adjusted to provide a total dose of 5 or 20 µg rhBMP-2/defect. Following

manufacturer’s specifications, the wetted ACS was allowed a minimum of 15 min and

not longer than 2 h for rhBMP-2 binding before implantation.

A sterile dome-shaped pre-cut ø10-mm titanium mesh was placed over the defect for

space provision and wound stability. Periosteum and overlying epidermis were laid over

the titanium mesh. Finally, flaps were adapted and closed using surgical staples (Visistat

Skin Stapler, Patterson Veterinary Company, Devens, MA, USA) ensuring everted

wound margins.

Appendix C indicates the number assigned to each rat and the dosage of rhBMP-2

delivered in the ACS sponge placed into the cavarial defect. The name of the surgeon is

also included, as well as whether or not the rat bled excessively during surgery, if any

deaths occurred, and whether any injections were given to help sustain life. In addition,

Appendix B outlines the surgery and euthanasia sequence. The sequence of operations

was Day 1, 3, 14, 5, and then Day 7.

Postsurgery provisions

The animals were moved to the recovery area postsurgery. Thermal support and

monitoring was continued until complete recovery, indicated by the ability to remain

1
Drs. Miguel Jusino, Eduardo DeCardona, Jennette O’Bryhim, James C. McPherson and Thomas

Johnson executed the surgical protocol. Assistants included Dr. Douglas Dickinson, Dr. Jonathan
Lane, Dr. Sachiyo Kawaguchi, and Dr. Joseph Capetillo.
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sternal and ambulate. The animals were then returned to their cages and received

buprenorphine (0.05-0.1 mg/kg, SC) every 12 h for 48 h to control pain. Activity level,

behavior, appearance, body temperature, body condition, anorexia, and appearance of

surgical sites were used to assess the continued need for analgesics. The animals were

observed twice daily for 48 h for any abnormalities, and treatments were documented.

Animals were euthanized without staple removal (normally removed after 10-14 days)

due to early time points.

Euthanasia

The attending veterinarian/trained investigator performed scheduled euthanasia at Day

1, 3, 5, 7, and 14 postsurgery via exsanguination through femoral artery severing

following isoflurane anaesthesia induction. The calvarias were harvested and fixed in

10% buffered formalin solution upon reflection of the overlying soft tissue.

Histotechnical preparation

The calvarial biopsies were demineralized over several weeks using two-three changes

per week of several volumes of 10% EDTA, pH 7.2 at 4°C. The demineralization process

was monitored utilizing a Faxitron LX-60 x-ray device (Faxitron X-Ray LLC, Lincolnshire,

IL, USA) at a setting of 3 sec at 35 kV. The biopsies were sectioned perpendicular to the

sagittal suture near the center of the defect using a water-cooled diamond wheel

(Isomet, Bühler, Lake Bluff, IL, USA). Demineralized specimens were washed,

dehydrated, and embedded in paraffin, and then sectioned at 4 µm thickness using a

2030 microtome (BioCut, Leica, Reichert-Jung, Nussloch, Germany). One central

section per defect was stained for the histomorphometric analysis using modified

Mason’s trichrome. Adjacent sections were immunofluorescent stained with

antibodies/markers for proliferating cell nuclear antigen (PCNA), SOX-9, RUNX-2, OSX,

Collagen-II, and various combinations of these. Immunohistochemically stained sections

were lightly counterstained using hematoxylin QS (Vector Laboratories, Burlingame, CA,

USA) and immunofluorescent sections with DAPI (4′,6-Diamidino-2-phenylindole 

dihydrochloride).
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Trichrome staining

This method is used for the detection of collagen fibers in formalin-fixed, paraffin-

embedded sections of tissues such as bone, skin, heart, etc. Collagen fibers stain blue

and nuclei stain black, while other connective tissues typically stain red (Figure 2).

The slides were placed in a 45°C oven overnight to adhere the tissues to the slide2. The

next day the slides were deparaffinized through two rounds of xylene (10 min each),

followed by rehydration through two round of 100% alcohol (5 min each), and then 90%,

80% and 70% alcohol (3 min each). The slides were then washed in distilled water for 3

min. The first stain was completed with Weigert’s iron hematoxylin solution for 20 min

followed by a 10-min rinse with running warm tap water. The slides were then quickly

rinsed in distilled water. The second stain was completed with Ponceau-fuchsin solution

(10 min), followed by a rinse with distilled water. The slides were then placed for 5 min

with 5% phosphomolybdic acid followed by a rinse in distilled water. The last stain step

was completed with aniline blue solution (5 min). The slides were then rinsed in distilled

water followed by a differentiation step with 1% acetic acid for 3 min. The slides were

again rinsed in distilled water followed by a quick dehydration protocol in 70% ethanol (3

min), 95% ethanol (3 min each twice) and 100% ethanol (3 min each twice), and xylene

(5 min each twice). The slides were mounted with Vecta Mount™ permanent mounting

medium (Vector Laboratories, Burlingame, CA, USA). See Appendix A for formulas for

trichrome solutions.

2
Staining previously performed by Drs. Miguel Jusino, Eduardo DeCardona, and Jennette O’Bryhim
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Figure 2. Representative trichrome stained cross section. Major anatomic landmarks and regions are
labeled: Above the defect - area where the titanium mesh previously resided before removal; Resident bone
- denotes the edges of calvarial defect; Defect space – Major area of interest bordered by the inner
periosteum and dura inferiorly and by the resident bone peripherally; Inner periosteum and dura – Major
source of osteochondroprogenitor cells. Fibrous ACS can be seen above the defect space; the tissue
separation below the skin represents the position of the titanium mesh removed from the paraffin-embedded
tissue prior to sectioning.

Histomorphometric analysis

Two examiners (JC, DD) established the landmarks and extent of area for collagenous

matrix (mm2) (Figure 3), chondro-osteoid (mm2) (Figure 4), hypertrophic chondrocyte

(mm2) (Figure 4) formation, and length of intact dura (mm) (Figure 5) at 20x and/or 40x

magnification using bright field light microscopy (EVOS® FL Auto, Thermo Fisher

Scientific, Waltham, MA, USA). Then a calibrated examiner (JC) performed

histomorphometric analysis using the built-in digital color camera (CMOS; 1/2” 2,048 x

1,536, 3.1 megapixels) and image editing software. The following parameters were

recorded for the most central section of each defect:

 Defect length: distance between the defect margins;

 Defect fill (linear): accumulated length of new osteoid and/or chondroid between

the defect margins;

 Intact inner periosteum/dura (linear): length of intact membrane between the

defect margins (Figure 5);
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 Dense red blood cell aggregates (dRBCs) (linear): length of dRBCs in contact

with the inner periosteum/dura (Figure 6); and

 Defect fill (area): total area of newly formed collagenous matrix, chondro-osteoid,

and hypertrophic chondrocytes between the defect margins.

Figure 3. Representative digital images of collagenous matrix – areas within the defect filled with a dense
collagenous matrix (dense light blue/grayish to deep purple color), including the inner periosteum/dura,
varying from relatively acellular to highly cellular in presentation, but with a distinct lack of cellular
organization.

Figure 4. Representative digital images of chondro-osteoid, hypertrophic chondrocytes, and osteoid - These
were the next levels measured within the collagenous matrix. Chondroid (top left) was observed as regions
with a distinct "soap bubble" appearance with medium to large (hypertrophic) chondrocytes trapped within
white lacunae, and smaller densely packed cells in the periphery. Osteoid (top right, lower left) was defined
as regions where cells were noted to be distinctly organized with box shaped osteoblasts lined up on the
surface of a blue (light blue to dark blue/purple) collagenous matrix with increasing numbers of early
osteocytes trapped within nascent lacunae progressing from Day 5 to Day 14. (lower right) It was frequently
difficult to separate osteoid from chondroid, as the latter appeared to morph gradually into the former, thus
obtaining a blue matrix with concomitant shrinkage of hypertrophic chondrocytes. Hence the term chondro-
osteoid was established to enable accurate and precise initial histomorphometric analysis, but any
entrapped hypertrophic cells within white lacunae were measured as such, thus allowing for individual total
values of osteoid and chondroid.

Day 3, 5 µg BMP-2 Day 3, 20 µg BMP-2 Day 3, 20 µg BMP-2

Chondroid with
hypertrophic
chondrocytes

Early osteoid

Mature osteoid Chondro-osteoid
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Figure 5. Representative digital images of the regions with intact inner periosteum/dura at 10x and 20x
magnification (top row), and missing inner periosteum/dura at 10x and 20x (lower row). Both are Day 14
samples receiving adequate doses of rhBMP-2 (either 5 or 20µg) for induction of robust regeneration by Day
14 under permissive conditions (intact dura, no dRBCs). Lower row – red arrows denote extent of intact
dura, beyond which point only acellular remnants of the ACS are seen extending into defect. The purple
structure in the lower right corner is brain with overlying arachnoid membrane.

Figure 6. Representative digital images of dense red blood cell aggregates (dRBCs) contacting the dura and
associated lack/delay of regeneration. Both samples are Day 14 5 µg rhBMP-2. Note dRBCs (red arrows)
and associated lack of regeneration, and contrasting robust osteoid fill (green arrows) on either side. The
dura is intact throughout in both samples.
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Immunohistochemistry

Immunohistochemistry was performed to determine the physical distribution of cells

expressing designated markers and the nature of the collagenous matrix produced by

using antibodies for collagen-II (cartilaginous tissues), PCNA (dividing cells), RUNX-2

(osteochondroprogenitors), OSX (differentiated/functional osteoblasts)3, and Sox 9

(chondroblasts). This was achieved using a modified immunohistochemistry protocol to

treat individual sections processed from paraffin blocks.

Table 2: Antibody information

Antibody Target Manufacturer Catalog No. Species Dilution Time Stained

Collagen II
(1 mg/mL)

Cartilaginous
matrix

AbCam ab-34712
Rabbit

polyclonal
IgG

1:200
1/7/16
2 min

PCNA
(200 µg/mL)

Proliferating cells
Santa Cruz

Biotechnology
SC-9857

Goat
polyclonal

IgG

1:400

11/20/14
6 min

12/5/14
6 min

RUNX-2
(0.9 mg/mL)

Osteoprogenitors
through

osteoblasts
AbCam Ab 23981

Rabbit
polyclonal

IgG

1:200

11/27/15
4.15 min

1/13/15
3 min

OSX (50
µg/0.5 mL)

Differentiated-
functional

osteoblasts
Santa Cruz

Biotechnology
SC-133871

Rabbit
polyclonal

IgG

1:100

12/11/14
30 min

12/14/14
5 min

SOX-9
(200 µg/mL)

Osteochondro-
progenitors and
chondrocytes

Santa Cruz
Biotechnology

SC-17341
Goat

polyclonal
IgG

1:100
9/4/2015
1.5 min

Immunohistochemistry protocol

On the first day the slides were heated in an oven at 60°C for 120 min to bond tissue to

the slide. They were then placed immediately in xylene overnight (in Coplin Jars). To

complete deparaffinization, the next day the Coplin jars were placed in a water bath at

40°C for 30 min, followed by two changes of fresh pre-warmed xylene (20 min each).

This was followed by rehydration in an ethanol series (100% ethanol twice for 5 min,

95% ethanol for 5 min, 70% ethanol for 5 min) and finally slides were “danced” one at a

time in deionized water until water flowed smoothly to remove ethanol. For epitope

retrieval the slides were placed in a plastic Coplin jar with 50 mL of 1X retrieval solution

3
IHC previously performed by Drs. Miguel Jusino, Eduardo DeCardona, and Jennette O’Bryhim
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(Diva Decloaker, Biocare Medical, Concord, CA, USA) prepared with distilled water. In

the bottom of the pressure chamber (Decloaking Chamber™, DC2002, Biocare Medical,

Concord, CA, USA) 50 mL of distilled water was added, and the slides were subjected to

121°C for 30 sec. In the following 30 sec pressure was slowly released in pulses to get

the pressure down to roughly 20 lbs and to keep the temperature at about 124°C. In the

following 30 sec additional steam was released to bring the pressure down to roughly

13-15 lbs, and the temperature to about 121°C. Then in the next 30 sec the pressure

was brought down to roughly 10 lbs, with the aim of reaching 119.5°C at the 2 min mark.

After a 10 sec hold at this temperature, the remaining pressure was bled out over 20 to

30 sec, the release valve was pulled off, and the Coplin jars removed. Total retrieval

time to this point was approximately 2 min 45 sec. The slides were then rinsed in 1x tris-

buffer solution (TBS) twice for 3 min each. A PAP pen was then used to write around

each sample, thereby creating a barrier to hold liquid in. To block non-specific antibody

binding, sections were pre-incubated with 2.5% normal horse serum (NHS) for 20 min at

room temperature in a humid chamber.

For the primary antibody preparation an equal amount of distilled water and 2.5% NHS

were mixed and the appropriate amount of antibody added to reach the desired dilution

established in pilot tests (see Table 7). Each slide was covered with about 250 μl of the 

primary antibody solution, and then incubated in a humidified slide chamber overnight at

4°C. Thereafter, the slides were rinsed in two separate rinses of TBST (TBS+0.1%

Tween 20) for 3 min each. The secondary antibody solution was then prepared by

mixing 500 µL of TBST for every two slides with 1µL of biotinylated horse anti-goat IgG

(Vector Laboratories, Burlingame, CA, USA, BA-9500) or biotinylated horse anti-rabbit

IgG (Vector Laboratories, Burlingame, CA, USA, BA-9500), depending on the primary

antibody (see table 7). Slides were covered with this secondary solution and incubated

for 1 hr in a humidified slide chamber. Again, the slides were rinsed in TBST twice for 3

min each. For the peroxidase blocking step, 250 μl of a solution prepared by mixing 5 

mL of 3% hydrogen peroxide with 0.5 mL of 10x TBS was placed on the slides and

incubated for 10 min in the humidified slide chamber. Slides were again rinsed twice in

TBST for 3 min each. Three to four drops of HRP-streptavidin (ABC reagent) (RTU

Vectastain Kit, Vector Laboratories, Burlingame, CA, USA) was placed on the sections

and slides incubated for 30 min. They were then rinsed in TBST three times for 3 min

each. The peroxidase substrate kit DAB (Vector Laboratories, Burlingame, CA, USA,
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SK-4100) was utilized for staining. The chromogen was prepared by mixing 5 mL of

distilled water, 2 drops of buffer, 4 drops of DAB, and 2 drops of hydrogen peroxide on

ice. The slides were allowed to sit in stain for varying time intervals based on the

antibodies, and then placed in distilled water for at least 1 min. A 30 sec counter stain

with Vector hematoxylin QS, diluted to 1:3 with distilled water, was used. Slides were

rinsed in distilled water for 1 min and run through a dehydration series (70% ethanol for

3 min, 95% ethanol x 2 for 3 min, 100% ethanol x 2 for 3 min, and xylene x 2 for 5 min).

These were then cover slipped using Vecta Mount (Vector Laboratories, Burlingame,

CA, USA).

Immunofluorescence microscopy

The immunohistochemistry protocol described above was modified for use in

immunofluorescence quantification and co-localization studies. The use of fluorescent

probes attached to secondary antibodies was used for the quantification and/or

characterization of cells expressing specific proteins of interest after labeling with

primary antibodies. The strategic co-localization of two or more proteins further provided

more accurate identification of specific cell populations and their activity at the various

time points throughout this study. The following markers/strategies were employed:

 DAPI – a fluorescent stain that binds strongly to A-T rich regions of DNA (emits

blue fluorescence upon binding) was used as a marker/counterstain for

nucleated cells, and hence as a marker to quantify total cell populations within

specific regions.

 PCNA + RUNX-2 + DAPI – Again, DAPI allowed for total cell counts within

specific regions of interest. PCNA allowed quantification of proliferating cells.

RUNX-2 permitted quantification of committed osteochondroprogenitors cells

through mature osteocytes (based on day, location, and morphology). PCNA

and RUNX-2 index scores (as percent) were obtained by dividing each positive

cell count by the DAPI count.
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Figure 7: Outline of experimental design to process and analyze calvarial specimens using
immunofluorescence.

Immunofluorescence protocol

This protocol contains two steps for quenching autofluorescent background. On the first

day the slides were heated in an oven at 60°C for 120 min. They were then placed

immediately in room-temperature xylene overnight (in Coplin Jars). To complete

deparaffinization, the next day the Coplin jars were placed in a water bath at 40°C for 30

min, followed by two changes of fresh pre-warmed xylene (20 min each). This was

followed by partial rehydration in an ethanol series (100% ethanol twice for 5 min, 95%

ethanol for 5 min). In the first quenching step, slides were placed in a solution of 0.25%

ammonia in 70% EtOH for 1 hr, followed by a final 70% EtOH 5 min rehydration

(Baschong et al. 2001). After completion of the EtOH series slides were “danced” one at

a time in deionized water until water flowed smoothly to remove ethanol. For epitope

retrieval the slides were placed in a plastic Coplin jar with 50 mL of 1X retrieval solution

(Diva Decloaker, Biocare Medical, Concord, CA, USA) prepared with distilled water. In

the bottom of the pressure chamber (Decloaking Chamber™, DC2002, Biocare Medical,

Concord, CA, USA) 50 mL of distilled water was added, and the slides subjected to

Rat calvarial specimens

Section, demineralize, embed in paraffin

Antigen retrieval using decloaking solution

Sections incubated with primary and
fluorophore conjugated secondary antibodies

Immunofluorescence microscopy

Quantification and/or identification of
different cell populations
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121°C for 30 sec. In the following 30 sec pressure was slowly released in pulses to get

the pressure down to roughly 20 lbs and to keep the temperature at about 124°C. In the

following 30 sec additional steam was released to bring the pressure down to roughly

13-15 lbs, and the temperature to about 121°C. Then in the next 30 sec the pressure

was brought down to roughly 10 lbs, with the aim of reaching 119.5°C at the 2 min mark.

After a 10 sec hold at this temperature, the remaining pressure was bled out over 20 to

30 sec, the release valve was pulled off, and the Coplin jars removed. Total retrieval

time to this point was approximately 2 min 45 sec. The slides were then rinsed in 1x TBS

twice for 3 min each. A PAP pen was then used to write around each sample, thereby

creating a barrier to hold liquid in. To block non-specific antibody binding, sections were

pre-incubated with 2.5% NHS for 20 min at room temperature in a humid chamber. For

the second quenching step, the slides were then danced in 70% EtOH, before being

placed in a Coplin jar with 0.1% Sudan Black dissolved in 70% EtOH (Viegas et al

2007).

For the primary antibody preparation an equal amount of distilled water and 2.5% NHS

were mixed and combined with the appropriate amount of antibody to reach the desired

dilution established in pilot tests (see Table 7). Each slide was covered with about 250 μl 

of the primary antibody solution, and then incubated in a humidified slide chamber

overnight at 4°C. Thereafter, the slides were washed twice in TBST (TBS+0.1% Tween

20) for 3 min each. The secondary solution was prepared by mixing 500 µL of TBST for

every two slides with 6.8 µL of horse anti-rabbit IgG (H+L) DyLight® 594 (Vector

Laboratories, Burlingame, CA, USA, DI-1094) or Horse Anti-Goat IgG (H+L) DyLight®

488 (Vector Laboratories, Burlingame, CA, USA, DI-3088), depending on the primary

antibody (see Table 7). Each slide was covered with about 250 μL of this secondary 

solution and incubated in a humidified slide chamber overnight at 4°C. Again, the slides

were rinsed in TBST twice for 3 min each to remove excess antibody. The PAP pen

perimeter was removed carefully with a Q-tip dipped in xylene, then any xylene on the

perimeter was removed with a dry Q-tip. The slides were then cover slipped using

VECTASHIELD HardSet Antifade Mounting Medium with DAPI (Vector Laboratories,

Burlingame, CA, USA, H-1500). Slides were finally allowed to sit and harden at room

temperature for 1 hr in a dark environment, and stored in a closed slide box at -20°C

when not being viewed.
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Immunofluorescence analysis

A randomly selected slide from a randomly selected sample in each treatment group

was dual immunofluorescence-labeled for PCNA and RUNX-2. Nuclei were

counterstained with DAPI to give a total cell count. The imaging strategy was as follows

(Figures 8, 9, 10):

 Five imaged sites across the dura were obtained. The selected sites included

one site next to each defect margin (two sites total), one site of the most central

region (above the sagittal sinus), and two additional sites between each of the

aforementioned regions (Figure 7).

 Three identical images (at 40x magnification) in three different fluorescence

channels (PCNA, 488nm, GFP [green] filter; RUNX2 – 594nm, TxRed filter; and

DAPI [blue] filter) were obtained at each site, with imaging settings (light,

exposure, and gain) kept consistent for each channel for all images (Figure 7, 8).

Figure 8. For each slide, five sites along the dura were selected for replicate imaging in the GFP (PCNA),
TxRED (RUNX-2), and DAPI (blue fluorescence) channels (15 images per slide, and a grand total of 225
images for a complete quantification set). Imaging at 40x magnification.

MMiittoottiicc aanndd RRUUNNXX--22 IInnddeexx ooff DDuurraall CCeellllss

DDAAPPIIRRUUNNXX--22PCNA
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Figure 9. Representative triplicate image viewed in DAPI channel (upper right, nuclear labeling), GFP
channel (lower left, PCNA labeling), and TxRed channel (lower right, RUNX2 labeling). Trichrome image in
upper left is from a different section from the sample, strictly for orientation/reference purpose.

 The total number of images for a complete analysis set therefore included:

o 5 sites times 3 images/channels per slide, equal 15 images per slide.

o 3 treatment groups times 5 time-points for sacrifice, equal 15 slides for a

complete analysis set.

o Finally, 15 images times 15 slides equal a grand total of 225 images

quantified per complete fluorescence analysis set.

 Each image was analyzed using Image J software (Image J, National Institutes of

Health, Bethesda, MD, USA). The specific region of interest for this analysis was

strictly the dura/expanded dura (no areas/cells above or below were quantified).

It was possible to determine the borders of the dura by combining the

appearance/density of the collagenous background (from slight background

fluorescence), and the appearance/morphology of the cells (spindle shaped

cells). The first step delineated a custom region of interest (ROI) for each set of

three images (PCNA, RUNX2, DAPI). Once defined on the PCNA image, the ROI

could be saved within the ROI manager, and applied to the other two images.

The sequence for image processing was adapted from a tutorial offered from

Keene State College (https://youtube/PqHFsmS1_JY). A specific automatic
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nuclei counter “plug-in” tool for Image J was downloaded from

www.mybiosoftware.com (ITCN Version 1.6, a jar file). After download, the jar file

was dragged into the “plug-ins” folder within Image J for use. Several steps were

taken to convert each image to a format compatible with the functioning of the

automatic nuclei counter. The color of the image was inverted and then

converted to 8-bit, creating a gray-scale image (Figure10). The ICTN plug-in for

nuclei counting was then opened and parameters were optimized so that

automatic counts were highly consistent (>95%) with direct visual counts. Within

the ITCH: Image-Based Tool for Counting Nuclei window, the width was set to 15

pixels, the minimum distance to 30 pixels, and the threshold to 0.1 for PCNA and

DAPI analysis, and 15, 30, and 0.2 respectively for RUNX2 analysis (Figure 10).

The “detect dark peaks” option was checked before performing the count. These

settings were kept consistent between all images analyzed. The automatic count

tool then calculated the total amount of DAPI (or nucleated) cells within the

region, GFP (PCNA), and TxRed (RUNX2) (Figure 10).

 Data were recorded for positive cells, and the proportion of nuclei positive for

markers was calculated as the percentage ratio of GFP (PCNA) or TxRed

(Runx2) counts/DAPI (nuclei) counts.

 Statistics analysis: Routine data manipulation was performed in Excel. Graphpad

Prism 6.0 software was used for the descriptive statistical analyses, ANOVA, and

for graph preparation. Two different tests were used to test for the normality of

the distribution of the values within each treatment group; the D’Agostino &

Pearson omnibus normality test, and the Shapiro-Wilk normality test. Skewness

and kurtosis were also measured. A symmetrical distribution has a skewness of

zero; an asymmetrical distribution with a long tail to the right (higher values) has

a positive skew; an asymmetrical distribution with a long tail to the left (lower

values) has a negative skew. If the skewness numerical value is >1, the

skewness is substantial. A normal distribution has a kurtosis value of zero. A

flatter distribution has a negative kurtosis, a peaked distribution a positive

kurtosis. Outliers were detected with the ROUT package, using a conservative Q

value of 1%. Bartlett’s test and Levene’s tests for heterogeneity of variance

(available within the one-way ANOVA package) were used. Where required, an

online calculator (http://www.quantitativeskills. com/sisa/calculations/bonfer.htm)

was used to determine Bonferroni corrections to the p-value for significance (=
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0.05). Logit transformation of data with non-normal and/or heterogeneous

variance was performed using PAST version 3.0 software (Hammer, Ø., Harper,

D.A.T., and P. D. Ryan, 2001. PAST: Paleontological Statistics Software

Package for Education and Data Analysis. Palaeontologia Electronica 4(1): 9pp).

Figure 10. Image J processing steps for cell/marker count. Top left- selection of region of interest (ROI); Top
right – color inversion step; Center left – gray scale conversion; Center right – setting for automatic counting;
Lower left – calculated number of positive cells; Lower right – magnified view of counted cell (indicated by
red dots).
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Results

Effect of dural integrity on osteoid formation based - linear defect fill

Trichrome stained slides revealed a relationship between dural integrity and osteoid

formation (Figure 5, 11, 12). During the 14-day observation period, there was in general

no cellular activity in regions where the dura was missing as a result of surgical removal

of the overlying calvarial bone, regardless of the rhBMP-2 dose (Figure 5, 12). (At later

times, some material was formed by cells migrating centripetally from the flanking

regions along the outer calvarial bone surface.) Secondarily, the presence of dense red

blood cell aggregates in contact with the dura delayed (but ultimately did not prevent)

osteoid formation (Figure 6, 12). Trichrome-stained slides of randomly selected samples

from each group (3-9 slides per group, depending on available quality of the samples)

were quantified for the linear integrity of the dura. The estimated width of dense red

blood cell aggregates contacting this dura was then subtracted to give a final permissive

region value for the trichrome analyses; that is, the total length of intact dura not in

contact with dense red blood cell aggregates. The total length of histological chondro-

osteoid tissue along this permissive region was then measured.
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Figure 11. Representative digital images from Day 14 specimens with a completely intact dura extending
across entire defect length. Top: 20 µg rhBMP-2/ACS; Center: 5 µg rhBMP-2/ACS; Bottom: ACS with buffer
solution alone. Note robust osseous fill spanning across defect at both 20 and 5 µg dose groups, and scant
fill in ACS control group.

Figure 12. Representative digital images from Day 14 specimens with dura partially or completely missing.
Note lack of osteoid fill in both specimens despite addition of 20 (top) or 5 (bottom) µg rhBMP-2.

Results of the analysis for linear chondro-osteoid fill in relation to the proposed

permissive region are shown in Figure 13.

Figure 13. Histomorphometric linear defect fill by chondro-osteoid versus permissive region (intact dural
length with no overlying dense RBC aggregates). Left graph – Day 5; Center graph – Day 7; Right graph –
Day 14. Lines show linear regression fits to the data for each dose of rhBMP-2, with red symbols showing
outliers to these lines.

On Days 1 and 3, negligible chondro-osteoid was observed, regardless of the rhBMP-2

dose, and no further analysis was conducted on these days. For the graphs on Day 5, 7
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and 14 the slope of the linear regression line is a measure of the proportional fill of the

permissive region (Figure 13).

Absent rhBMP-2, no chondro-osteoid was formed by Day 5; in the presence of rhBMP-2,

chondro-osteoid formation had been initiated. Quantitatively, the ACS control showed

negligible linear fill of the defect over the resident dura (mean+SEM fill 0.01+0.01 mm),

with no relationship to the permissive region size (R2= 0.04, slope 0.003). In contrast, the

5 µg rhBMP-2 data showed a modest relationship (R2= 0.24, slope 0.35), and the 20 µg

rhBMP-2 data a moderately good relationship (R2= 0.58, slope 0.71) between the

variables. There was no statistically significant difference between the two rhBMP-2

doses for this relationship Day 5. The proportion of the variance in fill accounted for by

the relationship was modest-moderate (24-58%), suggesting the remaining variability

could have been the result of differences in the timing of initiation between animals,

and/or heterogeneity in rate of fill in different regions of the site. The greater

unaccounted for variance in the 5 µg rhBMP-2 dose (66%) compared to the 20 µg

rhBMP-2 dose (42%), suggested that an increasing dose could accelerate the initiation

of the process of linear fill (resulting in less variance). However, a higher dose did not

affect the overall proportion of fill at this time (35-71%, based on the slopes), as no

statistically significant difference between the regression lines was seen.

Absent rhBMP-2, only a modest amount of chondro-osteoid had formed by Day 7, with

the amount showing no significant relationship to the dural integrity. There was still

relatively little linear fill for the ACS control (mean fill 0.89+0.45 mm), and still no

relationship to the permissive region size (R2= 0.04, slope -0.13). In contrast, in the

presence of rhBMP-2, more extensive chondro-osteoid formation had been initiated

across the dura. The 5 and 20 µg rhBMP-2 group data showed a moderately good

relationship (R2= 0.56, slope 1.1 and R2= 0.63, slope 0.84 respectively) between the

extent of formation and the length of the permissive region. As for Day 5, there was no

statistically significant difference between the two rhBMP-2 doses for this relationship

Day 7. The proportion of the variance in fill accounted for by the regression relationship

was modest-moderate, again suggesting variability in the timing of initiation between

animals, and/or heterogeneity in rate of fill in different regions of the site.

Day 14, there was a moderate relationship between linear fill and dural integrity at the

ACS control (R2= 0.45, slope 0.71). At this time, the 5 µg and 20 µg rhBMP-2 data
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showed a strong relationship (R2= 0.89, slope 1.19 and R2= 0.87, slope 0.90

respectively) between the variables, but again there was no statistically significant

difference between the regression lines for these two rhBMP-2 doses. Both the 5 and 20

µg rhBMP-2 groups showed a significantly higher proportion of fill than the ACS control.

Overall, it appeared that in presence of rhBMP-2, chondro-osteoid formation was

initiated at Day 5, with the amount formed being approximately proportional to the

amount of intact dura, and this relationship continued and increased through Day 14. In

the absence of rhBMP-2, chondro-osteoid formation did not begin until Day 7, and the

amount only began to show a fairly good relationship to the amount of intact dura by Day

14. Also, in absence of rhBMP-2 chondroid/cartilage formation was never observed, and

regeneration/fill proceeded strictly through intramembranous bone formation, in contrast

to the endochondral-like bone formation in the presence of rhBMP-2. There was no

evidence for a significant difference in effect for the 5 or 20 µg rhBMP-2 doses.

Overall summary: Absent rhBMP-2, there was a delay in the formation of chondro-

osteoid, with none present Day 5 and only a modest amount being formed by Day 7,

with the amount that day showing no significant relationship to the dural integrity. In the

presence of rhBMP-2, chondro-osteoid formation was initiated Day 5, and the amount

formed was approximately proportional to the dural integrity. The proportion of the

variance in defect fill Day 5 explained by the relationship was modest-moderate,

suggesting variability in the timing of initiation between animals, and/or heterogeneity in

rate of fill in different regions of the site. The greater unaccounted for variance in the 5

µg dose (66%) compared to the 20 µg dose (42%), suggested that rhBMP-2 dose could

accelerate the initiation of the process of linear fill, resulting in less variance, but did not

affect the overall proportion of fill at this time, as no statistically significant difference

between the regression lines was seen. The amount of variance explained by the linear

relationship (i.e. R2) increased considerably for the rhBMP-2 treated sites by Day 14 as

the proportion of fill (i.e., the slope) approached unity. By this time, about 70% of the

intact dura had overlying chondro-osteoid fill.

Further, no significant differences were found in the y intercept values (i.e., at Day 0).

Taking the lines as having broadly equivalent slopes, this would indicate a

corresponding lack of differences in the transit of the line through the x-axis (i.e., the
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time of initiation of chondro-osteoid fill) that were sufficiently great to be detected by the

available samples. That is, there is no evidence for a difference in the overall timing of

initiation between the 5 and 20 µg doses.

Broadly, in presence of rhBMP-2 chondro-osteoid formation was initiated Day 5, with the

amount formed being approximately proportional to the amount of intact dura, and this

relationship continued and increased through Day 14. In the absence of rhBMP-2,

chondro-osteoid formation was not observed until Day 7, and the amount only began to

show a fairly good relationship to the amount of intact dura by Day 14. These

observations indicated that normalizing regenerative tissue formation to the size of the

intact dura could improve the analysis of the data.

Histomorphometric analysis of regeneration by area

To gain more insight into the effects of dura integrity and rhBMP-2 on calvarial bone

regeneration, a quantitative analysis of the formation of different tissue types was

performed, using the area of tissue type as a measure of amount. Total area values

(mm2) were normalized to the intact dura length (mm), giving proportional values in mm

units. Averaged over the group, length-normalized areas are related to the average

thickness (in mm) of tissue over the permissive dura region.

Effect of dural integrity on collagen-rich matrix formation based on area defect fill

Inspection of trichrome stained slides from each group revealed a relationship during the

14-day observation period between dural integrity, rhBMP-2 dose, and regenerative

tissue formation. There was initial collagen-rich matrix formation, with the matrix in the

presence of rhBMP-2 subsequently converting to a transient chondro-osteoid histology

(containing definitive hypertrophic chondrocytes and cartilage), and finally osteoid

formation. Excluding cells originating from regions flanking the defect and above the

calvarial bone, no cellular activity was observed in regions where the dura was missing

as a result of surgical removal of the overlying calvarial bone.

Trichrome-stained slides of samples selected at random from each group (3-9 samples,

depending on available quality of the sample) were quantified for the area of collagen-

rich matrix formation (Figure 3). Next, the smaller combined area of chondro-osteoid

formation within this matrix was quantified (Figure 4). The difference between these two
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areas gave the area of collagen-rich matrix alone. Areas containing definitive

hypertrophic chondrocytes and cartilage were then quantified (Figure 4). The difference

between these cartilage areas and the chondro-osteoid areas was defined as osteoid

(Figure 4). To normalize these areas for comparisons, they were divided by the length of

the intact dura (permissive length).

Negligible collagenous matrix formation was observed Day 1 and 3, regardless of the

rhBMP-2 dose, and there was no significant difference between dose and in the amount

of collagen-rich matrix formed (p>0.776; Sidak’s multiple comparisons test) (Figure 14).

Figure 14: Plot of permissive
region-normalized collagenous
matrix area versus Days
postsurgery. Outliers were included
in this plot. The median values for
each group are shown (blue= control,
0 µg rhBMP-2, yellow= 5 µg rhBMP-2,
and green= 20 µg rhBMP-2). Bars
show the inter-quartile range. P-
values with vertical bars show
significant differences for simple
effects within days, and are those
obtained from a two-way ANOVA
analysis of logit-transformed raw data
(Sidak’s multiples comparisons test).
Horizontal p-values show selected
significant p-values for simple effects
within doses. (Lower values to the
right were also significantly lower than
the indicated highest value.

Day 5, the ACS control showed negligible formation of collagen-rich matrix over the

permissive dura region, with no significant difference compared with Day 1 and 3. The 5

µg rhBMP-2 dose also showed no significant change over the first 5-day period, and no

significant increase over the control. In contrast, although the 20 µg rhBMP-2 dose

showed no significant differences to the lower doses Day 1 and 3, by Day 5 the 20 µg

dose collagen-rich matrix formation was significantly greater than that of the control (p=

0.029).

By Day 7, collagen-matrix formation at both the control and the 5 µg rhBMP-2 dose was

still not significantly greater than on preceding days, and there was no significant
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difference between the control and 5 µg dose matrix formation Day 7. However, for the

20 µg dose Day 7, matrix formation was significantly greater than Day 5 (p= 0.0012),

and significantly greater than that seen at the control (p< 0.0001) and 5 µg (p= 0.010)

rhBMP-2 dose. Collectively, over the first 7 days the 20 µg dose accelerated collagenous

matrix formation.

By Day 14, collagen-rich matrix formation at the control was significantly greater than

Day 7 (p= 0.001). Similarly, matrix formation at the 5 µg dose was significantly higher

than Day 7 (p< 0.0001), and significantly higher than that for the control (p= 0.0059).

Collagen-rich matrix formation had continued to rise in the 20 µg rhBMP-2 group, and

was higher than Day 7 (p= 0.021). At Day 14, the 20 and 5 µg rhBMP-2 dose matrix

amounts were similar (respectively 0.66+0.13 and 0.73 +0.08 mm (SEM; length-

normalized units; p= 0.99)), and about 1.6-1.7-fold higher than the control matrix amount

(0.43+0.03 mm (length-normalized units).

These results showed that absent rhBMP-2, no significant collagen-rich matrix formation

occurred until Day 7 and 14 by which time matrix formation was about 0.6-fold of that of

the 5 and 20 ug rhBMP-2 dose, which were similar in matrix amount at this time. Matrix

formation at the 5 µg rhBMP-2 dose appeared to lag behind that of the higher dose by

about 2 days, but then accelerated rapidly between Day 7 and 14 to reach the same

level as attained with the 20 µg rhBMP-2 dose. That is, the higher dose accelerated

collagenous matrix formation, but eventually did not result in more matrix being formed.

However, both doses resulted in more matrix than the control.

Effect of dural integrity on chondro-osteoid formation based on area defect fill

No detectable chondro-osteoid formation was observed Day 1 and 3, regardless of the

rhBMP-2 dose; all values were zero (Figure 15).

By Day 5, significant variation due to day (p< 0.0001), dose (p< 0.0001) and interaction

(p= 0.030) was observed. For the amount of chondro-osteoid formed, significant

differences between all three doses were seen, with the control still showing negligible

formation, and a dose-related increase in the presence of rhBMP-2.



30

Figure 15: Plot of permissive
region-normalized chondro-osteoid
area versus Days postsurgery
Outliers were included in this plot. The
median values for each group are
shown (blue= control (0 µg rhBMP-2),
yellow= 5 µg rhBMP-2 group, and
green= 20 µg rhBMP-2 group). Bars
show the interquartile range. P-values
with vertical bars show significant
differences for simple effects within
days, and are those obtained from a
two-way ANOVA analysis of logit-
transformed raw data (Sidak’s
multiples comparisons test).
Horizontal p-values show selected
significant p-values for simple effects
within doses. (Lower values to the
right were also significantly lower than
the indicated highest value).

However, by Day 7, significant differences between the doses were no longer detected,

although there was significantly more chondro-osteoid present at the control and 5 µg

rhBMP-2 dose than at Day 5. The 20 µg rhBMP-2 dose did not show a significant

increase in this period.

By Day 14, the chondro-osteoid formation at the control (0.09+0.02 mm (normalized

units)) was significantly lower (0.25-fold) than at the 5 µg rhBMP-2 dose (0.37+0.07 mm;

p= 0.004), and was not changed significantly from Day 7 (p= 0.238). No other significant

differences between doses were detected. Chondro-osteoid formation at the 5 µg

rhBMP-2 dose Day 14 was significantly greater than Day 7 (p= 0.0007), but the 20 µg

rhBMP-2 dose did not show a significant increase over Day 7.

Overall summary: Absent rhBMP-2, a detectable amount of chondro-osteoid formation

was not seen until Day 7, and levels did not subsequently rise significantly through Day

14. In the presence of rhBMP-2, formation was seen at Day 5, with more chondro-

osteoid formation at the 20 µg than at the 5 µg rhBMP-2 dose. However, further

statistically significant increases at the 20 µg rhBMP-2 dose were not seen through Day

14, but were seen at the 5 µg rhBMP-2 dose, rising to the same level as the 20 µg dose.
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Therefore, rhBMP-2 appeared to accelerate chondro-osteoid formation in a dose-

dependent manner, but a higher dose did not significantly increase the final amount of

chondro-osteoid formed by Day 14.

Éffect of dural integrity on cartilage formation - area defect fill

No detectable cartilage formation was observed Day 1 and 3, regardless of the rhBMP-2

dose; all values were zero (Figure 16). Day 5, the 20 µg rhBMP-2 dose showed a

significantly greater amount of cartilage formation than the 5 µg dose (p= 0.027). By Day

14, the amount of cartilage at this dose had declined to near zero, and was not

significantly different from that seen within the other groups. Statistically significant

amounts of cartilage were not identified at the 5 µg rhBMP-2 dose at any time (i.e., one-

sample test against zero), although some could be seen histologically. However,

significantly greater than zero amounts of cartilage were present at the 20 µg dose Day

5 and 7, but not Day 14.

Figure 16: Plot of permissive
region-normalized cartilage area
versus Days postsurgery Outliers
were included in this plot. The median
values for each group are shown
(blue = control, yellow = 5 µg rhBMP-
2, and green = 20 µg rhBMP-2). Bars
show the interquartile range. P-values
with vertical bars show significant
differences for simple effects within
days, and are those obtained from a
two-way ANOVA analysis of logit-
transformed raw data (Sidak’s
multiples comparisons test).
Horizontal p-values show selected
significant p-values for simple effects
with doses. Lower values to the right
were also significantly lower than the
indicated highest value.

Overall summary: Absent rhBMP-2, little, if any cartilage formed in the dural defect

region. Therefore, rhBMP-2 appeared to induce transient cartilage formation around Day

5 in a dose-dependent manner. The trend indicated that much of the cartilage was gone

by Day 7 (although a statistically significant difference could not be determined with the

available data). By Day 14, the cartilage was essentially gone.
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Effect of dural integrity on osteoid formation based on area defect fill

No detectable osteoid formation was observed Day 1 and 3, regardless of the rhBMP-2

dose; all values were zero. Similarly, with the exception of one small outlier value, all

samples in the Day 5, control (0 µg rhBMP-2) group gave zero (Figure 17).

Figure 17: Plot of permissive
region-normalized osteoid area
versus Days postsurgery. Outliers
were included in this plot. The median
values for each group are shown
(blue = control, yellow = 5 µg rhBMP-
2, and green = 20 µg rhBMP-2). Bars
show the interquartile range. P-
values with vertical bars show
significant differences for simple
effects within days, and are those
obtained from a two-way ANOVA
analysis of logit-transformed raw data
(Sidak’s multiples comparisons test).
Horizontal p-values show selected
significant p-values for simple effects
with Doses. Lower values to the right
were also significantly lower than the
indicated highest value.

At the control (0 µg rhBMP-2), only modest amounts of osteoid were present Day 7 (p=

0.0024) and Day 14 (p< 0.0001), but not Day 5. At the 5 µg rhBMP-2 dose, modest

amounts of osteoid were present Day 7 (p< 0.0001), rising 4.9 fold by Day 14;

significantly greater than zero (p= 0.0003). At the 20 µg rhBMP-2 dose, osteoid

formation was observed at Day 5, but the level did not attain significance (p= 0.087). Day

14, the 20 µg dose showed a significantly greater amount of osteoid formation than the

control. By Day 14, the amount of osteoid at the 5 and 20 µg rhBMP-2 dose was

significantly greater than Day 7 for these doses.

Overall summary, absent rhBMP-2, a modest amount of osteoid had formed by Day 14,

with formation likely beginning around Day 7. rhBMP-2 induced considerably more

osteoid formation at the 20 µg dose, with the level being significant by Day 7, although

formation potentially started around Day 5. Again, this was consistent with an

acceleration at the higher dose. Osteoid formation continued through Day 14 in the

presence of rhBMP-2.
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Immunofluorescence analysis of regenerative cell phenotypes

A slide from a sample selected at random from each treatment group set was used for

dual immunofluorescence labeling for Runx2 and PCNA. Nuclei were stained with DAPI

to give a total cell count. Five regions per slide were counted for positive cells/nuclei.

With only one sample per group, the power of the analysis was limited, but the overall

goal was to conduct an exploratory study to establish methodologies and provide the

basis for future quantitative studies of progenitor cell populations and pathways of

differentiation. The variance between different regions in one sample was used as an

estimate of group variance to provide a basis for comparing each group; it is important to

note that strictly, the analysis was limited to comparing the results from a single sample

to other single samples. With only five regions per sample, there was insufficient data for

statistical tests of distribution normality. PCNA and Runx2 index scores (as percent)

were obtained by dividing each regions positive cell count by the DAPI count.

Effect of rhBMP-2 dose and time on PCNA expression

For the PCNA index (a measure of cell proliferation), all three rhBMP-2 doses showed

similar trends over the 14 day observation interval (Figure 18). There was a prominent

peak in the PCNA index between Days 1 and 5, peaking Day 3 at values between 58

and 77% (about a two-fold increase from Day 1, 17-29%), and declining to lower values

(21-23%) Day 5. There were indications of a dose-dependent trend back to moderately

higher values Day 7, falling back down to lower values Day 14.

Figure 18: PCNA index scores by
Dose and Day. Control (0 µg rhBMP-
2) values are shown in blue, 5 µg
rhBMP-2 in green, and 20 µg rhBMP-
2 in red. Bars on data points show
mean and SEM. Vertical bars show
select p-values from two-way ANOVA
for differences between doses each
day (simple effects within Day), and
horizontal color-coded bars show p-
values for differences between days
each dose (simple effects within
Dose)
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Between Day 1 and 5, all three doses showed a significant (p< 0.002) rise in the PCNA

index from Day 1 to Day 3, and a highly significant decrease Day 5. The three doses

showed no significant differences for PCNA index each of these days. That is, rhBMP-2

in this dosage range appeared to have no effect on the dramatic rise and fall of

proliferation in this model. There was no significant difference at any dose in the PCNA

index Day 1 versus Day 5. That is, proliferation had declined back to Day 1 levels. The

Day 1 control (0 µg rhBMP-2) value (p= 0.001) and the Day 5 control and 5 µg dose

values (p= 0.008 and 0.0005) were significantly greater than zero. This suggested that

proliferation was likely still substantial Day 1 and 5, and emphasized the remarkable

peak Day 3.

Regardless of dose, there were no significant differences between any combination of

Day 5, 7 and 14 for PCNA index (p> 0.127). That is, for each dose, proliferation

remained at statistically similar levels between Day 5 and Day 14. However, Day 7,

proliferation at the 20 µg rhBMP-2 dose was significantly greater than the control (0 µg)

or 5 µg levels (p= 0.0024 and 0.039 respectively), and the difference between the 0 and

20 µg doses persisted through Day 14 (p= 0.038).

Overall summary: Within limitations of the sampling strategy substantial proliferation

occurred Day 1 determined by PCNA to double through Day 3, and return to Day 1

levels by Day 5. rhBMP-2 did not appear to have an effect on proliferation at either the 5

or 20 µg dose. However, for these particular samples, the higher dose did appear to

sustain a higher level of proliferation Day 7 through Day 14 in comparison to the two

lower doses.

Effect of rhBMP-2 dose and time on Runx2 expression

For Runx2 index scores, all three doses showed a similar trend over the 14 day

observation interval, and this trend resembled that seen for PCNA (Figure 19). There

was a prominent peak in the Runx2 index between Day 1 and 5, peaking Day 3 at

values between 62% and 153% (about a 3-13-fold increase from Day 1, 6-22%)

declining to lower values (26-35%) Day 5. For the 20 µg dose, there were indications of

a dose-dependent trend back to moderately higher values Day 7, falling back down to

lower values (1-8%) Day 14. The aberrantly high score (>100%) seen for the Day 3 0 µg
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dose was possibly due to scoring cytoplasmic Runx2 in cells lacking a nucleus in the

tissue section (i.e., the nucleus was out of the sectioned plane).

Figure 19: Runx2 index scores by
Dose and Day. The control (0 µg
rhBMP-2) is shown in blue, the 5 µg
rhBMP-2 dose in green, and 20 µg
dose in red. Bars on datapoints
show ± SEM. Vertical bars show
select p-values from two-way ANOVA
for differences between doses each
day (simple effects within day), and
horizontal color-coded bars show p-
values for differences between days
each dose (simple effects within
dose).

Between Days 1 and 5, all three doses showed a highly significant (p< 0.002) rise in the

Runx2 index from Day 1 to Day 3, and a highly significant decrease by Day 5. Unlike

PCNA, the three doses showed significant differences for the Runx2 index each day.

Surprisingly, the highest score was seen with the control, with no significant difference

between the 5 and 20 µg doses (p= 0.480) That is, BMP-2 appeared to reduce Runx2

expression Day 3.

There was no significant difference at any dose in the Runx2 index Day 1 versus Day 5

(p~ 1.0). That is, by Day 5, Runx2 had declined back to Day 1 levels, and there was no

longer any difference between doses in the Runx2 index (p≥ 0.883). The Day 5, 0 

(control) and 5 µg dose values (p= 0.003 and 0.003) were significantly greater than zero.

This suggests that Runx2 levels were maintained at a modest level.

Regardless of dose, there were no significant differences between most combinations of

Day 5, 7 and 14 for the Runx2 index (p≥ 0.191). The exception was for the 20 µg 

rhBMP-2 dose, where the decline between Day 7 and 14 from 48.3% to 7.6% was

significant (p= 0.007). However, Day 7, Runx2 at the 20 µg rhBMP-2 dose was
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significantly higher than the control (0 µg rhBMP-2; p= 0.011), suggesting rhBMP-2

sustained Runx2 expression for a longer period.

Summary of immunofluorescence analysis

Regardless of rhBMP-2 dose, an extensive burst of cell proliferation, over and above

moderate levels Day 1, occurred in the dura between Day 1 and 5, peaking Day 3,

returning to Day 1 levels by Day 5. However, the Day 1 and 5 levels were significantly

greater than zero, consistent with ongoing proliferation at a moderate level. During this

time, there was a dose-dependent peak in Runx2 expression, that surprisingly was

higher with the control (0 µg rhBMP-2) than the 5 and 20 µg rhBMP-2 dose.

Subsequently, proliferation declined to relatively modest levels by Day 14, although the

20 µg rhBMP-2 dose sustained significantly higher levels through Day 14. In parallel, the

20 µg dose sustained higher levels of Runx2 expression.

The present data suggested that rhBMP-2 had no effect on the initial burst of

proliferation, but high levels could inhibit Runx-2 dependent differentiation into

osteoblasts. This was consistent with the initiation of cartilage formation — an alternative

differentiation pathway — between Day 5 and 7 in the presence of rhBMP-2.
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Discussion

The first objective of this study was to use histology and morphometry to quantify injury

to the dura during surgical preparation of the rat critical-size, ø8-mm through-through

calvarial osteotomy defect model, and its effect on rhBMP-2 mediated osseous

regeneration at during early healing events, in order to test the hypothesis that Injury to

or removal of the dura eliminates a major source of osteoprogenitors, and results in a

decreased formation of bone.

As anticipated from the known effects of rhBMP-2/ACS, in comparison to the ACS

control, rhBMP-2 dosages of 5.0 µg and 20.0 µg result in an earlier and more robust

sequence of regenerative events. In the ACS control, strictly intramembranous bone

formation was initiated Day 7. In presence of rhBMP-2, endochondral bone formation

was initiated by Day 5, two days earlier. The amount of regeneration observed in the

presence of rhBMP-2 was proportional to the length of intact dura, and this relationship

continued and strengthened through Day 14. However, there was no significant

difference between the 5 and 20 µg doses in the timing of initiation, nor any marked

differences in the rate of chondro-osteoid formation. These observations were consistent

with a previous report showing that in this rat calvarial defect model, based on

radiographic and histologic evidence, rhBMP-2 dosages ≥2.5 µg/defect are adequate to 

induce complete defect resolution within 4 wks (Pelaez et al. 2014). The observation that

no regeneration was noted in the absence of the dura, even with the addition of rhBMP-2

doses previously shown sufficient to induce defect closure >90% within 2 wks, is

consistent with the importance of the dura as a source of cells for regeneration. Further,

it emphasizes the need to consider the specific tissue sources of cells and their capacity

to respond to osteoinductive protein therapy (Pelaez et al. 2014).

Dense red blood cell aggregates that formed in the wound space appeared to delay, but

not prevent, bone formation when in contact with the dura. Previously, in a canine

periodontal regeneration model, it was shown that the dense red blood cell aggregates

in the clot serve an important role as a barrier between the regenerative and the

reparative granulation tissue region, and the clot is displaced by the regenerative tissue

(Dickinson et al., 2013). When the clot is finally digested and the two regions contact,
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regeneration ceases. Although seemingly contradictory, in the calvarial defect model

such apparently inhibitory granulation tissue does not contact the regenerative region

due to the ACS sponge. Therefore, the rat model may expose a delaying effect of the

clot that was not evident in the canine model. Alternatively, the interaction of the clot with

the ACS might delay displacement to make space for regenerative tissue to form from

the dura.

These findings are consistent with a body of evidence showing that rhBMPs, in adequate

doses, are both necessary and sufficient for osteoinduction and significant de-novo bone

formation at both orthotopic and ectopic sites (Takagi & Urist 1982, Sato & Urist 1985,

Gosain et al. 2002, Wozney 2002). The clinical implications of the present results are the

potential strategies to maximize/synergize the osteoinductive capacity of rhBMP-2

therapy by preserving and or augmenting specific tissues/cell populations that most

readily respond, and biological support for an effective lower dose. Hence, the use of

smaller doses/quantities of rhBMPs, which could ultimately improve the clinical safety

and expense of this product, would become feasible (Wikesjö et al. 2003, 2004,

Jovanovic et al. 2007, de Freitas et al. 2013a,b, Leknes et al. 2008, Wikesjö et al.

2008a,b).

Predictably achieving complete defect regeneration at the earliest time points possible is

of paramount clinical importance. In this model, rhBMP-2 in combination with the

presence of an intact dura resulted in chondro-osteoid formation two days earlier than

the control (Day 5 vs. Day 7), and 70% linear fill of the intact dura by Day 14, versus

45% for the control group. Again, it is important to emphasize that regardless of rhBMP-

2 dose, no fill was observed to arise from the defect in the absence of an intact dura; the

only osteoid that formed in the bone defect space arose slowly and in small quantities

from the outer periosteum from Day 7. The significance of this delay becomes readily

apparent when we consider that the bridging of critical-size calvarial defects in the

presence of bone grafts is twice as fast in rats as in dogs, and more than four times

faster than in humans (Sato & Urist 1985). The calvarial defect is an attractive model for

research on agents for enhancement of osseous healing due to its low intrinsic

regenerative capacity, in combination with being a site where wound stability, space

provision, and primary intention healing can be achieved readily. These bioclinical

principles for wound healing/regeneration are more challenging to achieve, let alone
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maintain for extended periods, in the oral environment (Susin et al. 2014). Therefore,

achieving early, robust, and predictable regeneration with the lowest dose of rhBMP-2 —

the most desirable outcome clinically — seems to depend on preserving the appropriate

tissue/cell populations, namely the periosteal tissues/cells.

Initial published studies to establish the osteoinductive potential of first generation

rhBMP-2 in extra-skeletal sites (rat muscle), observed the effects of a range of doses

after 5-21 days, and presented qualitative descriptions of dose dependent cartilage and

bone formation (Wang et al 1990). Follow-up studies confirmed the ability of rhBMP-2 to

promote healing of segmental bone defects in rat femora, this time comparing a low (1.4

µg) and high (11.0 µg) dose. However, only a qualitative histologic analysis was

presented from 1-3 wks healing (Yasko et al. 1992). It was observed that formation of

cartilage preceded bone in all specimens, and furthermore no specimen had bone

formation in the defect without concurrent formation of cartilage as well. Recent

preclinical studies have noted the potential for untoward results, and delay in bone

formation/maturation associated with increasing doses of rhBMP-2 loaded onto anodized

implants, but examination of early time points and quantitative histology was not

performed (Leknes et al. 2008, Wikesjö et al. 2008a,b). It is likely that many of the initial

cellular events in regeneration, events that likely dictate the outcome, had already taken

place prior to the earliest times examined in these studies.

The present in vivo study evaluated and quantified the early cellular events (Day 1-14)

associated with rhBMP-2 mediated regeneration and how these events are affected by

dose, and the presence/absence of the dura (principle source of progenitor cells). The

quantification of regeneration by measuring the area of various tissue types afforded a

more detailed analysis of the interaction between time, rhBMP-2 dose, and the presence

of an intact dura. On Day 1 and 3, there was a visually appreciable thickening of the

dura across all groups, but there was no statistically significant regeneration of any

tissue type regardless of the rhBMP-2 dose during this period. Day 5 in the presence of

rhBMP-2 (but specifically only the 20 µg dose), significant formation of collagenous

matrix and chondroid was now present, but no statistically significant osteoid formation

was present Day 5 regardless of rhBMP-2 dose. However, it should be noted that

osteoid formation was readily visible in the 5 µg group, but not in the 20 µg group Day 5.

Furthermore, regarding dose dependent regeneration, it is noteworthy that statistically
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significant amounts of cartilage were not identified for the 5 µg dose at any time

(although visible microscopically), while the 20 µg dose led to an abrupt spike in

chondroid formation Day 5; the chondroid spike approximately 4x that of the 5 µg dose.

Hence a direct dose response between rhBMP-2 and chondroid formation was observed

at this time point. Collectively, the presence of rhBMP-2 appeared to initiate chondro-

osteoid formation Day 5, with the 5 µg dose favoring osteoid formation, and the 20 µg

dose chondroid formation.

The observations herein corroborate recent findings using allogeneic demineralized

bone matrix (DBM) in rat calvarial defects (Wang & Glimcher 1999b). DBM is known to

provide just minimal doses of BMPs (as kilogram quantities of bone are required to purify

microgram quantities of osteoinductive material), though the DBM used by these

investigators was proven osteoinductive in ectopic muscle assays (Wozney 2002, Wang

& Glimcher 1999a). Implantation of DBM, followed by 3H-thymidine labeling of cells in

the dura and subcutaneous tissues overlying the defect, showed that progenitor cells

induced by DBM were initially derived from the dura, and that these cells differentiated

directly into osteoblasts with subsequent formation of intramembranous bone. Thus in

this model, consistent with the present observations, it appears that the low dose of

rhBMP-2 delivered by DBM favored intramembranous bone formation.

Between Day 5 and Day 7 the 20 µg rhBMP-2 dose did not show any significant

difference in cumulative chondro-osteoid quantities, but a more tissue-specific analysis

reveals this to be the result of a relatively large drop in the quantity of chondrocytes and

a modest increase in osteoid formation. For the 5 µg rhBMP-2 dose there was a

statistically significant increase in chondro-osteoid during this period which was the

result of osteoid formation. By Day 14 the 20 µg rhBMP-2 dose again did not show any

significant increase in total chondro-osteoid over the previous Day 7, but chondrocyte

tissue continued to decrease during this period and was no longer significantly greater

than zero, while a significant increase in osteoid was also seen. Chondro-osteoid

formation at the 5 µg dose Day 14 was significantly higher than at Day 7, more

specifically there was a 4.9-fold increase in osteoid formation over this period. Day 14

revealed that the 5 µg and 20 µg doses had produced statistically equal quantities of

chondroosteoid and osteoid. Thus, it appears that beyond an adequate osteoinductive

dose of rhBMP-2, no difference is observed in the final quantity of osteoid formation
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through Day 14. The key difference appears to lie in the mechanistic “regenerative

journey” rather than the “regenerative destination”. Larger doses may create an early

initial spike in collagenous matrix and cartilage, but it appears that the process of

remodeling/converting this tissue into osteoid takes time. Lower doses may have an

initially slower start, but then exhibit a rapid and streamlined production of osteoid

without as much intervening chondroid. In one sense, cartilage formation could be

viewed as a detour on the path to osteoid formation. These histologic observations are

grounded in the role that BMPs have in promoting osteoblast differentiation, which can

be evaluated through the expression of specific transcription factors, and proliferative

activity of osteoblasts and their progenitors (Bandyopadhyay et al. 2006).

A second objective of this study was to begin investigating and characterizing local

populations of osteochondroprogenitors as they differentiate into mature osteoblast cells

in response to different doses of rhBMP-2, with a view to testing two hypotheses: that

there is a resevoir of mesenchymal stem cells in the adventitial layers of the periosteum

and the dura pre-committed to the osteochondroprogenitor lineage by the expression of

Runx2, and these cells proliferate rapidly in response to injury; and that local BMP-2

levels have a direct effect on the differentiation of osteochondroprogenitors. Initial

quantitative immunofluorescence was achieved by dual labeling for RUNX2 and PCNA,

with counterstaining of nuclei with DAPI. RUNX2 and PCNA index scores were obtained

for cells originating in the dura. Published methods for reducing background

autofluorescence were combined into a novel protocol for IF.

For the PCNA index (a measure of cell proliferation), all three rhBMP-2 doses showed

similar trends over the 14-day experimental period. Proliferation appeared substantial

from the onset Day 1, with a dramatic increase Day 3, and a return to Day 1 levels Day

5. For the control and 5 µg dose, proliferative levels held constant through Day 7 with a

gradual decrease to levels below Day 1 through Day 14. A noteworthy finding was a

statistically significant second peak at Day 7 for the 20 µg dose, again with a gradual

decrease by Day 14. This observation might be the result of the higher dose of rhBMP-2

sustaining a population of proliferative pre-osteoblasts, but the overall similar trends

exhibited by all three doses support the notion that BMP-2 is not a direct mitogen, i.e. it

does not increase proliferation.
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RUNX2 index scores showed a similar trend over the 14-day observation interval, and

this trend resembled that seen for PCNA. A peak of activity was observed for all doses

Day 3, but it was especially high for the control. The aberrantly high score (>100%) seen

for the Day 3 was possibly due to scoring cytoplasmic RUNX2 in cells lacking a nucleus

in the tissue section (i.e., the nucleus was out of the sectioned plane). On the other

hand, the apparent reduced RUNX2 expression in the 5 and 20 µg rhBMP-2 groups Day

3, as compared to the control, could have been due either to the strict nuclear

localization of RUNX2 (higher activity/differentiation), or a true decrease in RUNX2

expression and hence decreased differentiation. The potential for cytoplasmic-nuclear

shuttling of RUNX2, and that of any other transcription factors, would require

confirmation by confocal microscopy. A second peak of RUNX2 activity Day 7 was seen

for the 20 µg rhBMP-2 dose. A possibility was that the slight rise in both PCNA and

Runx2 Day 7 (if confirmed by a more powerful statistical analysis with more samples)

was the result of the higher dose of rhBMP-2 sustaining a population of proliferative pre-

osteoblasts. This would have to be confirmed by dual labeling for RUNX2 and OSX,

where RUNX2+OSX- cells would denote pre-osteoblasts still capable of proliferation,

while dual positive cells (RUNX+OSX+) would denote mature osteoblasts less capable of

proliferation. A noted limitation of our current sampling strategy is that it did not take into

account the populations of cells that migrated out of the dura, and BMP-2 is a known

chemokine (Fiedler et al. 2002, Lee DH et al. 2006, Hassters et al. 2014).

In conclusion, rhBMP-2/ACS in osteoinductive doses accelerates local bone formation in

the rat critical-size through-through calvarial defect model. Higher doses do not

contribute to any further osteoid formation by Day14, but instead change the pathway of

bone formation, i.e. higher doses preferentially induce endochondral bone formation, but

without a net increase in osteoid formation. This was seen histologically by a very rapid

increase in chondroid formation Day 3 at the 20 µg rhBMP-2 dose. Although no

discernable aberrant healing was observed with either dose, the histologic

appearance/rate of expansion of chondroid with the 20 µg dose was impressive and

could potentially be associated with a rapid/large displacement of volume and hence

swelling in larger surgical models/doses. Regardless of dose, rhBMP-2 does not directly

increase cell proliferation, but may delay maturation/differentiation of osteochondro

progenitors at larger doses. Further studies using more transcription factors (e.g. SOX-9,
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OSX) and combinations of these, are required to characterize further the effects of

rhBMP-2 on progenitor cell populations.
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Appendices

Appendix A: Formulas for Trichrome Solutions

Weigert's Iron Hematoxylin Solution:

Stock Solution A:
Hematoxylin ----------------------------- 1 g
100% Ethanol ---------------------------- 100 ml

Stock Solution B:
29% Ferric chloride in water --------- 4 ml
Distilled water ------------------------ 95 ml
Hydrochloric acid, concentrated ---- 1 ml

Ferric Chloride 29%:
Ferric chloride -------------------------- 29 g
Distilled water -------------------------- 100 ml

Weigert's Iron Hematoxylin Working Solution:
Mix equal parts of stock solution A and B, filter before use. This working solution
is stable for 3 months (no good after 4 months)

Ponceau-Fuchsin Solution:
Stock Solution A:
Ponceau de Xylidine -------------------- 1 g
Distilled water --------------------------- 100 ml

Stock Solution B:
Acid Fuchsin ----------------------------- 1 g
Distilled water --------------------------- 100 ml

Ponceau-Fuchsin Working Solution:
Solution A -------------------------------- 9 ml
Solution B -------------------------------- 3 ml
Acetic Acid (0.2%) --------------------- 120 ml
Mix and filter before use.

5% Phosphomolybdic Acid Solution:
Phosphomolybdic acid ---------------- 5g
Distilled water -------------------------- 100g

Aniline Blue Solution:
Aniline blue ------------------------------- 2.5 g
Acetic acide, glacial --------------------- 2 ml
Distilled water --------------------------- 100 ml
Working solution may be reused many times if filtered before each use
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1% Acetic Acid Solution:
Acetic acid, glacial ----------------------- 1 ml
Distilled water ---------------------------- 99 ml

Appendix B: 500 mL BMP-2 Dilution Buffer

Weigh and add the following to 500 ml of DI Water:

1.861 g L-Glutamic Acid
0.0548 g Sodium Chloride
12.5 g L-Glycine
2.5 g D-Sucrose
0.05375 g Polysorbate 80 (this is best accomplished with a pipette & large-orifice pipette tip)
pH to 4.5 with 10% Hydrochloric Acid and 5N Sodium Hydroxide
filter sterilize
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Appendix C: Rat surgeries, Operators, Outcome of Surgery

J = Dr. Jusino, O’B = Dr. O’Bryhim, Jo= Dr. Johnson, DC = Dr. DeCardona, McP= Dr.
McPherson b= excessive bleeding, h= hematoma development postsurgery, s= received
steroids to aid in respiratory distress

Day 1: October 22, 2013

Rats 0 µg 5 µg 20 µg
1-1 J

1-2 DC
bh

1-3 J

1-4 DC
b

1-5 J
b

1-6 J
b

1-7 DC
h

1-8 Jb

1-9 DC
b

1-10 DC
b

1-11 J

1-12 DC
b

1-13 J

1-14 DC

1-15 J
b

1-16 DC

1-17 DC
b

1-18 J

1-19 DC

1-20 J

1-21 DC
b

1-22 J

1-23 DC/Jb

1-24 DC
b

1-25 J

1-26 DC

1-27 J

Day 3: October 28, 2013

Rats 0 µg 5 µg 20 µg
3-28 J/O’B

3-29 DC/B

3-30 J/O’B
s

3-31 J/O’Bb

3-32 DC/B
b

3-33 J/O’B

3-34 DC/B
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3-35 J/O’B

3-36 DC/B
b

3-37 DC/B

3-38 J/O’B

3-39 DC/B
b

3-40 J/O’B

3-41 DC/B

3-42 J/O’B
b

3-43 DC/B
b

3-44 J/O’B

3-45 DC/B
b

3-46 J/O’B

3-47 DC/B

3-48 J/O’B
b

3-49 DC/B
b

3-50 J/O’B
b

3-51 DC/B
b

3-52 J/O’B
b

3-53 DC/B
b

3-54 J/O’B

Day 5: November 1, 2013

Rats 0 µg 5 µg 20 µg
5-82 O’B/Jo

5-83 DC/J

5-84 O’B/Jo

5-85 DC/J

5-86 DC/J

5-87 O’B/Job

5-88 DC/J

5-89 O’B/Jo

5-90 DC/J

5-91 O’B/Jo

5-92 DC/J

5-93 DC/J

5-94 DC/J
b

5-95 O’B/Jo
b

5-96 DC/J

5-97 DC/J

5-98 O’B/Jo

5-99 DC/J

5-100 O’B/Jo

5-101 DC/J (xylazine)

5-102 O’B/Jo
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5-103 DC/J

5-104 O’B/Jo

5-105 DC/J
b

5-106 O’B/Jo

5-107 DC/J

5-108 DC/J

Day 7: November 7, 2013

Rats 0 µg 5 µg 20 µg
7-110 DC/J

7-111 O’/Jo

7-112 DC/J

7-113 O’B/Jo

7-114 DC/J

7-115 O’B/Jo

7-116 DC/J

7-117 DC/J
b

7-118 O’B/Jo

7-119 DC/J

7-120 O’B/Jo

7-121 DC/J

7-122 DC/J
b

7-123 O’B/Jo

7-124 DC/J

7-125 O’B/Jo

7-126 DC/J

7-127 DC/J

7-128 O’B/Jo

7-129 DC/J

7-130 O’B/Jo

7-131 DC/J

7-132 O’B/Jo

7-133 DC/J
b

7-134 DC/J

7-135 O’B/Jo

7-136 DC/J

Day 14: October 29, 2013

Rats 0 µg 5 µg 20 µg
14-55 J/DCb

14-56 O’B/McP

14-57 J/DC

14-58 O’B/McP
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14-59 J/DC

14-60 O’B/McP

14-61 J/DC

14-62 O’B/McP

14-63 J/DC

14-64 O’B/McP

14-65 DC/J

14-66 O’B/McP

14-67 J/DC

14-68 J/DC

14-69 O’B/McP
(Respiratory14-70 J/DC

14-71 O’B/McP

14-72 J/DC
b

14-73 J/DC

14-74 O’B/McP

14-75 J/DC

14-76 O’B/McP

14-77 J/DC

14-78 J/DC
b

14-79 O’B/McP
b

(died)

14-80 J/DC

14-81 O’B/DC

14-109** O’B/Jo Replaced 14-79 Surgery Day 5
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Appendix D Schedule of Rat Surgeries in 2013

Monday Tuesday Wednesday Thursday Friday Saturday Sunday

Week 1
Oct 21 Oct 22 Oct 23 Oct 24 Oct 25 Oct 26 Oct 27

Prep day
Surgery
Day 1 rats

Sacrifice
Day 1 rats

Week 2
Oct 28 Oct 29 Oct 30 Oct 31 Nov 1 Nov 2 Nov 3

Surgery
Day 3 rats

Surgery
Day 14 rats

Sacrifice
Day 3 rats

Surgery
Day 5 rats

Week 3
Nov 4 Nov 5 Nov 6 Nov 7 Nov 8 Nov 9 Nov 10

Sacrifice
Day 5 rats

Surgery
Day 7 rats

Week 4
Nov 11 Nov 12 Nov 13 Nov 14 Nov 15 Nov 16 Nov 17

Sacrifice
Day 14 rats

Sacrifice
Day 7 rats


